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EFFECT OF PRE-IMPLANTATION MATERNAL LOW PROTEIN DIET ON 

EMBRYOS AND EMBRYOID BODIES 

Congshan Sun 

Previous studies have shown that poor maternal nutrition during pregnancy may induce 

metabolic syndrome in adults. In this study, we explored the mechanisms of how 

maternal low protein diet during the first 3.5 days of pregnancy, programs embryo 

development and embryonic stem cell function. Our results showed that mouse maternal 

low protein diet (9% casein; Emb-LPD) enhanced both Clathrin dependent and 

independent endocytosis in both in vivo blastocysts and in vitro differentiated embryoid 

bodies (EB day 5) compared with maternal normal protein diet (18% casein; NPD) 

controls. This increase in endocytosis was accompanied by an increase in lysosome 

volume per cell. This was done by confocal microscopy and 3D image analysis. To 

determine whether this effect on the lysosome system was due to autophagy or simply 

due to increased endocytosis, we studied the expression of LC3 protein, Clathrin, 

Megalin (also named as low density lipoprotein receptor 2 (LRP2)) and Cubilin. 

Immunostaining and Western blot analysis revealed Megalin and Cubilin were 

significantly up-regulated in Emb-LPD embryos and EBs, whilst Clathrin protein level 

was marginally increased and LC3 protein unaltered. This enhanced nutrient uptake 

ability was maintained even after cells or embryos were re-introduced into a normal 

environment in vitro. Thus, stimulated nutrient uptake in day 5.5 EB showed 

compensatory growth, known to associate with long-term disease symptoms. To 

understand the mechanisms involved, we investigated elements of the mTOR pathway. 

In vitro culture of early embryos in the presence of reduced levels of the three branched-

chain amino acids (Lecine, Valine and Isoleucine) as occurring in Emb-LPD uterine 

fluid resulted in stimulated endocytosis of Trophectoderm (TE). In addition, we found 



 

 

although mTORC1 was partially suppressed, mTORC2 downstream RhoA-Actin 

interaction was stimulated in blastocysts by observing more actin and RhoA protein in 

Emb-LPD blastocysts as well as that inhibiting RhoA function abolished the enhanced 

endocytosis by Emb-LPD. We also investigated epigenetic changes induced by Histone 

deacetylase 3 (Hdac3) in terms of regulation of genes involved in Extraembronic 

Endoderm (XEN) differentiation and cardiomyocyte differentiation. We found that 

Emb-LPD EBs expressed reduced Gata6 and exhibited increased histone deacetylation 

at promoter of Gata6, together with increased Hdac3 expression. Our results reveal for 

the first time at the cellular level how early embryos respond to poor nutrition 

environment and reprogram to protect fetal growth. This further helps us to understand 

the mechanism of how adult metabolic syndrome can be originated from environment 

which early embryos were exposed to. 
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  Introduction 

 

Chapter 1 Introduction 

When an embryo develops from a single cell, it first establishes two cell lineages: 

embryonic and extra-embryonic. The extra-embryonic lineage supports the development 

of embryonic tissues which later become a fetus. It mainly adopts two roles: 

transporting nutrients and sending developmental signals. Although it does not directly 

contact the embryo in late embryonic development, the extra-embryonic lineages have a 

significant contribution to the developmental programme. In terms of extraembryonic 

cell lineage development, Trophectoderm (TE), the first extraembryonic cell lineage, 

starts to separate from the Inner cell mass (ICM) from after the 8-cell stage during pre-

implantation development. TE will then give rise to the chorio-allantoic placenta after 

implantation (Rossant and Tam 2009). Extraembryonic endoderm (XEN), another 

extraembryonic lineage, separates from the Epiblast in the ICM during implantation by 

first forming Primitive Endoderm (PE) and then Visceral Yolk Sac (VYS), in the 

post-implantation embryo (Gardner 1982). Both VYS and placenta are considered to be 

critical for nutrient exchange between mother and fetus. Moreover, poor maternal 

nutrition has been reported to affect the function of both. More recent studies have 

discovered that maternal malnutrition during just the embryo pre-implantation stage can 

influence extraembryonic tissue function.  

1.1 Extra-embryonic Cell Lineages 

1.1.1 The origin of extra-embryonic cell lineages 

After fertilization, the process of lineage diversification and differentiation begins. 

Starting with compaction at the 8-cell stage and morula formation, the mouse embryo 

undergoes dramatic shape changes. At this stage, tight junction forms between the 

basolateral membranes of the blastomeres and cells become polarized with different 

cellular components distributed along the apical- basal axis (Ducibella and Anderson 

1975) (Fig.1 A-E). Between E2.5 and E3.5, the outer cells of the morula are 

epithelialized and become trophectoderm (TE), while the inner cells generate the 

pluripotent ICM. The blastocoel then forms inside the TE and outside the ICM 

(Shimosato et al. 2007)(Fig.1 F). During ICM and TE segregation period polarized TE 

starts to pump fluid into the space between ICM and TE creating the blastocoel cavity 
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through the Na+/H+ exchanger and Na+/K+ATPase (Kawagishi et al. 2004, Kidder and 

Watson 2005). At the same time, ions, water and nutrients are all transported towards 

the ICM through specific receptors and channels (Marikawa and Alarcon 2009). The 

newly formed blastocyst (E3.5) expands by virtue of the accumulation of the fluid-filled 

blastocoel, mediated by TE transport, such that the ICM becomes eccentrically placed. 

Then, the ICM separates into two parts: the cells on the surface of the ICM facing the 

blastocoel develop into Primitive Endoderm (PE), the precursor of the extraembryonic 

endoderm (XEN), whilst the remainder of the ICM develops into epiblast, the precursor 

of the fetal lineages (Fig.1 G). At the beginning of development of the ICM, the fate of 

the epiblast and PE is interchangeable until E4 (Yamanaka and Ralston 2010). Then PE 

cells differentiate into two cell types the parietal endoderm (PaE) and the visceral 

endoderm (VE) (Casanova and Grabel 1988).  At about E3.5-E4.5, when implantation 

occurs, PaE cells form a discontinuous layer that covers the inner surface of the TE 

(Nadijcka and Hillman 1975, Enders et al. 1978) (Fig.1 H). These cells have a function 

of nutrient transport and secrete the extracellular Reichert’s membrane between PE and 

TE (Familari 2006).  

When the embryo gastrulates, the parietal endoderm cells migrate along the inner TE 

surface and contribute to the parietal yolk sac, while the VE cells form a columnar 

epithelial layer adhering to the epiblast and contribute to the visceral yolk sac (VYS) 

(Rossant and Papaioannou 1977, Gardner 1982). The VYS covers the extra-embryonic 

ectoderm as well as the epiblast (Figure 1.1 H).  
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Figure 1.1: Schematic of early mouse embryo development. When the embryo 
firstly undergoes the 3 cleavages embryonic cells (pink) retain their pluripotency.  
(A-D). During E2.5-E3.5 TE (green) and ICM (purple) form and later the ICM 

gradually differentiate into Epiblast (light blue) cells and PE (blue) cells. (E-F) Starting 

almost at the same time as implantation (E4.5) the PE cells migrate to form PrE and VE 

whose distal part is named distal VE. During the process TE forms Extraembryonic 

ectoderm and extoplacental cone (G-H) (Rossant and Tam, 2009). 

 

In the following embryonic stage, the VE and its derivatives overlying the 

extraembryonic mesoderm influence the differentiation and development of blood 

islands and vessels by the extraembryonic mesoderm (Boucher and Pedersen 1996) 

(Fig. 1.2). Between day 5 and day 10, PE associated with TE constitutes an "early 

placenta", whose function is similar to the chorioallantoic placenta for nutrient and 

waste exchange (Cross et al. 1994). Meanwhile, the epiblast develops into embryonic 

ectoderm, mesoderm and endoderm. 
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Figure 1.2: Longitudinal and Transverse section through mouse embryo aroun.  
E7 shows the Blood islands(red) are evident at the junction between the VE(blue) and 

extraembryonic mesoderm(green).   Adapted from (Bielinska et al. 1999). 

1.1.2 Lineage determination  

Before implantation, the embryo experiences two cell fate decision points: 1) division of 

TE and ICM, 2) division of epiblast and PE (Zernicka-Goetz et al. 2009). In the early 

embryo before the 16-cell stage in human and mouse, cells are totipotent. In the past, it 

was believed before 8-cell stage, cells in embryos are uniform. However, in recent 

years, it has been discovered, after the first cleavage cells in embryo have tendency to 

differentiate into certain cell linages (Gardner 2001, Piotrowska et al. 2001, Fujimori et 

al. 2003, Bischoff et al. 2008). These were studies in single cell tracing show that at the 

first cleavage, embryonic cells differ with one having the higher kinetic Oct4 (also 

known as Pou5f1). This high kinetic gives Oct4 more accessibility to DNA and this 

makes the cells prone to become Cdx2 positive TE rather than ICM (Plachta et al. 

2011). Further compacted 8-cell stage, blastomeres divide symmetrically into two cells 

which will differentiate into TE cells or asymmetrically into one which will be ICM and 

one will differentiate into TE cell. During 8-16 cells transition, there is higher 

possibility of asymmetrical division, generating one TE cell and one ICM cell, and 

during 16-32 cells transition, there is a higher possibility of symmetrical division 

generating two cells which belong to the same lineage division of outside cell layers 

(Handyside 1981). During the 8-16 cell stage transition, cells internalized by 

asymmetric division are prone to become EPI later on, while during 16-32 cell stage, 

cells internalized asymmetrically tend to adopt PE in later development (Morris et al. 

2010). Once segregation finishes, the inner cells retain pluripotency resulting from the 
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regulation by Oct4, Sox2 and Nanog. In contrast, the outer TE-destined cells, 

transcription factors such as Cdx2 and EOMES become upregulated (Scholer et al. 

1990, Russ et al. 2000, Beck et al. 2003, Strumpf et al. 2005, Hough et al. 2006, 

Buecker and Geijsen 2010). Reciprocal repression of TE targets by Oct4, Sox2 and 

Nanog in the pluripotent lineage  as well as the auto-regulatory properties of Oct4 and 

Cdx2 work together to ensure that lineage segregation is maintained (Beland et al. 2004, 

Boyer et al. 2005, Chew et al. 2005).  

In the second cell fate decision, around the time E3.5, Gata6 and Nanog are exclusively 

expressed in the ICM cells but one of these two genes is predominately expressed in 

these cells randomly distributed forming a mosaic ‘salt and pepper’ distribution.  From 

E3.5 to E4.5, cells predominately expressing Gata6 migrate out to form the outer layer 

of ICM. Once this layer is formed, Gata4 will be expressed and the cell fate of PE is 

decided. Cells predominantly expressing Nanog remain currently placed and to become 

EPI which retains the pluripotent state. Meanwhile in PE, GATA4 and GATA6 repress 

expression of Nanog and therefore restrict the pluripotency of PE cells (Morrisey et al. 

1998, Koutsourakis et al. 1999, Yamanaka and Ralston 2010) (Figure 1.3) 

 

 

Figure 1.3: Transcriptional circuitry of cell fate decisions in embryonic 

development. ICM-specific gene expression (orange; such as Nanog, Oct4, Sox2) 

represses TE-specific genes (green; such as Cdx2 and EOMES) that in turn could 

repress ICM genes. The ICM then differentiates into EPI (red; for example, Nanog) and 

PrE ((blue; such as Gata6, GATA-4), where there is similar reciprocal antagonism of 

gene expression.  
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1.1.3 Signalling pathway regulating XEN differentiation 

The signalling pathways in the differentiation of embryonic cells are interconnected to 

each other. Research on the development of XEN has shown that parathyroid hormone 

related peptide (PTHrP), Gata6, Gata4, HNF4, Foxa2, and Ihh (Indian Hedgehog) all 

play roles in XEN differentiation (Bielinska and Wilson 1997, Verheijen and Defize 

1999, Maye et al. 2000). PE formation is regulated by the FGF/MPK signaling pathway 

leading to GATA6 expression (Yamanaka et al. 2010).The GATA family is essential for 

ES cell differentiation into XEN, in particular Gata6, Gata4 and Gata5. Gata4 and Gata6 

expression depend on each other while Gata5 is expressed independently. Gata6 is 

expressed before Gata4 and has a more important role in initiating cell fate commitment 

(Yamanaka et al. 2010). If using Dab2 as a PE marker, retinoic acid induced the Gata4 

(-/-), Gata5 (-/-) ES cells to give rise to XEN while Gata6 (-/-) failed to do so, showing 

that Gata6 is indispensable in XEN formation. Also, Gata4 null embryos die between 

E8-E9, a time point after VE has normally formed (Bielinska and Wilson 1997, 

Molkentin et al. 2000, Capo-Chichi et al. 2010). Gata4 and Gata6 regulate each other’s 

expression. Gata4 null embryos show down-regulation of Gata6 while the Gata6 null 

embryo has up-regulation of Gata4 (Molkentin et al. 2000). Nevertheless, Gata4 and 

Gata5 retain critical supportive roles. Gata4 (-/-) EBs, differentiated from ES cells a 

model of  early embryo development, showing reduced XEN formation and  Gata5 null 

EBs lack the expression of laminin and collagen IV indicating the absence of a 

basement membrane (Capo-Chichi et al. 2010). 

There are some other newly studied crucial factors in XEN lineage determination. 

Sox17 directly activates gene function in differentiation towards PE lineage which is 

mediated partly through Sox17 and Nanog, competing to bind the common DNA-

binding sites (Niakan et al. 2010). Another important factor is Oct4. Although regarded 

as a factor maintaining pluripotency, its expression is required for the commitment of 

XEN, and over-expression of Oct4 in ES cells leads to their XEN-like differentiation 

(Niwa et al. 2000, Debeb et al. 2009).  Further, the Oct4 target gene, the 

serine/threonine kinase 40 (Stk40), which is able to activate the growth related 

Erk/MAPK pathway is needed to induce XEN differentiation in mouse ES cells (Li et 

al. 2010, Na et al. 2010). As mentioned above, Gata6 is required for XEN lineage 

determination. At the same time it can bind and activate Dab2, a transducer of mitogen, 

TGF-  and lipoproteins. Now it has been found Dab2 is essential for the correct 



  Introduction 

 

development of the XEN as the Dab2 knockout is early embryonic lethal due to the 

disorganization of the endoderm cells (Morris et al. 2002, Yang et al. 2002). Apart from 

Dab2, PDGFRα (platelet-derived growth factor receptor α) is also expressed in PE and 

functions in the expansion of the XEN cell lineage by activating PKC and MEK1/2 

signalling pathway to expand the XEN cell lineage, and in the absence of PDGFRα 

XEN cells exit the cell cycle prematurely (Jerome et al. 1991, Artus et al. 2010). 

GATA factors are likely to play an important role initiating the signaling cascade that 

results in VE formation (Familari 2006). Familari concluded that “GATA factors and 

vHNF1 isoforms are involved in a synergistic interaction regulating downstream 

signaling”. GATA factors activate HNF4, while vHNF1 activates HNF1, HNF6, and 

Ihh. However, no definite relationship between these two regulations has been found 

(Familari 2006). BMP and Hh (hedgehog) signaling pathways are both required for 

differentiation into VE. When such signals are withdrawn, VE will differentiate into 

parietal endoderm (Coucouvanis and Martin 1999). Whilst, PTHrP (Parathyroid 

hormone-related protein) inactivates PKA and inhibits Ihh (Indian hedgehog); thus it 

may also contribute to parietal endoderm formation (Lanske et al. 1996). However, it is 

not essential, since PTHrP receptor null mutant embryos can produce parietal endoderm 

(Verheijen et al. 1999, Murray and Edgar 2001). Studies have shown that Nodal 

signaling plays general roles in patterning formation and multiple differentiation events 

in embryonic development (Brennan et al. 2001, Guzman-Ayala et al. 2004, Granier et 

al. 2011). In the VE, Nodal is required for the specification of the distal visceral 

endoderm (DVE) and formation of AVE, thereby establishing the A-P axis (Norris and 

Robertson 1999, Brennan et al. 2001). At the late differentiation of VE, laminin in 

Reichert’s membrane plays a dual role. In addition to inducing the polarization of the 

EPI, it is required for the production of the embryonic basement membrane (Smyth and 

Worthy 1999).  

 

 

1.1.4 Function of extra-embryonic lineages 

The primary function of the XEN derivatives (PE and VE) and TE derivatives 

(placenta) is nutrient transport. However they have distinct functions as TE initiates 
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implantation while XEN directs blood island differentiation and embryonic pattern 

formation (Jollie 1990, Zohn and Sarkar 2010). 

TE formation is the first event to separate extra-embryonic and embryonic lineages. TE 

which is attached to ICM becomes polar TE and the rest becomes mural TE. Polar TE, 

overlying the ICM, is influenced by ICM contact and is more active in proliferation than 

mural TE which surrounds the blastocoel and not in contact with the ICM (Copp and 

Rossant 1978). At the 32-cell stage, the epithelial structure of the TE matures to include 

effective activity of the endocytosis system. At this time, embryos can transport external 

material to the blastocoel (Fleming and Goodall 1986, Pemble and Kaye 1986). 

Between E3.5-E4.5, polar TE starts to attach to the endometrial epithelium and invade 

between uterine luminal epithelial cells and finally embed itself into the uterine wall. 

Then TE becomes trophoblast and constitutes the chorio-allantoic placenta together with 

maternal tissue (Roberts and Fisher 2011). The placenta mainly functions as an 

important centre of material exchange between mother and fetus; also it sends hormones 

to the mother in response to fetal needs (Bazer et al. 2009).  

VE is similar to gut endoderm both morphologically and functionally being specialized 

for absorption and digestion (see later). VE cells also synthesize and secrete proteins 

participating in nutrient transport, such as transferrin and apolipoproteins (Bielinska et 

al. 1999). They also express the high-affinity receptor folate receptor 1 (FOLR1) for 

folic acid, a critical nutrient for development; this receptor gene can be activated by 

transcription factor HNF4α (Salbaum et al. 2009). PaE cells secrete an unusual 

basement membrane called Reichert’s membrane between themselves and the TB (Fig. 

1.4). This membrane comprises mainly type IV collagen and laminin (Smith and 

Strickland 1981, Cunningham et al. 2010). In a recent study, the trimetric laminins 

1/1/1, 2/1/1, 3/2/2 as well as nidogen-1, nidogen-2 and perlecan were found to be 

localized here (Paulsson et al. 1985, Gersdorff et al. 2005). Reichert’s membrane is 

thought to play a role in the filtration of nutrients from the maternal environment (Proud 

2007a). By E10, the VYS has fully been developed from VE. Nutrients are firstly 

absorbed into the VYS cavity and then they are endocytosed by endoderm cells. 

Cubilin, Megalin, and amnionless, which are multiligand endocytosis receptors often 

found in epithelia, mediate endocytosis of proteins, cholesterol, lipids, iron, calcium, 

folic acid, retinoic acid, and vitamins B12 and D (Bielinska et al. 1999). The VYS, 
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though replaced by the chorio-allantoic placenta in the later conceptus, is crucial for 

nutrient transport during early gestation. 

A B

 

Figure 1.4: The diagram shows the function of XEN derivatives. (A) Light 

microscope immunostaining for nidogen-2 in Reichert’s membrane (open arrow) 

(Gersdorff et al., 2005). (B) Represents the function of VYS cells of mouse embryo 

after E8. Firstly the nutrients are endocytosed into early endosomes and then transferred 

to lysosomes where they are degraded. The products are transported into the vitelline 

circulation to be delivered to the neurulating embryo (Zohn et al., 2010). 

 

XEN has an influence on cardiomyocyte differentiation. As gastrulation proceeds, extra-

embryonic mesoderm is induced and integrated into the VYS. The VE can influence the 

myocardial differentiation. This function of the VE on the differentiation of the 

cardiovascular system has been confirmed by research on the chicken embryo (Wilt 

1965). A recent finding further suggests that through contact-dependent and 

independent factors, XEN activates heart formation (Brown et al. 2010). XEN cells can 

promote cardiomyocyte formation in the embryoid body (EB) (a spherical structure 

developing from congregating ES cells) and it is suggested that the XEN cells produce 

factors affecting survival or proliferation of cardiomyocytes (Brown et al. 2010).   

Another function of the VE is anterior-posterior (A-P) patterning. VE overlying both 

embryonic and extra-embryonic regions can cause pattern formation of mesoderm and 

ectoderm. In the process of embryonic endoderm development, VE cells are initially 

dispersed mixing with epiblast cells and later become organized around primitive streak, 

node, and midline which sends distinct morphological signals during embryonic 
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formation (Kwon et al. 2008). This can be visualized by the VE marker, visceral 

endoderm-1 (VE-1), which can be detected as early as E5 between embryonic-

extraembryonic junction to the distal apex of the embryo, and laterally around one-third 

of the egg cylinder. This shows the VE has a strong connection with the anterior pattern 

formation. Defects of VE-1 in the VE leads to changes in anterior pattern formation so 

that VE-1 deficient mice have an impaired central nervous system (Rosenquist and 

Martin 1995).  

1.2 Developmental Origin of Health and Disease (DOHaD) 

1.2.1 Introduction of DOHaD hypothesis 

The maternal nutritional environment provided by the pregnant female to the embryos is 

crucial for development. In addition to the maternal nutrition stored in the fertilized egg, 

the embryo also needs to absorb nutrients, for example proteins, from the surrounding 

environment (Pemble and Kaye 1986). Embryos can detect and respond to the changes, 

if any, in nutrient levels. Such response can lead to birth defects, premature birth, intra-

uterine growth restriction, behaviour disorders in adulthood and an increased risk of 

cardiovascular and metabolic disease (Swanson et al. 2009). 

The concept relating reproductive environment with later disease in adulthood was first 

hypothesized by Professor David Barker and was later named “Developmental Origin of 

Health and Disease” (DOHaD). He hypothesized that homeostatic changes occurring in 

early life, including the pre-natal period, affect an individual’s later life, health and 

mortality. A very famous proof supporting the DOHaD hypothesis is the coherent study 

of the Dutch Hunger Winter, a period of 5 months famine in the winter of 1944–1945 in 

Amsterdam. The tracking survey of the children born to women who were pregnant in 

that winter revealed the babies were smaller and they had an enhanced risk of coronary 

heart disease, glucose intolerance, distributed blood coagulation, increased stress 

responsiveness and obesity in later life (Painter et al. 2006, Roseboom et al. 2006). The 

first change observed in offspring caused by suboptimal maternal nutrition environment 

was low birth weight (Godfrey et al. 1997). Cohort studies in Helsinki and 

Hertfordshire supported this hypothesis which recorded birth between 1930s and 1940s. 

They reported poor fetal growth being linked to coronary artery disease, hypertension 
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and insulin resistance in adulthood in both female and male offspring (Barker et al. 

2009).  

The DOHaD hypothesis is based on the ‘developmental plasticity’ concept which 

indicates an organism undergoing prenatal development or early life is able to change 

its phenotype to adapt to the environment, and this ability will be gradually lost as it 

grows. Therefore, stimuli during an organism’s early life will lead to persistent change.   

The low birth-weight was explained by reduction in fetal growth as a strategy to adapt 

to an unfavourable prenatal environment (Barker et al. 2007).  The strategy to adapt to 

maternal environment changes the organism permanently and may make it unsuitable 

for the post-natal environment, if that is different from prenatal environment. This 

mismatch between pre-natal and post-natal environments is reported to lead to disease 

in adult life (Hanson and Gluckman 2008) (Fig. 1.5). 

 

Figure 1.5: Diagram showing how mismatch between prenatal and postnatal 

environment increases risk of chronic disease later in life. Lines show range of 

postnatal environments for which the phenotypes induced by the prenatal environment 

are matched, and hence able to remain healthy. As the quality of the prenatal 

environment decreases, this range becomes narrower and depressed, increasing the 

likelihood of disease from unpredicted excess in the postnatal environment (Hanson and 

Gluckman 2008). 
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1.2.2 Maternal environment challenges 

Both ‘Dutch famine’ and Hertfordshire and Helsinki cohorts linked poor fetal growth 

environment to adult disease. This poor fetal growth is affected by the maternal 

environment. A number of maternal factors have been examined using animal models, 

which have shown an increasing number of diseases may have a developmental origin.  

The first studied is metabolic syndrome which is defined as co-occurrence of factors 

contributing to cardiovascular disease and diabetes including insulin resistance, obesity, 

atherogenic dyslipidemia and hypertension (Huang 2009). With the dramatic 

improvement in the world economy, the population suffering from metabolic syndrome 

rapidly increased in the past 50 years. The mismatch between protein restriction in utero 

and rich nutrition environment after birth has been well correlated with adult metabolic 

syndrome. This is explained by a ‘nutrient thrifty’ phenotype developed by embryos in 

response to poor maternal nutrition followed by rapid compensatory childhood growth 

after birth. Usually in this situation the fetus may have intra-uterine growth restriction 

resulting in relative low birth weight (Parlee and Macdougald 2013). Other maternal 

factors such as maternal smoking, hypertension/preeclampsia, inflammation/infection, 

obesity also have been related to offspring metabolic syndrome. The mechanism of how 

maternal nutritional factors may associate with metabolic syndrome is believed to be 

through negative influences on fetal oxidative stress, hypothalamic-pituitary-adrenal 

axis and brain neuropeptides (Brenseke et al. 2013).  

Adult mental health is also linked to the prenatal developmental environment. Maternal 

stress, alcohol intake, anxiety and malnutrition can all increase the risk of mental 

disorder and defects in psychophysiological and neurocognitive function (reviewed by 

(Raikkonen 2009)). It was found that environment could cause heritable change of 

organism gene expression without changing genome information. This is called 

epigenetic modification. More and more researchers reported epigenetic changes of 

DNA methylation or histone modification found in offspring who had disturbance of 

maternal environment.  If gene expression that regulates the cell cycle was 

epigenetically altered, the risk of cancer increased. To date, maternal protein deficiency 

or over-nutrition has been related to breast cancer and leukaemia in offspring (Johnson 

et al. 2009).  
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1.2.3 Maternal protein deficiency and DOHaD 

Maternal nutrition has been considered as the major factor leading to offspring 

metabolic syndrome (Brenseke et al. 2013). Considering the moral and legal issues 

concerning human embryo research, the rodent is usually regarded as the most ideal 

model to study mammalian fetal development. In order to simulate maternal poor 

nutrition, maternal Low Protein Diet (LPD) has been used. LPD was designed as 9% 

casein in contrast to normal protein diet (NPD) which contains 18% casein. In a pioneer 

study, rats born from LPD mothers demonstrated low birth weight and high blood 

pressure (Langley-Evans 1997). This mimics the human metabolic syndrome and 

rodents are now widely used in DOHaD research.  In a mechanistic analysis of offspring 

hypertension, changes in the Hypothalamic-Pituitary-Adrenal (HPA) Axis was 

considered to induce it. Maternal glucocorticoid levels which can alter HPA axis are 

increased in male, while in female upregulated Angiotensin2 type2 receptor in renin-

angiotensin system is the main cause  (Goto et al. 1997, McMullen and Langley-Evans 

2005). In another study, the developing kidney itself was also shown to be modified. At 

E13, glomerular number was less in the LPD rat coinciding with increased expression of 

mesenchymal apoptosis genes (Welham et al. 2005). Apart from the influence on blood 

pressure, maternal LPD also was reported to predispose to diabetes by reducing the 

pancreatic islet size and beta-cell mass in female offspring and elevating insulin levels 

in male offspring (Chamson-Reig et al. 2009).  

1.2.4 Pre-implantation development and DOHaD 

The pre-implantation period of embryo development is critical because cells are 

pluripotent, and can form all the later embryonic and adult tissue. Further, during this 

period, paternal and maternal DNA goes through intense demetylation as well as histone 

modification (Lucas 2013). Therefore, small perturbation of the environment may 

disrupt this epigenetic modification and have wide ranging effect in organs and tissues 

which the early embryonic cells will differentiate into. Research using both animal 

models and birth survey has found assisted reproductive technologies (ART) for 

example in vitro fertilization (IVF) may cause long term health defects in offspring. The 

IVF of rodent embryos during pre-implantation stage was found to cause birth weight 

change as well as offspring organ function defects (Vergouw et al. 2012). Therefore, 

environmental perturbations during the pre-implantation period are likely to be able to 
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reprogram the embryo leading to long-term effects. Fleming’s group were the first to 

study the results of pre-implantation exposure to maternal LPD. Here, LPD was 

restricted to only the preimplantation period (Emb-LPD) (rat E4.5 and mouse E3.5) 

resulting in compromised development of the embryo. Kwong et al (2000) demonstrated 

Emb-LPD in rats reduced the proliferation of both ICM and TE cells in the embryo and 

associated with hypertension in adult offspring (Kwong et al. 2000). Also, studies 

conducted on mouse offspring showed maternal LPD throughout gestation and the 

shorter Emb-LPD caused high blood pressure and anxiety related behaviour (Watkins et 

al. 2008a). Further studies of adult cardiovascular disease and hypertension induced by 

LPD and Emb-LPD showed male mice had attenuated vasodilatation to isoprenaline and 

LPD female offspring showed elevated serum angiotensin-converting enzyme (ACE) 

activity, whilst Emb-LPD males had elevated lung ACE activity which could induce 

hypertension (Watkins et al. 2010). At the same time Emb-LPD showed elevated 

albumin receptor, Megalin, expression in both Emb-LPD and LPD E17 VYS (Watkins 

et al. 2008b).  In another study, the NPY (Neuropeptide Y) gene which associates with 

obesity was shown to be upregulated in offspring exposed to LPD during both gestation 

and lactation (Han et al. 2012). In relation to these previous experiments, Emb-LPD 

causes a similar phenotype in offspring to LPD but the programming process of this 

model needs to be studied.  

1.3 Stem cells as a model for XEN lineage study 

Two methods of studying the XEN cell lineage are extra-embryonic endoderm stem 

cells (XEN cell) or embryonic bodies (Figure 1.6).   
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Figure 1.6: Relationship between embryo and embryo derived cell type. XEN cells 

can both derive from ES cells and PrE in EB. In the picture of EB the BM was stained 

by PAS and PrE was the cells outside the BM (Kurosawa 2007, Niwa 2010). 

 

1.3.1 XEN stem cells 

Due to the limitation of embryos, researchers have looked for alternatives.  Mouse ES 

(mES) cells have the ability of maintaining pluripotency in the presence of a 

differentiation inhibitor. When mES differentiate, they mimic the process of pre-

implantation embryo development. Also, ES cells facilitate gene manipulation, giving 

the opportunity to modify early embryonic development genetically. With these 

advantages, ES cells are now widely used in research. (Nagy et al. 1993, Niwa and 

Fujimori 2010). Recently, in vitro derived XEN cell lines from mES cells have provided 

a new tool to understand the transcription control of XEN, as well as the epigenetic 

changes occurring or inducible in embryonic development. However, the complicated 

controlling system is not clearly known. XEN stem cells are typically cultured on 

embryonic fibroblasts often in the presence of FGF-4 which can induce both TS 

(trophoblast stem) cell colonies and XEN cells (Kunath et al. 2005, Kim et al. 2010, 

Yamanaka et al. 2010). Kunath (2005) described the detailed morphology of XEN cells 

in vitro, and revealed the potential of switching shape (Kunath et al. 2005). In contrast 

to the coherent colonies formed by ES and TS cells, XEN cells maintain very little cell-

cell contact when grown at low density. In XEN cell culture, two cell morphologies 

appear at the same time; rounded and stellate. The round cells are usually refractile 

while the stellate cells are more epithelial-like (Figure 1.7 A).  
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Videomicroscopy showed that XEN cells have a high mobility and that single cells are 

often at the transition between these two cell types. The rounded cells possess many 

microvilli on the apical surface, filapodia attaching them to the surface, and 

pseudopodia (Figure 1.7 B). The microvilli and pseudopodia represent their future 

function of absorption and possibly migration (Kunath et al. 2005). 

microvi lli

Filapodia

pseudopodium

A B

 

Figure 1.7: XEN cell morphology. (A) Phase-contrast micrograph of XEN cells, 

showing the three cell types refractile, rounded and the epithelioid cell type (B) 

Scanning electron microscopy isolated a XEN cell with microvilli on the surface, 

filapodia attaching it to the surface and a curving pseudopodium not attached to the 

culture surface. This XEN cell is on a pedestal structure and the pseudopodium is 

originating from below the cell (Kunath et al. 2005). 

The internal structure of the XEN derivatives VE and VYS are characteristic of 

endocytosis. In the VE cells, phagocytic vesicles in the apical cytoplasm could be 

observed under the electron microscope (Bielinska et al. 1999) (Figure 1.8 left). The 

ultrastructure of the rat VYS cell shows numerous long microvilli extending from the 

apical surface with many lysosomes distributed in the apical cytoplasm, indicating 

active pinocytosis; pinocytotic invaginations and large storage vesicles were observed 

beneath the plasma membrane (Gupta et al. 1982, Xu et al. 2005) (Figure 1.8 right). All 

these structures indicate the endocytosis activity of XEN derivative cells reflecting their 

function of nutrient uptake. The disadvantage of XEN is the cell shape cannot replicate 

what can be observed in vivo. PE cells in vivo are spindle-shaped when they are formed 

in the ICM. As their migration begins, the cell shape changes to adapt to migration. 

What is more, even when they are settled as PaE and VE, their special morphology is 

retained.  
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Figure 1.8: Electron microscopic picture of mouse VE cells (left) and of rat VYS 

cell. (right) V=phagocytic vesicles, S = storage vesicles; M = mitochondria; L = 

lysosome (Bielinska et al. 1999, Xu et al. 2005).  

1.3.2 EB model 

The second model to study XEN is embryoid bodies (EB). EBs are multicellular 

spherical aggregates of ES cells after in vitro differentiation (Keller 1995, Kurosawa 

2007). When ES cells are deprived of differentiation inhibitors they recapitulate many 

aspects of cell differentiation during early embryogenesis and spontaneously 

differentiate into derivatives of all three germ layers (Desbaillets et al. 2000, Itskovitz-

Eldor et al. 2000). As with the XEN, the first event that can be observed in EB 

formation is the appearance of PE on the surface of the EB. Thereafter, PE differentiates 

into VE when the inner cells form primitive ectoderm-like structures (Niwa 2010). If 

kept growing, the EB can further give rise to highly differentiated cell types, including 

osteoblasts, neurons and neural precursors, adipocytes, hepatocytes and keratinocytes 

(Feraud et al. 2003). As the EB mimics the post-implantation development of the ICM 

before E6 which gives rise to the egg-cylinder, this EB culture system provides a good 

model of mouse peri-implantation development (Niwa 2010) (Figure 1.9). Attempts to 

optimize culture conditions of EBs in order to generate similar size, thus synchronized 

differentiation, include suspension cultures, the use of bacterial-grade dishes or spin-

flask, methylcellulose semisolid medium, hanging drops and 96-well plate cultures 

(Kurosawa (Dang et al. 2004, Kurosawa 2007). Conditions promoting the development 

of XEN include a relatively low cell density and low nutrient level in the culture 

(Yasuda et al. 2009, Mochizuki et al. 2011). Another way to study XEN in vivo is by 

labelling either by microinjection or genetically. After being labelled with fluorescent 

protein, the XEN cells can be reintroduced into embryos and their fate followed through 

development (Winkel and Pedersen 1988, Galat et al. 2009).  
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Figure 1.9: Comparison of embryogenesis in vivo and EB formation in vitro. The 

top part shows embryo formation ICM (pink) wrapped by PE (white) with BM (green) 

in-between. The ICM differentiates into epiblast (yellow). The bottom part shows the 

corresponding development of EB in vitro showing the similarity with embryonic 

development (Sasaki et al. 2004).  

1.4 Endocytosis System of Extra-embryonic cell lineages  

1.4.1 Endocytosis system in early embryos  

Generally, there are three trans-membrane transport systems through which substances 

are taken up by cells: 1) passive diffusion for small molecules like O2; 2) protein-

mediated transport for most of the small and medium molecules and ions; 3) 

phagocytosis and endocytosis which includes pinocytosis and receptor-mediated 

endocytosis for macromolecules. Protein is mainly taken up by endocytosis and it is the 

indispensable nutrient element for growth especially in the early embryo (Lodish 2000).  

The endocytic system in embryos begins to form along with the polarization and 

asymmetric distribution of the associated vesicles and organelles from the 8-cell stage. 

At the 8-cell stage pre-lysosomal endosomes distribute mainly in the apical cytoplasm 

(Fleming and Pickering 1985). When embryos reach the 16-cell stage, secondary 

lysosomes appear in the basal cytoplasm of outer cells (Fleming et al. 1984). This 

system then continues to become more stable and more active (Fleming and Pickering 

1985). As for the blastocyst, in the maternal reproductive tract, the endocytosis of 

uterine fluid is usually via binding specific receptors (Orsi and Leese 2004). After being 

degraded, the products, amino acids, are either included into the TE cells or transported 

to the basolateral compartment and accumulate there. These products are then 
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transported into the blastocoel, waiting to be taken up by ICM (Miller and Schultz 1985, 

Fleming and Goodall 1986). Studies have shown that the metabolic rate, uptake rate as 

well as the growth rate of embryos can all be influenced by provision of exogenous 

proteins (Kaye and Gardner 1999). The increased rate of labelled protein uptake and 

degradation were observed and quantified by either confocal microscopy or cytometry 

after supplying embryos with insulin or albumin (Pemble and Kaye 1986, Dunglison et 

al. 1995). The extraneous protein can therefore be regarded as a kind of environmental 

cue sensed by embryos and responded to by potentially reprogramming the embryo’s 

development.  

1.4.2 Endocytosis system in extraembryonic lineages 

Before implantation, the VE has not formed and it is TE that constitutes a sole nutrient 

exchange barrier between the maternal environment and the embryo. TE is comprised of 

an outward-facing epithelium in direct contact with directly the uterine fluid from which 

it absorbs nutrients. In the early post-implantation stage, since VE and PE migrate and 

form another barrier between TE and the embryo, the VE functions also as a nutrient 

absorbing tissue and is closely related to the embryo (Assemat et al. 2005b). After VYS 

formation, nutrients are first transported through the placenta (differentiated from TE) 

and are endocytosed by VYS and delivered to the embryo (Zohn and Sarkar 2010). In 

addition to the VE originated layer of the VYS, it also contains the extraembryonic 

mesoderm layer and mesenchyme. The structure of the VYS in human and mouse is 

very different in orientation. The former is where the VE-originated layer is wrapped by 

mesoderm and in the latter the VE layer wraps the extraembryonic mesoderm (Figure 

1.10 A). Nevertheless, the nutrient-absorbing function of VYS of these two species is 

the same. In the rodent, the yolk sac with its attendant vitelline circulation provides the 

most important source of nutrition until day 12–14 of gestation (Steven and Samuel 

1975, Beckman et al. 1990) while in humans, the yolk sac is thought to play a similar 

role until weeks 9 -10 of gestation at which time the chorio-allantoic placenta assumes 

this role (Coalson and Tomasek 1992, Exalto 1995). However, in rodents, VYS does not 

diminish but still persists its role in nutrient transport to some degree.  
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Figure 1.10: Placenta and VYS structure. (A) Difference between VYS structure 

between mouse and human. In the mouse E8.5, the VYS wraps the embryo and the VYS 

mesoderm is internal but in the human embryo the VYS forms a structure like a balloon 

which has VYS mesoderm on the outside (adapted from Zohn and Sarker, 2010) (B) 

Mouse late gestation maternal-fetal organisation  (adapted from Novak and Beveridge, 

2000). (C) Enlarged view of placenta illustrating synchtiotrophoblast which has 

microvilli and endocytosis vesicles (adapted from Novak and Beveridge, 2000) (D) 
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Enlarged view of VYS which contains VE cells with microvilli and endocytosis vesicles 

(adapted from Novak and Beveridge, 2000) 

So far, the rodent yolk sac has been demonstrated to play a role in the transfer of 

sodium, calcium, phosphate, proteins and amino acids (Chan and Wong 1978, Gibson 

and Ellory 1984) Proteins bind the receptors on the apical epithelial membrane of YSC 

and with the formation of pinocytotic vesicles the ambient fluid is internalized into the 

cytoplasm. The proteins are then hydrolyzed in the lysosomes and the products 

accumulate in the cytoplasm. During this process, ATP and calcium are both required 

and this process is a constitutive function of epithelial cells maintaining a stable 

endocytosis with the rate limiting step being vesicle formation (Lloyd 1990). Also, there 

are a variety of amino acid transporters on theVYS apical membrane delivering amino 

acids such as leucine and glutamine directly to the fetus (Beckman et al. 1998, Brent 

and Fawcett 1998, Novak and Beveridge 2000) (Figure 1.10 B).   

1.4.3 Receptors in the extraembryonic lineage  

In embryogenesis, before the 8-cell stage, pyruvate acts as a primary energy source 

(Leese and Barton 1984). However, just before compaction glucose is required and later 

on becomes a pivotal nutrient during the preimplantation period (Jansen et al. 2006). 

Amino acids and lactate also contribute to the development of the embryo (Brown and 

Whittingham 1991, Biggers et al. 2000). Uptake of nutrients needs to be mediated by 

receptors and a number of receptors have been identified including GLUT families, 

Megalin complexes and amino acid transporters. Receptor mediated endocytosis not 

only provides nutrients to the embryo but also internalises environmental factors into 

blastomeres and at the same time are regulated by the metabolic need of the embryo.  

Glucose is transported by sodium-dependent transport (SGLT) and GLUT family 

transporter (Esposito et al. 1984, Hediger et al. 1987). In placenta, GLUT-1 is widely 

distributed on microvillous membrane while GLUT-3 is localized to the arterial 

component of the vascular endothelium (Illsley 2000). In the mamalian preimplantation 

embryo, GLUT1 and GLUT9 are detected through-out the preimplantation stage. 

Meanwhile, GLUT2 and GLUT3 transporter are only present on membrane from the 8-

cell embryo. GLUT4 and GLUT8 being expressed from the blastocyst stage (Hogan et 

al. 1991, Aghayan et al. 1992, Schultz et al. 1992, Pantaleon et al. 2008). Among 
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GLUT family, GLUT3 and GLUT1 are the main glucose transporters that take up 

maternal glucose providing ICM with glucose and falitilating blastocyst formation 

(Pantaleon et al. 1997).  The glucose transporters stability was reported to be regulated 

by PI3K/Akt pathway in preimplantation embryos (Riley and Moley 2006).  

Amino acids are transported across membranes by amino acid transporters normally 

coupled with ion gradient or amino acid gradient. Amino acid transporters also have the 

function of nutrient sensing and signal delivery into cells. In the mammalian placenta, a 

variety of amino acid transporters localized on syncytiotrophoblast plasma membranes 

have been catalogued: for neutral amino acid transport, system A, ACB, B
0
, N, L; for 

cationic and anionic amino acids, system y, y+,vvvvvvvvv (Jansson 2001). Also, in 

VYS, system X_AG transporter has been identified and transport ability of leucine and 

glutamine reported (Beckman et al. 1998, Novak and Beveridge 2000). System A 

transporter which include SNAT family members can be regulated by IGF1, insulin and 

amino acid concentration (Dodd and Tee 2012).  

 

Megalin, which is usually expressed in brain, kidney and liver in adults, can also be 

detected in the embryo (Chiu-Ugalde et al. 2010). It is a low-density lipoprotein 

receptor related protein and it usually functions in cooperation with Cubilin which is a 

multi-ligand receptor. Both are found in 8-cell blastomeres, TE and VE. In the TE they 

are expressed in apical membrane of cells where they are exposed to maternal 

environment (Assemat et al. 2005b). In VE and VYS, they are located in the apical 

surface of the epithelium. Megalin and Cubilin complexes play a critical role in protein, 

lipid and folate absorption (Assemat et al. 2005b, Gelineau-van Waes et al. 2008). 

Moreover, once activated they can also activate receptors and send signals (Fisher and 

Howie 2006). For example, Mesd, a component of Wnt signalling, decreases Megalin 

expression resulting in decreased lysosome size (Lighthouse et al. 2011). Also, Megalin 

mediated endocytosis could regulate protein kinase B (PKB) activation which functions 

in the cell survival pathway. The mechanism has not been revealed but one of the 

pathway components is Dab2, the adaptor of Megalin, and could be regulated by 

PKB/Akt, sending signals into cells (Koral and Erkan 2012).  In order to support 

embryonic development, after digestion, free amino acids are delivered to the embryo 

and used by embryonic cells.  
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Studies have shown that abnormality in VYS absorption function results in interference 

with fetal growth (Beckman et al. 1998). Emb-LPD fed mice had more Megalin protein 

in VYS to compensate for lack of amino acid source and these offspring have a risk of 

having high blood pressure (Watkins et al. 2008a). So, once the uptake rate of protein is 

changed, it reflects the metabolic change occurring in the VYS which may be derived 

from an epigenetic change.  

1.5 Nutrient sensing and reprogramming 

1.5.1 mTOR pathway 

Poor maternal nutrition may alter circulating maternal nutrients. For example, amino 

acid and hormone levels in serum such as insulin and IGF are affected (Kwon et al. 

2004, Jansson et al. 2006). Moreover, nutrient levels within the maternal reproductive 

tract and uterine fluid during the period of preimplantation embryo migration may be 

affected, creating a nutrient restricted environment that may be sensed by the embryo to 

induce developmental programming (Godfrey 2002, Eckert et al. 2012). Placental 

amino acid transporters, for example SNAT1 SNAT2 and SNAT4, were reported down 

regulated due to reduced hormone stimulation in the rat caused by maternal protein 

restriction (Rosario et al. 2011). Amino acid sensing is linked with the mammalian 

Target of Rapamycin (mTOR) pathway, first discovered in yeast and now proven to be 

a crucial cellular regulator in eukaryotic organisms.  TOR kinase has two members, 

TOR1 and TOR2. TOR1 combines raptor and other factors to become TOR complex 1 

(TORC1). TOR2 combines rictor and other factors to become TOR complex 2 

(TORC2). TORC1 is now believed to be the main nutrient sensor and at the same time, 

it can sense energy, oxygen and growth factor availability. In its turn, it responds to the 

environment by regulation of protein translation and ribosome regeneration. TOR2 is 

thought more to regulate cytoskeletal dynamics (Russell et al. 2011).  While activation 

of TORC1 and TORC2 has separate functions, they interact with each other through 

feedback to regulate cellular metabolism.  

Research has been conducted to explore mTOR pathway components. PI3K/Akt is 

upstream of TORC1 and activates TORC1 by phosphorylation of tuberous sclerosis 

complex 2 (TSC2) (Zhang et al. 2003, Hahn-Windgassen et al. 2005). When cells 

receive growth factor stimulation, insulin receptor substrates (IRS) will be 
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phosphorylated and recruit the phosphatidylinositol 3-kinase (PI3K). Thus, the Akt 

pathway is activated by it and inhibits TSC1/2, which releases the inhibition of TSC1/2 

on Rheb which in turn activates mTORC1 (Sato et al. 2008).  Amino acid sensing does 

not depend on the TSC complex but is carried out by Rag protein which regulates 

mTORC1 directly (Laplante and Sabatini 2012). However, mTOR1 could also 

negatively affect Akt activation by a negative feed-back loop (Manning 2004). mTOR1 

has been intensively studied for mechanisms controlling cell growth and proliferation 

through regulation of the translation machinery by downstream ribosomal protein S6 

kinase (S6K) and e-IF4E (Evans et al. 2011, Magnuson et al. 2012). So, downstream of 

mTORC1, S6K and e-IF4E are crucial regulators of protein synthesis while Akt 

upstream may activate a large range of targets influencing cell survival. A recent 

discovery shows active mTOC1 could maintain telomerase activity (Yamada et al. 

2012). mTORC2, found not to be inhibited by rapamycin, functions by phosphorylating 

Ser473 on Akt and is suggested to phosphorylate AGC family kinases, for example, 

PKC (Sarbassov et al. 2004, Ikenoue et al. 2008). The function of mTORC2 is mainly 

recognized as controlling cytoskeletal dynamics but in terms of cell growth, apart from 

affecting insulin signalling, has not been reported to affect mammalian cell metabolism. 

However, work in C. elegans revealed mTORC2 does affect body fat content, feeding 

behaviour and life span (Soukas et al. 2009).  Recently, Rosel et al. (2012) reported 

TORC2 in Dictyostelium negatively regulates cell nutrient intake independent of Akt 

signalling.  

Mechanisms by which mTOR senses nutrients are not fully understood but studies have 

revealed some sensing pathways. For example, amino acids, may first be sensed by 

Phosphatidylinositol 3-phosphate (PI3P) and transduced to mTOR (Gulati and Thomas 

2007).  Growth factors activate Akt, by binding the insulin receptor (Zid et al. 2009). 

The energy status in cells, represented by AMP concentration, could be sensed by 

AMPK phosphorylating raptor (Gwinn et al. 2008). In response to energy stress, 

REDD1 may be induced to phosphorylate TSC2, therefore inhibiting mTORC1 (Sofer 

et al. 2005). The response could be to down-regulate mTORC1 phosphorylation of S6K 

and 4E-BP1, inhibiting translation (Gingras et al. 2001, Holz and Blenis 2005, Mamane 

et al. 2006). Alternatively, when cells were exposed to energy stress, it could reduce the 

abundance of a variety receptors (e.g. amino acid transporters, ion receptors) on 
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membrane by activating endocytosis and internalising more receptors into the cytoplasm 

in order to regulate cell growth (Aronova et al. 2007, Feng and Levine 2010).   

 

 

 

 

Figure 1.11: Diagram describing the mTORC pathway. adapted from. (Zoncus et 

al., 2010) 

 

1.5.2 Endocytosis and mTOR pathway 

Endocytosis is one of the targets through which mTOR regulates cell growth. At the 

same time, the position and constituents of the system could regulate mTOR signalling. 

First of all, mTOR activity has been clearly proven to be a positive regulator of 

endocytosis, facilitating nutrient uptake. A number of mechanisms have been described 

to stimulate endocytosis in response to mTOR signalling. For example, nutrient receptor 

transferrin was reported to be upregulated by mTOR activation facilitating uptake 

(Galvez et al. 2007, Buller et al. 2008, Almilaji et al. 2012). 
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Endocytic trafficking is crucial for mTORC1 signalling. For general stimulation, Rheb 

was found to activate mTORC1, which normally exists on endosome membranes. The 

signalling pathway has to be then passed on from early to late endosome transition 

(Flinn et al. 2010). The two possible roles of endocytic organelle regulation are: 1) 

regulate position and concentration of signalling molecules which attach to the 

membrane; 2) change nutrient uptake rate, to supply cells a nutrient level according to 

their metabolic need.  How the endocytosis netwok system responds to the extracellular 

environment has not been studied extensively and many questions on how these two 

functions work together in the endocytosis system are still unanswered. Autophagy is 

one of the cellular processes cells take to recoup amino acids when they are depleted in 

the environment. In the process, mTORC1 which localizes on lysosome membranes is 

drawn close to nuclei along with fusion of lysosomes with autophagosomes. If amino 

acids are supplied, lysosomes will be translocated to peripheral areas facilitating 

mTORC1 being stimulated (Korolchuk et al. 2011).  In addition to promoting 

autophagy in a suboptimal nutrient environment, lysosome biosynthesis has also been 

shown to be activated via transcription factor EB (TFEB) accumulating in the nuclear 

area caused by reduced mTORC1 inhibition (Settembre et al. 2012). 

 Although the instant response of the mTOR pathway has been intensively studied, the 

developmental programming of the mTOR pathway is still not clear. Many preliminary 

studies have shown mTOR pathway being affected by maternal nutrient environment. 

Thus, maternal low protein diet in pigs reduces the phosphorylation of mTOR, 4E-BP1, 

S6K1, and eIF4G in offspring skeletal muscle and visceral tissue. In DOHaD related 

studies, the mTOR signalling pathway was tested as an important regulator of uterine 

nutrient availability causing intrauterine growth restriction (IUGR). The maternal serum 

insulin and insulin growth factor (IGF) both were down-regulated when receiving 

insufficient nutrient diet (Bourrin et al. 2000). So, due to both the effect of growth 

factors and amino acids, rat placental mTOR expression as well as amino acid transport 

ability was seen to be down-regulated in response to maternal protein malnutrition 

(Jansson et al. 2006).  

1.5.3 Reprogramming of endocytosis pathway 

As the amino acid profile and hormone concentration in serum and uterine fluid (UF) 

were altered by maternal Emb-LPD (section 1.5.1), members of the mTOR signaling 
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pathway in developing embryos may be reprogrammed to be expressed differently in 

order to sustain normal growth. The most direct modification of mTOR pathway in 

blastocysts exposed to Emb-LPD showed decreased phosphorylated S6 compared to 

NPD but not the total amount of S6 or 4E-BP1. Moreover, TE proliferation and 

subsequent outgrowth expansion were stimulated in response to Emb-LPD, suggesting a 

more invasive implantation as a compensatory mechanism. However, this change in TE 

appears mTORC1 independent (Eckert et al. 2012).  

In addition to the mTOR pathway, another candidate associating cell growth with the 

regulation of the endocytosis system is p53. p53, which initiates cell-cycle arrest, 

apoptosis, or senescence to maintain fidelity throughout the cell cycle, is a cell stress 

sensor. Both p53 and mTOR work coordinately to suppress cell growth in nutrient 

deficiency or stress. p53 first senses cell stress and, through activating TSC2, inhibits 

mTOR while mTOR is the main extra-cellular nutrient sensor and activates p53 by 

diluting AMPK concentration or by impairing ribosome biogenesis (Fumagalli et al. 

2009, Feng and Levine 2010). Because p53 has been reported to bind to specific gene 

promoters and can change histone acetylation status, p53 could be a promising 

candidate of epigenetically programming embryo responses to the uterine environment 

(Barlev et al. 2001, Espinosa and Emerson 2001, Magrini et al. 2007). The p53 

promoter exhibits less methylation in the kidneys of offspring from IUGR, inducing 

kidney cell apoptosis during fetal development resulting in adult disease (Pham et al. 

2003). So, it is possible p53 gene methylation is also modified by maternal environment 

in other embryonic tissues. 

In the study of mTOR pathway activation in early embryos, some evidence has shown 

environmental disturbance like IVF and nutrient restriction will alter TOR activity in 

blastocysts (Eckert et al. 2012, Giritharan et al. 2012). The mechanism was explored 

regarding how environmental challenges may alter mTOR pathway. Many different 

genes have been studied including IGF and its receptors in response to maternal diet and 

the influence on embryonic cell development, differentiation and proliferation. Both 

IGF1 and IGF2 are upstream of mTOR. When they bind to IGF-1 receptor (IGF1R), 

they promote growth while IGF2R functions as an inhibitor of growth.  At the same 

time, both of them play a critical role in metabolic disease like diabetics (reviewed by 

Randhawa and Cohen, 2008). Therefore, they become important targets in DOHaD 

studies. IGF-1R has been reported to be expressed more in day14 embryos of chickens 
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after they were fed maternal LPD (Rao et al., 2009). In sheep, IGF-1R mRNA has been 

reported to be increased in fetal triceps brachii when given maternal nutrient restricted 

diet during late gestation (Costello et al., 2008). Also in sheep, IUGR induced by 

periconceptional undernutrition decreased fetal circulation of IGF1 at day 130 (Rhoads 

et al., 2000). IGF2, another member of the IGF family, is a imprinted gene and its 

expression is closely correlated with its methylation status (Kaneda and Feinberg et al., 

2005). Lambs exposed to periconceptional undernutrition had increased renal weight 

and this was associated with a decrease in the adrenal mRNA expression of IGF2 and 

decreased methylation in the differentially methylated region of the IGF2/H19 gene 

complex (Zhang et al., 2010). Also in sheep, IGF2 mRNA abundance was higher in 

livers of nutrient-restricted fetuses at day 80 (Brameld et al., 2000). Emb-LPD in rat 

caused decrease in H19 and IGF2 mRNA in male blastocysts at E4.5 and the same 

phenomenon was observed in male fetal liver at day 20 (Kwong et al., 2006). However, 

another LPD study showed increased H19 and IGF2 in male fetal liver and increased 

methylation of imprinting control region (Gong et al., 2010). Microarray analysis of rat 

at 21.5 day after birth show IGF2 and IGF2R were expressed less in islet cells in rats 

exposed to maternal LPD (Reusens et al., 2008). In bovine fed protein restricted diet, 

serum insulin and IGF1 are decreased resulting in altered uterine fluid composition (Doi 

et al., 2001). In mouse, Emb-LPD caused mTOR pathway suppresson due to lower 

maternal insulin or amino acids (Eckert et al., 2012).   

mTOR pathway deactivation could lead to expression alteration of several different 

metabolic related genes and altered mTOR pathway activity can be the cause of 

offspring adult metabolic disease. The glucose transporter family has been considered as 

an effector of external nutrient environment as it has been reported to be regulated by 

insulin stimulation and it is crucial for development and diabetes (Brown, 2000; Aerts 

and Assche 2003). The GLUT family is associated with mTOR signalling pathway 

changes. Akt is usually observed to be altered at the same time as GLUT1 and GLUT4, 

responding to insulin (Kohn et al., 1996). GLUT4 was reported to be upregulated in 

skeletal muscles in sheep and rat offspring from maternal nutrient restricted 

environment (Costello et al., 2008; Zheng et al., 2011). In the study of maternal protein 

restriction in lambs, insulin and IGF1 receptor protein was reported to be higher in the 

quadriceps muscle in fetuses but PKC and GLUT4 were less. However, postnatal lambs 

showed more GLUT4 and PKC. This switch of expression of GLUT4 and PKC partly 
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explained the retardation of fetuses in the uterus and catch-up growth after birth 

(Muhlhausler et al., 2009).  

As glucose transport is altered in response to maternal environment, more targets of 

mTOR pathway could be affected. A study on cellular endocytosis has shown that when 

metabolic gene expression changes in the cell, the endocytosis system will respond and 

this is a major way cells may compensate nutrition uptake (Collinet et al., 2010). 

Consequently, changes in maternal environment may well affect the endocytosis system 

through epigenetic modification caused by mTOR pathway suppression during this 

important developmental window.  

1.6 Epigenetics and DOHaD 

1.6.1 Epigenetics and embryo development 

In the past, major attention has focused on how the genome affects the phenotype of the 

organism. Recently, increasing work has concentrated on how epigenetic events 

influence phenotype.  Epigenetic events are induced by environmental signals in order 

to for organisms to adapt to their environment, which could transiently change 

chromatin compaction with altering methyl or acetyl groups on DNA or chromatin. 

After this event, this transient alteration will be memorised by cells because the 

modification of DNA or chromatin which will be maintained in DNA replication 

(Bonasio et al. 2010). 

Epigenetic signals include methylation of DNA, modification of histones which 

influence the expression of the genome either by activation or repression. DNA 

methylation, which takes place at cytosine residues within CpG dinuclotides is usually 

correlated with transcriptional repression and mediates its effect by blocking the binding 

of transcription factors facilitating the assembly of repressor complexes at the 

methylated regions (Daujat et al. 2009, Mendenhall et al. 2010). The presence of 

histone modifications can be both activating and inactivating. Trimethylation of histone 

H3 at lysine 4 (H3K4me3), promotes the recruitment and stabilization of effector 

complexes with histone acetyltransferase (HAT) and ATP-dependent remodeling 

activities. These complexes mediate the acetylation of histones and stimulate the 

mobility of the nucleosomes, or even their dispersal resulting in gene activation. Other 
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histone changes result in gene repression, such as DNA methylation and trimethylation 

of histone H3 at lysine 9 (H3K9me3) and at lysine 27 (H3K27me3). These are docking 

sites for repressor complexes that contain histone deacetylase (HDAC) and ATP-

dependent remodelling leads to chromatin compaction and reduced DNA accessibility 

for transcription factors (Bonasio et al. 2010, Todd et al. 2010).  

  

 

 

Figure 1.12: Different epigenetic events occur on the DNA or RNA level.  (A). 

Histone modification, DNA methylation. Histone modification H3K4me3 (green flag) 

activates gene transcription while H3K27me4 (red flag) represses gene transcription. 

(B). DNA methylation (red spark) of GC rich region represses gene transcription.  

1.6.2 Imprinted genes and development 

Imprinted genes, marked by a cluster of methylated DNA are only expressed from either 

maternal or paternal alleles (Barlow et al. 1991, Bartolomei et al. 1991, Hanley et al. 

2010). Expression of imprinted genes is at a relatively high level in extraembryonic 

tissues and is further increased along with early embryonic development (Zaitoun et al. 

2010). The imprinted genes are identified as approximately 100 clusters in 25 genomic 

regions in humans and mice (Williamson and Whetton 2010). In spite of this small 

number, many imprinted genes are developmentally very important and require the 

correct expression level (that is, one copy expressed) for normal growth and 

development to occur (Yoon et al. 2002, Hudson et al. 2010). For instance, the major 

role of IGF2 is growth promoting hormone during gestation (Nguyen et al. 2007). 

Among the imprinted genes, the expression of the IGF family is highly susceptible to 

environmental factors (Ward et al. 1994, Tosh et al. 2010). In several studies the extent 

of IGF imprinting states were influenced by in vitro culture. When in culture for any 

http://en.wikipedia.org/wiki/Gestation
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length before implantation, the degree of imprinting of IGF-2 in embryos is reduced, 

leading to an increased expression and thus enhanced fetal growth (Khosla et al. 2001). 

The H19 gene which lies only 90 base pairs apart from IGF-2 shares the same 

regulatory element of imprinting. When cultured in various culture medium, the ICE 

(imprinting control element) of H19 was methylated to different degrees indicating that 

the imprinting state of IGF-2 has a strong sensitivity to environmental factors. The same 

experiment also shows that the extraembryonic tissues appear more sensitive to 

perturbations of culturing environment than embryonic tissues (Doherty et al. 2000). 

1.6.3 Epigenetics and cell differentiation 

During early embryonic development, intense epigenetic changes occur through 

fertilization until implantation (Santenard and Torres-Padilla 2009, Borgel et al. 2010, 

Smith et al. 2012). After fertilization, paternal derived DNA goes through rapid 

demethylation and maternal through derived DNA passive demethylation lasting until 

the blastocyst stage. Then remethylation occurs during implantation, restricting gene 

expression. Furthermore, it is during the preimplantation period that histone proteins are 

synthesized or remodified (Cheng et al. 2009, Kappeler and Meaney 2010, Rivera 2010, 

Santos et al. 2010). Epigenetic asymmetries occur in the first two blastocyst lineages in 

which DNA methylation levels and histone modification are lower in extraembryonic 

lineages than embryonic lineages (Erhardt et al. 2003, Sarmento et al. 2004). For 

example, histone marks such as H3K27me3 are enriched in the ICM when compared 

with the TE (Erhardt et al. 2003). Once established, separation of the TE and ICM 

lineages may be maintained in part by these epigenetic modifications. Following initial 

establishment of the first two cell lineages, pluripotent genes are marked by active 

histone modification or bi-valently by both active and repressive ones while in extra-

embryonic cell lines, pluripotent genes undergo repressive histone modifications and 

lineage-specific genes are marked by active histone modifications. For example in VE 

cells, Oct4 and Cdx2 promoters are marked and repressed by H3K27me3 while known 

endoderm genes, GATA6, Sox7, and Sox17 are enriched for H3K4me3. These 

endoderm genes are highly expressed in cells compared to VE consistent with their 

histone state (Rugg-Gunn et al, 2010). Recently, the T-box3 transcription factor has 

been discovered to be enriched in XEN and has the ability to modulate H3K27me3 at 
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the polycomb complex-2 promoter region of GATA6 (Lu et al. 2011). This discovery 

suggests a complex control system of how epigenetic events are modified.  

The epigenetic characteristics of mouse and human stem cells are similar (Santos et al. 

2010).  Early epigenetic studies with murine and human stem cell differentiation, using 

the hidden Markov statistics model (HMM), Larson predicted 265 epigenetic domains 

in mouse ES cells and showed that the predicted active domains are enriched in genes 

involved in key cellular processes, such as protein localization and transport (Larson 

and Yuan 2010). Later, with the genome map of histone modification and DNA 

methylation of mouse and human embryonic stem cells, researchers have gained 

knowledge of how epigenetic modifications may control stem cell differentiation. The 

pattern of GC island methylation has been shown to be low in somatic tissue-specific 

genes and high in early embryonic lineages, and methylation negatively regulates 

lineage differentiation (Xie et al. 2013). Also, these studies found DNA methylation is 

highly correlated with histone modification in the stem cell differentiation process. Loss 

of DNA methylation is correlated with enrichment for Histone3 Lysine7 acetylation 

(H3K27ac) in human stem cells and H3K4me3 in murine stem cells (Meissner et al. 

2008, Gifford et al. 2013). Histone modifications are now regarded as the most active 

and important epigenetic factor that regulate lineage specific gene expression. With 

stem cell differentiation, lineage specific gene expression is highly affected by histone 

marker on their promoters: H3K4me3 and H3K27ac are enriched in active promoters 

while H3K4me1 and H3K27ac are enriched active enhancer. H3K27me3 and 

H3K9me2/3 were found enriched in repressive loci (Heintzman et al. 2009, Ernst et al. 

2011, Rada-Iglesias et al. 2011).  It also has been found that the mechanism ensuring 

rapid lineage gene activation during differentiation is the bivalent mark of both active 

and repressive histone markers (Azuara et al. 2006, Bernstein et al. 2006). 

1.6.4 Epigenetic reprogramming induced by maternal diet 

DNA methylation states are susceptible to environmental factors and can be modified, 

thereby reprogramming the development of embryos (Lomba et al. 2010, Ng et al. 

2010, Lucas 2013). The famous Agouti Mouse coat colour study indicates a high 

maternal methyl donor diet leads to increased methylation of the offspring’s 

retrotransposon. Methylation silences this allowing the wild-type agouti promoter to be 

expressed, thus resulting in a mouse with a wild-type (brown) coat colour. These results 
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suggest that the maternal nutritional environment can change gene expression 

constitutively in the offspring through an epigenetic modification that takes place during 

embryogenesis (Simmons 2011). Vanhees showed prenatal exposure to genistein which 

is a phytoestrogen and widely found in food could affect fetal erythropoiesis, altering 

DNA methylation in hematopoietic cells and cause long-term alternation of gene 

expression. (Vanhees et al. 2011).  

The molecular mechanism by which the abnormal new-born phenotype is induced by 

maternal diet is not fully understood. Epigenetic processes responding to environmental 

factors was considered to regulate transcription of metabolic related genes (Carone et al. 

2010). Based on the above hypothesis, DNA methylation, histone modifications, as well 

as microRNA content were compared between fetuses from different maternal 

nutritional environments. In the study of rats, Kwong et al. (2006) reported that Emb-

LPD reduced H19 (paternal imprinted gene) mRNA in male blastocysts and reduced 

H19 and IGF-2 mRNA expressed in male fetal liver. Several studies have been 

conducted on epigenetic modifications caused by maternal LPD on rats (Kwong et al. 

2006). Using LPD throughout gestation, Gong reported that the expression of H19 and 

IGF2 in day 0 postnatal male mouse liver was up-regulated in the LPD group and the 

methylation in the imprinting control region of IGF2/H19 was increased in LPD 

offspring,  consistent with an increase in Dnmt1, Dnmt3 and methyl CpG-binding 

domain 2(Mbd2) (Gong et al. 2010). The maternal protein restricted diet may convert 

the chromatin configuration. For example, Hnf4a expression in pancreatic islets is 

linked to type-2 diabetes by enhancing the DNA methylation of its promotor region and 

depleting H3K4me1 and H3Ac, through which decreases the interaction of Hnf4a 

enhancer and promoter, thereby suppressing Hnf4a gene expression. This phenomenon 

mimics the age related change in the Hnf4a gene which suggests a possible mechanism 

whereby maternal nutrition restriction may cause the long-term change (Sandovici et al. 

2011). At postnatal day 38, liver from LPD was used to study the epigenetic response 

relating to the amino acid response pathway. Female offspring from LPD group had 

increased ASNS (Asparagine Synthetase), an enzyme that catalyses asparagine and 

glutamate biosynthesis. This change was suggested to be caused by increased binding of 

Atf4, an Amino acid response (AAR) element, as well as acetylated histone H4, tri-

methyl histone H3 at lysine9 to its promotor (Zheng and Pan 2011).  Also, studies of 

mammary gland have seen rat maternal LPD causes reduced H3 acetylation in the 
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promoter region of P16 (CDKN2A) a cyclin inhibitor binding to cyclin/adk4 or cdk6 

kinase complexes and reduced H4 acetylation in the promoter region of P21, cyclin-

dependent kinase inhibitor 1. In addition, demethylation took place on the promoter of 

both P16 and P21 cyclin inhibitors (Zheng and Pan 2011, Zheng et al. 2011b). These 

studies predict mammary cancer in adulthood of pups exposed to maternal LPD.  In a 

study to address adult energy metabolism changes as a possible trigger for metabolic 

syndrome, acetylated H3 and H4 were found to be significantly increased in C/EBPβ 

(CCAAT/enhance-binding protein) promoter in response to maternal LPD (Zheng et al. 

2012b). In other studies, the hepatic cholesterol 7α-hydroxylase (Cyp7a1) in perinatal 

LPD offspring was repressed by histone modification on its promoter and increased 

methylation of the leptin gene which controls weight. Emerging data also suggest that 

LPD conditions may alter the biogenesis of microRNAs, the expression of microRNA 

targets, and the activities of microRNA-protein complexes. For example, amino acid 

starvation of cells causes release of the cationic amino acid receptor 1 gene from 

repression by miR-112 (Leung and Sharp 2010).  

1.7 Extra-embryonic lineages and DOHaD 

1.7.1 Maternal malnutrition during gestation 

The placenta was studied for its role in regulating fetal growth.  In rodents, the placenta 

has two zones, the junctional (JZ) and the labyrinth zones (LZ). The JZ is responsible 

mainly for hormone production, while the LZ for maternal-fetal hemotrophic exchange 

(Georgiades et al. 2002). Maternal condition has a major influence on placenta and 

structure and function with insufficient placental function leading to intrauterine growth 

restriction (IUGR) of the fetus, well associated with adult chronic disease (Godfrey and 

Robinson 1998, Cetin and Alvino 2009).  In response to insufficient maternal nutrition, 

placenta size and exchange surface area are reduced, limiting nutrient supply to the fetus 

(Redmer et al. 2005, Kappen et al. 2012). In response to maternal LPD, placental amino 

acid system A transport activity was reduced thereby reducing nutrient transport 

capacity (Jansson 2001).  The subsequence down-regulation of system-A amino acid 

availability impaired fetal growth (Paolini et al. 2001). The placenta also acts as a 

functional barrier at the maternal and fetal interface to prevent fetal overexposure to 

certain bioactive reagents, such as glucocorticoids and monoamines. Glucocorticoids 
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exposure in the uterus induces adult hypertension (Benediktsson et al. 1993).  Maternal 

malnutrition was reported to impair the function of glucocorticoid regulators 11β-

hydroxysteroid dehydrogenase (11βHSD1 and 11βHSD2) (O'Connell et al. 2011). 

Further, Hsd17β2, a known testosterone inactivator in placenta, was reduced in 

gestational protein restriction rat placenta (Gao et al. 2012). In addition, apart from 

placenta, trophoblast cells were also reported to be sensitive to maternal environment. 

Maternal LPD during pre-implantation development could increase trophectoderm cell 

number and increase its migration ability (Kwong et al. 2000, Eckert et al. 2012). 

 

Compared with placenta, VYS has been studied less in DOHaD research. VYS also has 

an important role in nutrient transport. It endocytose nutrients and digests them 

selectively before transferring them to the fetal side (Zohn and Sarkar 2010). VYS can 

not only take up protein and break it down before transporting it but can also transport 

amino acids directly using a variety of amino acid transporters (Novak and Beveridge 

2000). Emb-LPD has been shown to upregulate expression of Megalin (low density 

lipoprotein receptor) in VYS. Megalin is responsible for endocytosis of many nutrient 

ligands and upregulation of Megalin indicates a compensatory mechanism to combat 

reduced protein availability (Watkins et al. 2008a).  

 

GATA-4,-5,-6 are crucial to early embryo development, especially PE development, 

and exhibit some functional redundancy (reviewed in section 1.7).  At the same time, 

GATA4 and GATA6 expression are also crucial for cardiovascular system 

development.  As transcription factors, the zinc finger binding domain could bind 

promoters of several cardiovascular development or functional genes therefore 

correlating with several congenital heart disease conditions (Pikkarainen et al. 2004). 

For example, BNP whose increased expression will generate congenital heart failure 

and myocardial ischemia is regulated by Gata4/6 (Goetze et al. 2003). Another example 

is beta-MHC; substitution of beta-MHC with alpha-MHC will cause contractile 

difficulty and loss of vessel plasticity (Cowie and Mendez 2002). Also, the cardiac 

troponin gene, encoding another contractile element in cardiomyocytes, has a GATA 

binding site in the promoter area (Murphy et al. 1997). However, most of these genes 

are not specifically regulated by GATA-4 or GATA-6.  Hence, if their expression have 

been changed in early stage embryo by epigenetic modification, the future development 

of the cardiovascular system may be affected. As an epidemiology study has shown 
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coronary heart disease to be programmed by maternal exposure to malnutrition, some 

expression of genes affecting heart development could be the reason leading to adult 

heart disease （Langley-Evans, 1996 #6814）. The GATA6 gene was related with 

pathogenesis in colon cancer and in heart dysfunction which also was found to be 

closely associated with promoter histone modification (Caslini et al. 2006). In Zebrafish 

and Xenopus, morpholino-mediated depletion of combinations of GATA4 and GATA6 

factors has resulted in preventing aspects of cardiac specification suggesting that the 

GATA factors may have essential roles in controlling early stages of heart development 

(Holtzinger and Evans 2007, Peterkin et al. 2007). Gata4 and Gata6 double knock-out 

prevented cardiomyocyte differentiation (Zhao et al. 2008).  

1.7.2 Maternal malnutrition during the preimplantation period  

The preimplantation period of embryo development is extremely important because it 

includes resumption of meiosis, polar body extrusion, a switch from the maternal 

genome to zygotic genome, reorganization of the cytoplasmic constituents, cell cleavage 

and compaction, and two cell fate decisions are made (Fleming and Johnson 1988). At 

this critical time of development any influence from the environment can easily affect 

the embryo as a whole, both due to the low cell numbers and the sensitivity of this 

developmental window. This will make an effect on later life phenotype, possibly 

promoting a clinical disease phenotype (Fleming et al. 2004, Lefevre et al. 2010). It is 

possible that stress caused by restriction in nutrient intake at this stage leads to changes 

in epigenetic states of genes related to nutrient absorption by the XEN. Alternatively, 

the epigenetic change may influence gene expression whose products modify epiblast 

development. Indeed, research has revealed VYS responds to altered maternal folate 

provision by regulating folate receptor expression resulting in an effect on the folate 

transport to the epiblast (Monk et al. 1987, Salbaum et al. 2009). 

TE and VE have a high possibility of being the first tissues to sense the uterine fluid and 

therefore adjust their development to modify the content of external fluid interfacing 

directly with the ICM. Research on the glucose receptor and protein receptors which 

mediate uptake of proteins in TE and VE has shown that the glucose and protein in the 

uterine fluid could send signals to embryonic cells by binding to membrane receptors 

which interact with adaptors (Assemat et al. 2005b, Jansen et al. 2006, Alvira-Botero et 

al. 2010).  
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The TE is the main site receiving environmental signals before implantation and 

therefore to study the content of uterine fluid will directly help us to understand how 

Emb-LPD reprogrammes embryo development, a form of developmental plasticity. 

Because of the diet mothers take, maternal serum content could be modified and thus 

the uterine fluid (UF). The latest research in our group has shown the amino acid profile 

in UF to be modified by the maternal protein diet. At E3.5, histidine, isoleucine, leucine, 

lysine, methionine, phenylalanine, tryptophan, tyrosine and valine were depleted in 

maternal serum from the Emb-LPD group. Moreover, in UF, isoleucine, leucine and 

valine were depleted. Blastocysts were also flushed out to test amino acid content in 

which non-essential amino acids glutamic acid, phenylalanine, methionine and valine 

were elevated while essential amino acids asparagine and lysine were depleted. Insulin, 

as a growth activation hormone, was also studied and found to be reduced in Emb-LPD 

serum (Eckert et al. 2012). Pathways by which TE may sense external environment 

have also been studied; the mTOR pathway was suggested as playing the main role in 

programming. Another pathway being considered is the amino acid response pathway. 

Research has also found that gestational LPD causes altered expression of placental 

genes involved in the mammalian amino acid response (AAR) pathway (Strakovsky et 

al. 2010). This might be one pathway by which embryos detect environmental 

perturbations. The embryo might then respond to the signal by modifying histones to 

alter the gene expression profile and allow the embryos to make the most of their 

limited nutrients.  

The relationship between XEN and other organ systems can shed light on DOHaD since 

XEN shares some mutual gene expression patterns with specific organs. For example, 

GATA-6 is important for XEN and liver formation (Koutsourakis et al. 1999). Another 

example is pancreatic endocrine differentiation which takes place early in ES cell 

cultures and the VE marker, GATA-4, is expressed concomitant with pancreatic 

development (Lumelsky et al. 2001). If these lineage specific genes were epigenetically 

modified, the effects would be expected to last throughout life. 

My research project will focus on how maternal LPD with 9% casein protein during the 

pre-implantation period (Emb-LPD) influences later-life health and mortality. A 

previous study has shown the number of blastocyst cells, in both ICM and TE lineages 

from embryos isolated from the rat Emb-LPD group are fewer on E3.5 (Kwong et al. 

2000). However the study of mouse showed Emb-LPD had increased TE cell number 
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(Eckert et al. 2012). Newborn from pregnant mice fed Emb-LPD are more active, have 

higher systolic blood pressure and smaller kidney size in the female. Visceral yolk sac 

of Emb-LPD offspring has enhanced absorption ability by increasing pinocytosis 

vesicles and upregulation of Megalin on the apical membrane (Watkins et al. 2008a). 

Based on HPA axis control of blood pressure, research shows that isolated mesenteric 

arteries in Emb-LPD male offspring display significantly attenuated responsiveness to 

the β-adrenoceptor agonist, isoprenaline. The association of cardiovascular disease 

(CVD) and attenuated vascular responsiveness has been demonstrated previously in 

offspring from LPD fed female rats which also display an elevated serum angiotensin-

converting enzyme (ACE) activity, whilst Emb-LPD (LPD restricted to preimplantation 

stage) males had elevated lung ACE activity. These results demonstrate that impaired 

arterial vasodilatation is closely related to elevated offspring systolic blood pressure in 

male offspring following Emb-LPD (Jackson et al. 2002, Watkins et al. 2010). The 

latest study demonstrated mTORC1 was suppressed in blastocysts from Emb-LPD 

group and TE showed improved proliferation ability (Eckert et al. 2012).  
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1.8 Rationale 

As stated above, maternal low protein diet is able to induce adult metabolic dysfunction 

but the mechanisms have not been fully understood.  After 3.5-day low maternal protein 

exposure, blastocyst was analysed by previous studies. Alternation in cell number and 

trophectoderm cell migration was seen.  It was reported Emb-LPD and LPD offspring 

had compensatory growth after birth resulting in higher body weight.  In order to 

understand the mechanisms that lead to compensatory growth, blastocysts were 

analysed in this study. For pre-implantation embryos, the first layer of cells in direct 

contact to the maternal environment is the trophectoderm (TE). This layer of cells has 

very important function of nutrient transporting. The nutrients which the inner cell mass 

(ICM) receives will be all transported through TE. The maternal nutrient signals will 

first be sensed by TE. Therefore, the study of how TE cells react to different maternal 

environments will provide a clue of what will happen to the ICM (eg. Does ICM get 

fewer nutrients or more?). After implantation, the primitive endoderm (PE) which is 

generated from ICM will function in the same role as TE for developing embryonic 

tissue. So, in post-implantation study, nutrients will first go through placenta and then 

reach the PE derivative, the visceral yolk sac for transportation to the fetus. The 

function of these two extraembryonic layers of cells, TE and PE, are both crucial to 

nutrient transport to embryo, affecting embryo development. 

Little is known of how the maternal nutrient restricted environment programs early 

embryo cellular function. The study of TE or PE will provide the first hand information 

of embryos responding to maternal environment. The hypothesis of this study is TE in 

pre-implantation and PE in post-implantation stages will modify some cellular transport 

function in order to meet the nutrient requirement for developing embryos. The change 

of PE will take place from its formation at pre-implantation stage already and its 

modified function will be maintained in the post-implantation stage. The possible 

modification caused by maternal environment in TE and PE could happen at the protein 

level, RNA splicing level, RNA transcription level or epigenetic level.  

1.8.1 Project objectives 

Therefore this thesis has several research objectives: 

1. To assess the karyotype of ES cells isolated from Emb-LPD and NPD blastocysts. 
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2. To analyze effect of maternal diet on endocytosis system of TE of blastocysts and PE 

of EBs 

3. To identify which nutrient of Emb-LPD environment induce endocytosis alteration. 

4. To analyze receptors and signaling pathways involved in altering endocytosis by 

maternal diet. 

5. To investigate the effect how maternal diet affects lineage differentiation 

6. To investigate the epigenetic mechanism involved in changes in lineage specific gene 

expression. 
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Chapter 2 General Materials and Methods 

 

2.1 Animals  

MF1 mice, under UK Home Office license and local ethics approval, were bred in-

house (University of Southampton Biomedical Research Facility) on a 0700-1900 light 

cycle with standard chow. Virgin females (7-8.5 weeks) were mated naturally overnight 

with MF1 males and plug positive females were housed individually the following 

morning and assigned randomly  to either normal protein diet (18% casein, NPD) or 

isocaloric low protein diet (9% casein, Emb-LPD) until embryonic day 3.5 (E3.5). Diet 

composition has been described previously (Appendix I). Alternatively, chow-fed 

females were used for in vitro culture experiments.  

2.1.1 Embryo collection 

Embryos were collected at different time points during preimplantation development 

after cervical dislocation. Following dissection of the reproductive tract, 2-cell embryos 

(E1.5) and blastocysts (E3.5) were flushed from the oviducts and uterus respectively 

with H6 medium with 4 mg/ml BSA (H6+BSA) (Appendix I).  

 2.1.2 Embryo culture 

Embryos if not used immediately were allowed to differentiate to a later stage by 

culturing in KSOM medium (appendix I) using microdrops in 6 cm petri-dish [Sterilin] 

submerged in embryo tested mineral oil [Sigma].   

2.2 Immunocytochemistry 

2.2.1 Embryo whole-mount immunocytochemistry 

Embryos used for experiments were then treated with acid Tyrode’s solution (appendix 

I) in glass cavity block at 37°C for ~30 secs to remove the zona pellucida before being 

washed in H6 medium. Embryos were then fixed in 4% paraformadyhyde [Sigma] in 

PBS for 20 minutes. Then embryos were moved to 96-well plate [Corning CLS3799] 
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with different solutions in each well. Embryos were transferred from well to well into 

different solutions by plastic pipette. Embryos were treated with 0.25% Triton-X-100 in 

PBS for 15 minutes to permeabilise membranes. Then after washing 1 time with PBS 

with 1:1000 Tween-20 [PBS-T; MP Biomedicals ICN2810305], they were treated with 

2.6 mg/ml NH4Cl in PBS for 10 minutes. Embryos were then washed with PBS-T 3 

times with 5 minutes for each time. Then they were incubated overnight at 4°C or 1 

hour at room temperature in 100 µl primary antibody diluted in PBS-T. Embryos were 

then washed with PBS-T, 3 times for 10 minutes each, and the secondary antibody was 

subsequently applied for 1 hour at room temperature and washed the same way as the 

primary antibody. Nuclear counter staining was applied if required with DAPI 

[Invitrogen] diluted 1:500 in PBS-T for 20 minutes and washed 3 times in PBS-T.  

Antibodies used for immunolabelling were: mouse monoclonal to Megalin (Protein G 

purified, 1:500) (Meads and Wild, 1993), Clathrin (Cell Signaling P1663, 1:400), LC3 

autophagosome marker (Cell Signaling D11 X, 1:200), Rho A (Santa Cruz sc-418, 

1:100), Gata-6 (R&D Systems AF1700, 1:50) and Dab-2 (BD 610465, 1:1000), rabbit 

polyclonals to E-cadherin (generated in house to mouse E-cadherin GST fusion protein; 

1:250).  Secondary antibodies used were anti-mouse Alexa 546 or anti-rabbit Alexa-488 

(Invitrogen; 1:300). 

2.2.2 Slide preparation  

Adhesive ring [1000 clear Hole Re-inforcer] was applied to poly o-lysine coated slide 

[Thermo Polysine Slide]. Stained embryos were transferred with small amount of liquid 

to the middle of the ring on the slide. Then 5 µl of CITI-fluor dissolved in PBS [Agar 

AF3 PBS solution] was added to the ring and a cover slip was put on top and sealed 

with nail varnishing.  

2.2.3 Tissue Immunohistochemistry 

Mouse tissues were collected, Washed in PBS and put into biopsy cassette [Fisher] 

before being placed into biopsy processing machine for paraffin wax infiltration [Leica]. 

After 24 hours, the tissue was embedded in paraffin and maintained at room temperature 

before further processing. Biopsy blocks in paraffin wax were cut into 0.8-1 µm 

sections using leica microtome and placed on glass slides. Sections were de-waxed by 
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being immersed in two xylene washes, 15 and 10 mins duration. After that, sections 

were rehydrated by immersion for 3 mins in each of the alcohols in the following order - 

absolute 1, absolute 2, 95%, 80% and 75%. Immediately after rehydration the slides 

were immersed in citrate buffer and microwaved on full power for 5 mins using a 

microwave oven. Slides were left to cool at room temperature for 5 mins, microwaved 

at full power for another 5 mins, cooled for another 5 mins and then left for 5 mins 

under gently flowing cold tap water. Slides were then washed in PBS before histology 

staining. Slides were quenched with 3% H2O2 in PBS for 15 mins at RT and then 

washed with PBS again. 

Sections were blocked for 1 h at RT with 2% BSA [Sigma] and 10% fetal bovine serum 

[Sigma] in PBS. Slides were then incubated in primary antibody diluted in PBS in 

blocking solution. Next slides were incubated with secondary antibody diluted in PBS 

before incubation in Avidin Biotin Complex [Pierce ABC Standard Peroxidase Staining 

Kit]. Finally, slides were developed with 0.05% DAB (appendix I) and counterstained 

with 0.1 mg/ml Haematoxylin. Slides were dehydrated through an alcohol series and 

covered with cover slip using DPX mountant [BDH]. 

Primary antibodies used were Gata-6 (R&D Systems AF1700, 1:50) and Dab-2 (BD 

610465, 1:500). Secondary antibodies used were anti-goat and anti-mouse 

biotinylated secondary antibody (pierce, 1in 150). 

 

2.2.4 Confocal microscopy image capture and analysis 

Leica SP5 confocal microscope was used to capture images. The scans were taken on z-

series at different thickness (0.15 µm-0.99 µm). The images were analysed with 

VOLICITY 3D software [PerkinElmer].   

2.3 Western blotting 

2.3.1 Gel electrophoresis (SDS-PAGE) and transfer 

Fresh tissue samples were lysed in RIPA buffer (50 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40,1% sodium deoxycholate, 1 mM 



Chapter 2 

44 

Na3VO4, 50mM NaF, Roche complete EDTA-free cocktail, 0.5mM PMSF) or snap 

frozen in -80°C . Protein concentration were determined by Pierce Protein BCA kit 

[Thermo]. Protein samples were mixed with sample buffer (Appendix I) and boiled for 

5 minutes before loading. Samples were separated on 4-15% gradient gel [Bio-Rad] or 

Any KD gel [Bio-Rad]. The protein standard marker [Precision Plus Protein Standards, 

All blue, Bio-Rad] was used to run alongside the samples. The gel was run in running 

buffer (Appendix I) at 200 V for 30 mins. After that, proteins were electroblotted from 

the gel onto 100% methanol pre-treated low fluorescence Immobilin-FL PVDF (0.45 

µm pore size) membrane or nitrocellulose membrane (0.45 µm pore size) [Hybond 

Extra-C, Amersham Bioscience] at constant 350 mA for 2 hours. The equipment for 

running gel and transfer was Bio-Rad mini protean Tera Cell and Mini Trans-Blot 

Electrophoretic Transfer Cell. 

Once transfer was finished, the membrane was taken out and washed with distilled 

water 2 times. Then it was dried on filter paper for 1 hour. The dried membrane was 

stained with 0.1% (w/v) ponceau red (appendix I) for 30 seconds and washed with 

distilled water to show protein transfer onto membrane.  

2.3.2 Immunodetection 

The membrane was blocked with blocking buffer (5% milk powder in tris buffered 

saline, TBS, appendix I) at room temperature for 1 hour and washed 3 times with TBS.  

Primary antibody was diluted in the blocking buffer. Primary antibodies used for 

western blotting were: Megalin (Proteintech 19700 1-AP, 1:500), Clathrin (Cell 

Signaling P1663, 1:500), α-tubulin (Cell Signalling 2144, 1:500), LAMP1 (Santa Cruz 

sc-19992, 1:100), Gata-6 (R&D Systems AF1700, 1:100), Dab-2 (BD 610465, 1:1000). 

Membrane was sealed into a plastic bag with primary antibody and incubated with 

agitation at 4°C overnight. The membrane was washed 3 times in TBS-T (0.1% Tween-

20 in TBS) at room temperature for 10 minutes each time. Anti-goat, anti-rabbit and 

anti-mouse infra-red labelled secondary antibody (Li-cor) for fluorescence detection 

was then applied at 1:10,000 for 1 hour at room temperature.  
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2.3.3 Signal capture and Analysis 

The fluorescent signals were captured using Li-cor Odyssey infra-red imaging system. 

Membranes were scanned with default intensity setting (+5.0). Protein expression was 

measured by measuring the intensity of protein bands (Odyssey software) on the 

membrane and normalized by the ratio to tubulin which is a reference protein. 

2.4 Mouse ES cell culture 

2.4.1 Feeder Preparation 

Mouse embryo fibroblasts (MEFs) were thawed from liquid nitrogen storage and 

cultured for more than one passage and less than three passages age in Dulbecco's 

Modified Eagle Medium [Gibco 12491] supplimented by 10% Fetal Bovine Serum 

[Sigma]. MEFs were treated with 10 µl/ml mitomycin C [Sigma] dissolved in culture 

medium for 2 hours to inactivate cells. Then the treated MEF cells were plated on 

gelatin-coated (0.2% gelatine [Sigma] in PBS coating for 30 minutes) 6 cm cell culture 

dishes [Nunc].  

2.4.2 Embryonic stem cell (ESC) and F9 cell culture 

Stored ES cells (prepared by Andrew Cox) were taken from liquid nitrogen and quickly 

thawed in a 37 °C water bath. These cells were then seeded onto fresh mitotically 

inactivated mouse embryonic fibroblast (MEF) cells in ES medium (Knockout- 

Dubecco modified Eagle medium, DMEM) supplemented with 15% serum replacement 

[Gibco, 10828] (SR), non-essential amino acids, [Gibco, 11140], 1 mM sodium 

pyruvate [Gibco, 11360], 100 µl β-mercaptoethanol [Sigma, M7522], 2 mM glutamine, 

penicillin [50U/ml] / streptomycin [50 μl/ml; Gibco, 10378] and 1000 U/ml of 

leukaemia inhibitory factor (LIF) [locally synthesised by Doctor Neil Smyth] and 

incubated at 37°C in 5% CO2.   ES cells were cultured on feeders for at least one 

passage with medium changed every 24 hours.  

F9 is multipotent mouse embryonic carcinoma cell line used as a model to mimic 

embryonic stem cell differentiation process (Alonso et al. 1991). F9 cells were kindly 

provided by Dr Howard Barton and were maintained in Dulbecco's Modified Eagle 
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Medium [Gibco 12491] supplemented by 10% Fetal Bovine Serum [Sigma] in 10cm 

dish [NUNC 150326]. 

2.4.3 Culturing and passaging cells 

Medium was changed daily. Cells were passaged every 2-3 days when cells reach 60-

70% confluence. Each time, cells were incubated with 0.05% trypsin-EDTA [Gibco, 

25300] for 5mins at 37°C. Three times the volume of MEF culture medium was used to 

stop digestion followed by centrifugation at 1,000 rpm for 5 mins. Supernatant was 

removed and re-suspended in ES culture medium. Then, cells were seeded onto freshly 

prepared MEFs. 

2.4.4 Freezing and thawing ES cells 

Confluent ES cells, expanded up to a 100 mm dish, were trypsinised, pelleted and 

resuspended in cold ES freezing medium (ES medium supplemented with 10% SR and 

10% dimethyl sulfoxide (DMSO)). The ES cells suspension was aliquoted into 1.8mm 

cryo-vials (Nunc, 277267) and frozen slowly at -80°C overnight before storing in liquid 

nitrogen. Cell stocks were qick-thawed in 37°C water bath, centrifuged with 3ml MEF 

medium added at 1,000 rpm 5min, suspended in ES medium. Then they were seeded 

onto fresh mitotically inactivated MEFs on a 60mm sterile dish (Nunc, 150288). 

2.5 RNA isolation and reverse transcription reaction 

2.5.1 Single embryo RNA isolation 

PolyA+RNA was extracted from single preimplantation embryo with Dynabeads kit 

[Invitrogen]. Embryos were flushed and washed in PBS-PVA solution (appendix I) and 

then they were snap frozen in tubes [AB-0350, Thermo] on dry ice and stored in -80°C 

freezer. For RNA extraction, they were taken out and lysed with 150 µl per embryo 

lysis buffer at RT for 10 min and 10µl Dynabeads suspension medium was added into 

the tube and mixed for 10 mins. Then, beads were drawn together by magnet and the 

suspension was discarded and beads were washed with solution A twice and then 

solution B three times. Finally, mRNA was eluted from beads by water at 65°C for 2 
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mins and immediately after elution cDNA was made with Sensiscript RT Kit [Qiagene] 

according to manufacturer’s protocol.  

2.5.2 RNA extraction from EB and reverse transcription 

Total RNA from EB was isolated using RNeasy mini kit [Qiagen, UK] according to the 

manufacturer’s instruction. Cells were lysed in Buffer RLT and homogenized using a 

QIAshredder spin column (Qiagen, UK). RNA was precipitated using 70% ethanol and 

mixed. Lysate was then transferred to RNeasy spin-column, allowing it selectively bind 

to silicon based membrane. After several washes, RNA finally was eluted in 30µl water. 

On-column DNase I digestion was performed using RNase-free Dnase kit [Qiagen, UK] 

according to manufacturer’s instructions. RNA was quantified using the Nanodrop ND-

1000 spectrophotometer.  

cDNA was synthesized with Improm-IITM Reverse Transcriptase (RT) System 

(Promega, UK). 250ng RNA combined with 0.5µg random primers was used for 

synthesizing first strand cDNA and then reaction of reverse transcription was performed 

by adding 0.5mM dNTP, 3mM MgCl2 and 20u Recombinant RNasin Ribonuclease 

Inhibitor in DNA Engine Peltier Thermal Cycler [BioRad, UK]. Thermal cycle was: 

Annealing 25°C, 5min; extension 42°C, 1min, and 70°C, 15 min for RT inactivation. 

Genomic DNA contamination in RNA was tested by control without RT. cDNA was 

diluted to a concentration equivalent to 5ng/µl RNA and stored at -20 °C. 

2.6 Polymerase chain reaction (PCR) 

2.6.1 Real-time PCR 

Target genes were quantified using SYBR-green based Real-time quantitative PCR. 

cDNA samples were mixed with SYBR-green precision mastermix [PrimerDesign]. 

Primers was designed with Roche Applied Science Universal Probe Library Design 

Centre and were all intron spanning primers. They were desoved in Dnase-free Rnase-

free water and diluted to 10M working concentration. Further, sense and anti-sense 

primers were mixed as 1:1 together before use.  Samples were analyzed in triplicate 

using clear 96-well plates [Axygen]. Thermal cycling was performed using a DNA 

engine thermal cycler and Chromo4 Real-time Detector [BioRad, UK] with Opticon 
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Monitor x3.1 software under the conditions: 95°C, 10min; 40-50 cycles of 95°C for 15s 

followed by 60°C for 1 min and final extension steop at 72°C for 10min. Melting curve 

were generated for each sample to confirm target specific amplification by fluorescence 

detection at 0.2°C steps between 60°C and 95°C.  

2.6.2 PCR 

PCR samples containing final concentrations of 1xPCR buffer (20mM Tric-HCL, 

pH8.4, 50mM MgCl2), 2.5mM MgCl2 , 250µM DNTP, 250nM of each oligonucleotide 

primer, 0.625U HotStart Taq, and DNA were prepared in a total volume of 50µl. The 

PCR was performed on DNA Engine® Peltier Thermal Cycler (BioRad, UK). Reaction 

conditions were as follows: Initiation by HotStart Taq activation at 95°C for 15min, 

followed by 35 cycles each consisting of a denaturation step at 94°C for 60sec, 

annealing at 55°C for 30 sec, and extension at 72°C for 60 sec. After the last cycle, 

samples were kept at 72°C for 10 mins.  

2.6.3 Quantification 

For quantification, efficiency of primers was determined by series 1/10 dilution and Ct value. 

Efficiency was calculated as E=10
1/slope 

and qualified primer efficiency is between 0.9-1.1 

(Apendix II ii). Calculation of relative expression of target gene was (1+E)
Ct

 then divided 

geomean of relative expression of reference gene pair. 

2.7 Statistical analysis 

For all statistical analyses, significance was taken as p≤0.05. A trend was assumed if a p 

value is between 0.1 and 0.051. 

All data obtained from real-time PCR and western blotting were analysed either by 

Student’s t-test, where two groups of data were compared, or One-way ANOVA 

followed by Tukey's posthoc test where 3 groups of data were compared. Data 

regarding blastocysts endocytosis assay and immunocytochemistry were assessed for 

normality using the multilevel random effects regression model which takes into 

account mother and within litter variation to prevent differences that are due to 

abnormal litters. The model can be described as follow: 

Y(lp)=a+b.treatment+u(l)+e(lp),  
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I=litter,p=pup, y(lp)=variable as measured on pup pin litter l, a=intercept. 

Treatment is maternal diet. B=the regression codfficient which measures the amount by 

which y is increased due to the treatment. u(l) i=random effect applying to all embryos 

in one litter. E(lp) is a random effect representing measurement errors within-embryo 

variability and other uncaptured determinants of outcome. The random effect model was 

developed by Dr Clive Osmond, senior Medical Statitician at Medical Research Council 

Epidemiology unit at Southampton General Hospital.  

 

 





  Karyotyping of ES cells 

 

Chapter 3 Karyotyping of mouse ES cell clones 

3.1 Introduction 

Karyotype describes the number and appearance of the whole set of chromosomes in the 

cells of a species. Normally this includes the length of chromosomes, the location of 

centromeres and the appearance of telomeres. The techniques used to study karyotype 

include banding, normal karyotyping and in situ hybridization. The karyotype partially 

will provide evidence of whether cell function is normal or not as in the current study.  

Chromosomes containing most of the genetic information of cells are prone to change 

especially when passaged and maintained for a long time. The change of the karyotype 

was reported to influence the pluripotency of the cells (Buzzard et al. 2004). Generally 

speaking, the abnormal karyotype appears by incident and it is not heritable. However, 

there is a chance that a heritable mutation occurs and grows to occupy the whole group 

of cells by selective pressure. Typically, with ES cells, those mutations leading to more 

rapid growth are adaptations to the culture condition and may result in dominance of the 

culture (Prokhorovich et al. 2007). The common abnormal karyotypes of ES cells is 

adding or losing one chromosome. The reasons may be a reflection of adaptation to the 

culture environment (Andrews et al. 2005).  

Currently, the karyotype test has become widely used in ES cell culture. In this study, 

the karyotype analysis was used to evaluate the genetic status of mouse ES cells which 

should normally comprise 40 chromosomes with 19 pairs of autosomes (Figure 3.1). 

These ES cells were isolated from blastocysts of mice fed either maternal Emb-LPD or 

NPD by Andy Cox (PhD student). The karyotype analysis was used to see if there is any 

difference in karyotype between mice from different diet groups. At the same time it is 

used to select cell lines with a correct and stable karyotype for consistency across 

treatments for later studies in my research. 
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Figure 3.13: The karyograph of normal mouse ES cells. This cell has both X and Y 

chromosome (Akeson and Davisson 2001).  

3.2 Materials and Methods 

Karyotyping 

ES cells were trypsinzed (see general material and method 2.4.3) and spun down. 

Supernatant was removed and ES cells were resuspended in 6 ml 0.0075M KCl solution 

(in water) for 5 mins at room temperature (RT). Treatment in the hypotonic solution 

resulted in rounding of cells. 0.5 ml cold Carnoy’s fixative (60ml Methanol, 30ml 

Acetic Acid) was added into the suspension for 5 mins before centrifugation and 

resuspension to 6 ml at -20℃ for 20 mins. This step was repeated twice and the last time 

resuspension was in 2 ml Carnoy’s fixitive.  

Slides were soaked in cold methanol before use. The fixed cells were dropped onto 

clean slides. Once dried, they were stained with Giemsa [G-500 Sigma] stain with the 

dilution (in water) of 1 in 25.  

Chromosomes were observed and recorded using a light microscope with CCD camera. 

The number of chromosomes of each ES cell line was counted and recorded. The 

percentage of normal karyotype could be calculated from the data. 

Statistic method used to compare karyotype of ES cell lines from two diet treatment 

groups was t-test.  
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3.3 Results 

30 ES Cell lines from male mouse blastocysts have been karyotyped. These cell lines 

have been passaged for more than 20 times before being examined. Correctly 

distributed spreads were studied and for each cell line 40 micrographs of chromosomes 

were taken and counted. Data were presented in Table 3.1. The threshold of percentage 

of normal karyotype set was 40% (Sukoyan et al. 2002) which means it is likely to be 

genetically normal and could be used in other research.  

In general, most cell lines have more than 50% normal karyotype. However, cell lines 3, 

5, 10, 11, 16 and 31 have an abnormal karyotye with more than 50%. ES cells with 

chromosome number 39 appear to be popular among all the karyotypes of different cell 

lines. The one chromosome could be lost during the wash accidentally or it is possible 

that this is the true mutation of karyotype, causing the majority of chromosome number 

change. For example, most cells of cell line 16 have a chromosome number of 39, 

indicating the abnormal karyotype has become heritable. However, most of the healthy 

cell lines have 39 chromosomes but not in the majority of samples showing it is not a 

heritable change.  Other karyotypes include Tetraploid which is a mutation relatively 

common in ES cells and often is not heritable, meaning that they do not influence the 

cell line as a whole (Figure 3.3).  

When separate maternal diet of cell lines and analyse if maternal diet affects the 

Aneuploid and Eulploid percentage of these cells. Although there were slightly more 

abnormal cell lines from the Emb-LPD group. There was no statistic difference between 

ES cell lines from different Diet treatment groups (Figure 3.5).  
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Table 3.1 The distribution of chromosome numbers of mouse ES cell lines. 

 

 

 

An example of karyotype change is cell line 3 (Figure 3.2) which has a very low 

percentage of normal karyotype; the data show the cells of this cell line lost one or more 

chromosomes (Figure 3.4). Here karyotype of cell line 3 has changed into an abnormal 

Cell 

line 

Chromosome number Total 

spread 

number 

Percentage 

of normal 

karyotype 

(%) 

<37 37 38 39 40 42 42<x<80 80 

1 2 3 1 0 27 0 0 0 33 81.8 

2 3 0 6 2 16 0 0 0 27 59.3 

3 5 0 4 9 18 0 0 0 36 50.0 

4 1 1 1 6 26 0 0 0 35 74.3 

5 2 2 3 3 12 5 1 2 30 40.0 

6 1 0 0 4 29 0 1 1 36 80.6 

7 5 3 7 4 22 0 0 0 41 53.7 

8 2 0 1 7 28 0 1 3 42 66.7 

10 5 1 4 3 15 1 2 0 31 48.4 

11 4 2 1 10 18 1 0 0 36 50.0 

12 1 0 0 1 30 3 0 1 36 83.3 

16 1 1 5 15 5 0 2 0 29 17.2 

19 0 0 0 1 38 0 0 1 40 95.0 

20 1 0 4 1 28 4 1 0 39 71.8 

21 1 1 4 7 26 0 0 0 39 66.7 

24 3 1 1 3 22 1 3 0 34 64.7 

31 2 4 2 8 7 0 9 1 33 21.2 

32 1 0 0 4 35 1 0 0 41 85.4 

35 0 0 3 4 29 1 0 1 38 76.3 

37 4 1 0 3 30 0 2 0 40 75.0 

39 6 2 9 13 15 0 0 0 45 33.3 

40 0 0 4 3 29 0 1 0 37 78.4 

42 3 0 4 0 27 0 0 1 35 77.1 

44 0 3 4 3 27 0 1 2 40 67.5 

45 2 0 4 2 28 0 2 2 40 70.0 

48 3 3 1 2 29 0 1 0 39 74.4 

49 4 5 5 8 10 0 10 1 43 23.3 

51 0 0 2 3 35 0 0 1 41 85.4 

55 1 0 4 5 26 4 0 0 40 65.0 
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status. Although, most of the cell lines are normal, they also have some abnormal 

karyotypes. This could be explained by incidents which are not heritable.  

   

Figure 3.2 Karyotype of cell line. 3. (A) karyotype having 39 chromosomes (B) 

Karyotype having 38 chromosomes. (C) Karyotype having 37 chromosomes. 

   

Figure 3.3: A. B. C represent the karyotype which has double chromosome 

numbers.  

  

Figure 3.4: An example of cells lacking 3 chromosomes from cell line 39. (A) is 

the original picture of chromosome in a cell. (B) is the karyograph of that cell.  

A B C 

A B 

A B C 
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Table 3.2 Maternal diet did not alter abnormal karyotype of ES cells.  

 

 
% Aneuploid 

ES cell lines 

 

% Eulploid ES cell  

lines (2n = 40) 

 Emb-LPD 28.6±5.39 71.4±5.39 

NPD 20±5.58 80±5.58 

    

 

 

 

 

  
 

3.4 Discussion 

In this study, the ES cells were prepared from embryos exposed to Emb-LPD and NPD. 

The data analysis of comparing karyotype of ES cells from two groups Emb-LPD and 

NPD was mainly done by Andy Cox. He found no difference of karyotype between 

Emb-LPD and NPD ES cells.  

Usually, the male ES cell lines have more stable karyotypes than female cell lines which 

are more prone to lose an X chromosome (Minina Iu et al. 2010). In this study, ES cell 

lines were all derived from male blastocyts. As the ES cells are passaged, the mutation 

of karyotype begins to accumulate. Chromosome counting showed most cell lines 

appeared normal which contain more than 50% cells having 40 chromosomes. 

According to the results, in each ES cell line there are a few heterogeneous chromosome 

numbers, gaining or losing entire chromosomes. Among them, chromosome number 

that was doubled was called polyploidy. However, this seemed to be a random mutation, 

so this will not bring a big influence on most of the ES cells. Also, one or two 

chromosomes could be lost during washing step of the staining.  

Some of the cell lines have more than 50% abnormal chromosomes and, in most cases, 

they were prone to lose one chromosome. This phenomenon was also reported by other 

researchers that losing an X chromosome and becoming tetraploid appeared quite 

frequent in hybrid mESCs (Garagna et al. 2008). In human ES cell study, researchers 

also found some cell lines are more susceptible to change karyotype than the others 

(Buzzard et al. 2004). 

The mouse ES cell lines studied by Garagna have about 60% normal karyotypes before 

passage 13 and only have 50% after (Garagna et al. 2008), showing passage number 
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affects karyotype. Therefore the ES cell lines that were used in my subsequent 

experiments (passage 13 and 5) would have a normal karyotype.  If cell lines remain 

healthy at this stage then they must have been healthy in the earlier passages because 

the more times cells are passaged, the higher chance mutation may happen (Xie et al. 

2011).  

Aneuploidy is common in tumour cells and is required for fast cell proliferation.  

Normally, in non-cancer cell line, aneuploidy is caused by rare miss segregation of one 

or a few chromosomes, but will not affect the whole cell line (Holland and Cleveland 

2012). Aging was well reported to induce oocytes aneuploidy (Nagaoka et al. 2012). 

Here we did not see evidence that a maternal malnutrition diet induce ES cell 

aneuploidy.  

So, the results could be used to indicate if the ES cells were healthy to study or not. If 

the mutation becomes heritable it will interfere with the genetic information of cells. So 

cell line 16, 39, 49 and 11 were not used in the following studies. 
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Chapter 4 Emb-LPD stimulates the Endocytosis 

System in TE cell lineages 

4.1 Introduction 

4.1.1 Endocytosis system in mouse embryo development 

Endocytosis is comprised of phagocytosis, pinocytosis and receptor-mediated 

endocytosis. The endocytosis system is the main mechanism through which pre-

implantation embryos take up nutrients from extracellular fluid. Endocytosis organelles 

start to form from the oocyte stage onwards and mature and polarize at the 8-cell stage 

(Fleming and Pickering 1985, Fleming and Goodall 1986). Endocytosis so far is 

recognized not only as a pathway providing cells with nutrients, but also playing a 

versatile role in controlling cell migration, growth and differentiation (Willnow et al. 

2012). 

Phagocytosis which is characterized by engulfing large particles ranging 1-3 µm into 

cells begins with the formation of the morula and then the trophectoderm (TE) around E 

3.5, demonstrated by culturing different size latex beads with the early embryo (Fleming 

1986). At the blastocyst stage, Rassoulzadegan (2000) reported that phagocytosis ability 

was highest in the farthest end of mural TE opposite the ICM before implantation 

(Rassoulzadegan et al. 2000). After implantation, the ectoplacental cone (EPC) 

differentiates into secondary giant TE cells which also have the ability of phagocytosis. 

Embryos also transport fluid into cells by non-selective pinocytosis during which 

process cell membrane invaginates and pinches off. At the same time some 

macromolecule nutrients like lipid and proteins can also be taken into cells. Horseradish 

peroxidase has been used to mark the pinocytosis function of cells. Pinocytosis has been 

observed in as early as the oocyte and throughout all the embryonic stages of endocytic 

organelle maturation (Williams et al. 1976, Fleming and Pickering 1985, Fleming 

1986). Another character of pinocytosis is that it is independent of Clathrin. Pinocytosis 

occurs in almost all kinds of cells. Pinocytosis can be regulated by cellular energy 

source such as the ATP level regulating the amount of material that could be absorbed 

(Lloyd 1990). Thus, pinocytosis plays a critical role in nutrient uptake by embryos at an 
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early stage and in the VYS. For phagocytosis and pinocytosis, internalised vesicles fuse 

with lysosomes to digest their nutrient contents.  

 

 

Figure 4.1: Diagram showing 3 types of endocytosis process (Tardy et al., 2005).  

 

 

In receptor-mediated endocytosis, receptors in general are specific for individual ligands 

and they are prone to cluster in the Clathrin-coated region of the plasma membrane. 

Once ligands bind the receptors, the cell membrane will invaginate into the cytoplasm 

then pinch off facilitated by association with the underlying Clathrin coat. The Clathrin 

then detaches from the vesicle and is recycled and the uncoated vesicles fuse with the 

early endosomes where the proton pump ATPase turns the early endosome into an 

acidic environment (pH<5). The pH change induces ligands to segregate from receptor. 

The membrane bound receptor will usually be recycled and the early endosomes 

becomes late endosomes as the environment becomes more acidic (Cummings and 

McEver 2009). Finally, the late endosomes will fuse with lysosomes, where the ligands 

will be degraded into subcomponents by hydrolase enzymes. For example, protein will 

be digested into amino acids. Receptor-mediated endocytosis is now proven to occur as 

early as the oocyte stage (Figure 4.1). It is mediated by receptor protein dependent 
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internalization which provides important signals for oocyte maturation (Lowther et al. 

2011).  

For embryo development, appropriate amounts of nutrients will support embryonic cell 

growth and proliferation. On the contrary, malnutrition will alter many cellular activities 

and induce epigenetic modifications resulting in undesirable growth and adult disease 

(Section 1.1). Many researchers reported maternal low protein diet during the whole of 

gestation significantly reduced offspring birth-weight and increased blood pressure 

(Langley-Evans 2000).  Also, studies have shown reduced placental amino acid transfer 

ability (Malandro et al. 1996, Jansson et al. 2006). When maternal low protein 

restriction was limited to only the preimplantation period (Emb-LPD), offspring showed 

catch-up growth represented by high blood pressure and anxiety-related behaviour. 

When tracking their body weight, Emb-LPD offspring exhibit increased body weight 

which coincides with stimulated endocytosis in the visceral yolk sac (VYS) in late 

gestation to support fetal growth (Watkins et al. 2008a).   

The energy sources for preimplantation embryos are pyruvate for the first two cleavages 

and glucose from the 4-cell stage or later (Leese and Barton 1984). After 32-cells, more 

varieties of nutrients are included. Lipids and proteins can be taken up by binding the 

Megalin-Cubilin receptor complex. Trophectoderm (TE) cells of pre-implantation 

embryos are involved in nutrient transport into the inner cell mass (ICM) through 

different transport pathways (Section 1.4.2). Maternal Emb-LPD was reported to induce 

reduction of insulin in maternal serum and branched chain amino acid in uterine fluid 

(Eckert et al. 2012). And in response, blastocysts were reported to have increased cell 

number in TE (Eckert et al. 2012). In this chapter, we try to understand how the 

maternal low protein diet induces alternations at the cellular level in TE of pre-

implantation embryo to support its growth. 
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4.2 Materials and Methods 

4.2.1 Animals, diet treatment  

Described in General Materials and Method section  2.1. 

4.2.2 Embryo collection 

Described in General Materials and Method section 2.1.1. 

4.2.3 Blastocyst BSA-BODIPY up-take assay 

BSA-BODIPY [Molecular Probes, D-12050] used in this experiment is bovine serum 

albumin conjugated with BODIPY. BODIPY is a self-quenching florescent dye which 

is quenched when protein is intact (Figure 4.2). However, once the protein is degraded, 

for example by protease, the self-quenched BODIPY disperses and gives out light. 

BSA-BODIPY was first dissolved in KSOM generating 1mg/ml BSA-BODIPY with no 

external BSA supplement. This stock was then further diluted in KSOM (without BSA) 

resulting in final concentration 0.5 mg/ml. Pre-implantation embryos were washed in 

H6 medium once and BSA-BODIPY KSOM medium 3 times before being cultured in 

the different concentration of BSA-BODIPY drops submerged in mineral oil and in an 

incubator at 5% CO2 and 37°C. 

 

Figure 4.2: Principle of how BODIPY conjugated BSA gives out fluorescence 
after degradation (Molecular Probe handbook BODIPY dye series section-1.4).  
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4.2.4 FITC-dextran pinocytosis assay 

In this study, FITC-dextran was selected to measure the pinocytosis rate of embryos. 

FITC-dextran is dextran fractions prepared from native Dextran B512 labelled with 

fluorescein. It has been used widely in the research of endocytosis. The dextran remains 

in the fluid once endocytosis has occurred so it could be used to label the endosome and 

lysosome (Berlin and Oliver 1980, Dunglison and Kaye 1995).  0.5 mg/ml 40 kD FITC-

dextran [Sigma] was dissolved in KSOM culture medium for 1 hour. Pre-implantation 

embryos after culture in FITC-dextran in KSOM medium were washed in H6 medium. 

4.2.5 Blastocyst trophectoderm single cell endocytosis assay 

Blastocysts (E3.5) from NPD or Emb-LPD fed mothers were collected in H6+BSA 

[4mg/ml] and immediately assayed for endocytosis by culturing in KSOM medium 

comprising BSA-BODIPY (0.5 mg/ml; Invitrogen) and Lyso-Tracker (100 nM 

Invitrogen L-7028) for 1 h.  

4.2.6 Immunocytochemistry 

Blastocysts from NPD and Emb-LPD mothers after endocytosis assay, were washed in 

PBS 3 times and treated with acid Tyrode’s medium (Sigma) for 15–30 s to remove the 

zona pellucida, washed in H6+BSA and fixed in 4% paraformaldehyde in PBS for 20 

min. For E-cadherin immunolabelling, blastocysts were permeabilised with 0.25% 

Triton X-100 (Sigma) in PBS for 15 min, washed in PBS and neutralised with 2.5 

mg/ml NH4Cl in PBS for 10 min before primary antibody incubation in PBS containing 

0.01% Tween 20 (Sigma; PBS-Tween) overnight with rabbit polyclonals to E-cadherin 

(generated in house to mouse E-cadherin GST fusion protein; 1:250), at 4
o
C before 

washing in PBS-T. Nuclei were labelled by DAPI (0.2 µg/ml) for 30 min in PBS-Tween 

as required.  Embryos were mounted onto slides with Citifluor. 

4.2.7 In vitro embryo culture 

2-cell embryos collected from mice fed chow diet were cultured in defined KSOM 

medium under silicon oil [Sigma] at 37°C in 5% CO2 until the blastocyst stage either 

with variable protein or branched-chain amino acid concentration. Protein levels were 

either 1, 2 or 4 mg/ml bovine serum albumin (BSA, Sigma) or switches between these 
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concentrations. For amino acid (AA) experiments, control medium consisted of KSOM 

supplemented with insulin (1 ng/ml) and the uterine luminal fluid AA concentration 

(including branched-chain AAs (BcAA) valine [0.46 mM], isoleucine [0.21 mM], and 

leucine [0.32 mM]) found in mice fed NPD at E3.5 (Eckert et al. 2012). In treatment 

groups, BcAA concentration was either decreased (50%, LAA) or omitted (0%, 0AA) 

compared with control (100% NAA). After culture, embryos were incubated for 1 hour 

in the same medium but containing 5 mg/ml FITC-dextran (40 kD; Sigma) to label fluid 

phase endocytosis.   

4.2.8 Visualization and analysis of data 

Both control and immunolabelled samples were visualized using fluorescence and 

confocal microscopy [Leica SP5]. The excitation wavelength of BODIPY is 505 nm and 

the emission wavelength is 515 nm giving green florescence.  The excitation wave 

length for Lyso-Tracker is 577 nm and the emission wavelength is 590nm giving red 

florescence. Embryos were scanned only on their surface closest to the cover slip 

attachment where the brightest confocal signal is obtained  (one or two cell thickness, z 

= 0.15 µm) or scanned for the distance of half of the embryo from the coverslip (z = 

1µm). The other half of the embryo with reduced confocal brightness was not included 

to maintain reliability of signal strength. The half embryo scan range was based upon 

determining the distance across the embryo first from coverslip to opposite side, then 

setting the scans to the precise half of the embryo closest to the coverslip. The images 

were analyzed by VOLOCITY software [Perkin Elmer]. Statistical analysis was 

conducted with SPSS using random effects multi-regression (methods section 2.7). In 

vitro BSA and BcAA embryos culture data were analysed with One-way ANOVA 

followed by Tukey’s posthoc test. 
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4.3 Results  

4.3.1 BSA-BODIPY endocytosis assay development 

BSA-BODIPY has not been used in early embryo studies before. In order to develop an 

assay examining nutrient uptake ability represented by BSA, E3.5 blastocysts were 

cultured for 1 hour in KSOM containing 1 mg/ml BSA-BODIPY, based on the 

observation that 1 hour  culture can produce a measurable amount of BSA taken up by 

blastocysts (Pemble and Kaye 1986). A serial dilution of BSA-BODIPY concentration 

(0.2 mg/ml, 0.3 mg/ml and 0.5 mg/ml) was used to determine an appropriate 

concentration of BSA. According to Figure 4.3, bright signals could be seen with the 

0.5 mg/ml BSA-BODIPY group and the other concentrations could not give strong 

fluorescent signals. So, 0.5 mg/ml BSA-BODIPY was regarded as the most appropriate 

concentration for subsequent experiments.  
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Figure 4.3: Blastocysts cultured in different concentrations of BSA-BODIPY at 

37℃ for 1 hour. The upper images are bright field and the lower ones are the 

same embryo visualised by fluorescence microscopy. (A. D.) 0.5 mg/ml BSA-
BODIPY. (B. E.) 0.3 mg/ml BSA-BODIPY. (C. F.) 0.2 mg/ml BSA-BODIPY. Scale bar = 
20µm. 

 

 

Figure 4.4: Negative controls for BSA-BODIPY uptake. (A) Blastocyst cultured at 

4°C for 1 hour in BSA-BODIPY at 0.5 mg/ml. (B) Blastocyst cultured in 37 °C for 5 
minutes in BSA-BODIPY at 0.2 mg/ml.. Both images were taken with fluorescence 
microscope with x 100 oil lens. (C) 8-cell stage embryo cultured in 0.2 mg/ml BSA-
BODIPY for 3 hours (scale bar = 20 µm). 

 

 

 

 

A B 
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In order to further confirm the signals were from endocytosis instead of artefact caused 

by fixation or other environmental factors, E3.5 blastocysts were cultured in 0.5 mg/ml 

BSA-BODIPY at 4 °C for an hour because at this temperature endocytosis is inhibited 

(Figure 4.4 A) and no florescent signal could be seen. Also, some blastocysts were 

cultured in 0.2 mg/ml BSA-BODIPY at 37°C for 5 mins, during which barely any 

endocytosis could occur (Figure 4.4 B). When cultured for 5 mins at 37°C, we can see 

little fluorescence in TE cells since the incubation period is short, indicating the 

fluorescent staining obtained is due to endocytosis and not an artefact of fixation or 

other factor (Figure 4.4 C).  The endocytosis phenomenon was further explored using 8-

cell stage embryos cultured in 0.2 mg/ml BSA-BODIPY for 3 hours. No strong 

BODIPY labelled lysosomes could be observed in 8-cell embryos (Figure 4.4 C). This 

phenomenon was in agreement with the observation that BSA is taken up by Megalin-

Cubilin complex mediated endocytosis. This complex was first expressed at 8-cell stage 

and localized near endoplasmic reticulum (ER) and starts to appear on membrane to 

function at about 32-cell stage embryo (Assemat et al. 2005b). So, at this very early 

stage, BSA could not be taken up by embryo through endocytosis. 

To further confirm the reliability of BSA-BODIPY , Lyso-Tracker was used to mark 

lysosomes. Blastocysts were co-cultured with both Lyso-Tracker (100 nM) and BSA-

BODIPY BSA (0.5 mg/ml) for 1 hour. Because degradation happens in lysosomes 

therefore they should co-localize. Confocal microscopy was used to obtain a detailed 

scan image of embryos. From Figure 4.5, it can be seen that vesicles containing 

fluorescent BSA colocalize with lysosomes shown by Lyso-Tracker signal. These 

fluorescent vesicles should be lysosomes in which BSA is digested. From the cross-

section picture which is only one layer of the embryo, we can see the location of 

lysosomes containing BSA is in TE rather than ICM. This result fits well with the 

observation that BSA cannot be endocytosed directly by ICM because the epithelial TE 

layer with tight junctions prevents access to the embryo interior (Dunglison et al., 

1995).  In the ICM, only Lyso-Tracker signals were detected. The BSA was 

endocytosed and digested in the TE but not in ICM. Lysosomes in the ICM did exist.    
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Figure 4.5 Images of embryos with signals detected from different channels. (A 

& B) show the images from green (BSA-BODIPY) and red (Lyso-Tracker) 
channels separately and C shows the merged picture yellow where two different 
signals overlay. The arrow shows the site where two signals exist (scar bar = 20 
µm).  
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4.3.2 Establishment of 3-D Analysis model with VOLOCITY software 

VOLOCITY is a software system which can analyse quantitatively 3D images and here 

I have used it to analyse volume, intensity and numbers of lysosomes and BSA positive 

vesicles following endocytosis by embryos. As the diameter of lysosomes in mouse 

embryos is 2.5 ±0.38 µm (Koike et al., 2009), to get appropriate images to quantify the 

volume of lysosome in embryos, embryos was analyzed with 0.25 µm z-series and 0.5 

µm z-series to see how much information could be missed between these two series 

quantified using the same VOLOCITY measurement settings. In Table 4.1, the result of 

scanning the same embryo with these two different z-series thicknesses is shown. The 

two scanning methods gave different results as more information was captured with the 

finer scan.   

Because the Z-series is critical to estimate the precise volume occupied by lysosomes 

and BSA-BODIPY positive vesicles in embryos, I decided to use two methods on single 

embryos: (i) to collect a series of high resolution images from only the TE cells on the 

embryo surface adjacent to the coverslip (= top cells) and with brightest staining 

intensity, these being scanned at 0.1 µm z-series over a distance of 70-80 optical 

sections with no intervening gaps, therefore covering all vesicles in the field; (ii) to 

collect from the same embryo afterwards a second z-series of 1 µm sections by scanning 

half the embryo. (Figure 4.6) 

E-cadherin (present in adherent junctions) was used here to label the boundary between 

TE cells. This is because single TE cells needs to be cropped out for the later analysis. 

The colour of E-cadherin was set as white on the scan although the background of Lyso-

Tracker made it slightly red. Each time, the high resolution ‘top’ TE images of the 

embryo could contain information of 1 to 3 cells.  

The VOLOCITY software based on the 3D image permits automatic analysis and 

calculation of fluorescent signals. The protocol of measuring green and red channel 

vesicle number, vesicle volumes and their distance to the edge of nuclei were set and 

used for measuring. Also, nuclei number was counted by the software.   
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Figure 4.6: Diagram shows embryo ‘top’ cell layer scan and half embryo scan 
and two quantifying methods. Lower left shows a single TE cell scan image followed 

by cropping one cell out. Lower right shows a half embryo scan (BSA-BODIPY green, 

Lyso-Tracker red).  

Table 4.1 Different distances used between each scan in z-axis of the same 
embryo resulted in different vesicle number and volume. 

 

 

 

 

 

 

 

 Vesicle number volume 

0.25 µm z-series 2644 691.04 

0.5 µm z-series 2133 656.46 
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4.3.3 Emb-LPD stimulates blastocyst BSA-BODIPY uptake and Lysosomes.   

To compare BSA uptake by TE cells from two maternal diet groups, naturally mated 

MF1 female mice were randomly assigned on the morning after mating to receive either 

normal protein diet (18% casein; NPD) or low protein diet (9% casein; Emb-LPD).  

Blastocysts were collected at E3.5 and the endocytosis assay was conducted 

immediately afterwards. In the assay, BSA-BODIPY was used as a marker for protein 

uptake and Lyso-Tracker for lysosomes. The freshly flushed embryos (E3.5) were 

cultured in KSOM containing 0.5 mg/ml BSA-BODIPY and 100 nM Lyso-Tracker for 

1 hour and then were fixed and labelled by E-cadherin before imaging. For confocal 

imaging, every embryo was scanned only by the high resolution top layer of TE cells. 

To analyse the uptake ability of BSA and quantify the lysosomes in TE cells with 

VOLOCITY, in each single TE cell analysed, vesicle numbers, vesicle volume and 

vesicle distance to nucleus were measured. 

 Labelled vesicles were mainly localised close to the nucleus rather than in peripheral 

cytoplasm. I observed that in Emb-LPD TE cells there is a higher number of BSA-

BODIPY positive vesicles and significantly higher Lyso-Tracker positive vesicle 

number (Figure 4.7B). When collective vesicle volume was measured, significant larger 

volume of both BSA-BODIPY (1.5 fold) and Lyso-Tracker vesicles (2-fold) were 

observed (Figure 4.7C). Pearson co-localization was used to analyze the relationship 

between BSA-BODIPY and Lyso-Tracker. Pearson co-localization interprets both the 

intensity and position of different fluorophores in one pixel field.  In Emb-LPD 

blastocysts, a higher proportion of the total Lyso-Tracker vesicular pool was co-labelled 

with BSA-BODIPY (Figure 4.7 E). This means a higher proportion of Lyso-Tracker 

vesicles in the Emb-LPD group are also labelled by BSA-BODIPY. This means, more 

lysosome are lysing BSA-BODIPY.  The average distance of these vesicles to nuclei 

was not altered (Figure 4.7 D). 
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Figure 4.7: Endocytosis is increased in blastocyst TE following maternal Emb-
LPD treatment. (A) Emb-LPD and NPD blastocyst TE surfaces following BSA-BODIPY 
and Lyso-Tracker endocytosis assay, fixation, E-cadherin immunolabelling to identify 
cell boundaries and confocal microscopy. Vesicular structures containing endocytosed 
digested ligand (BSA-BODIPY, green) and lysosomes (Lyso-Tracker, red) tend to 
localise close to TE nuclei (DAPI, blue). Bar = 20 µm. (B, C) Emb-LPD blastocysts had 
increased numbers and collective volume of labelled vesicles within TE cells. (D) Emb-
LPD TE cells had an increased proportion of the total Lyso-Tracker pool co-labelled 
with BSA-BODIPY. (E) Diet treatment had no effect on the distribution of labelled 
vesicles within TE cells with respect to distance from nucleus. Values were presented 
as mean±SEM * P<0.05; N = 6-7 mothers and 41-47 blastocysts per treatment.  

 

To confirm the results of endocytosis in TE cells, analysis of half blastocysts was 

carried out.  The optical section scans forming the z-series were 1µm in order to restrict 

the time for collecting images. To analyze vesicle number and volume of one cell, 

nuclei number was counted and total number or volume of vesicles were measured.  

Vesicle number and volume was then divided by nuclei number to obtain vesicle 

number and volume per cell. The result was similar to TE single cell analysis. I 

observed that in Emb-LPD TE cells there are significantly higher numbers of BSA-

BODIPY positive vesicles and Lyso-Tracker positive vesicles (Figure 4.8 B). When 

collective vesicle volume per cell was measured, significant larger collective volume of 

both BSA-BODIPY (1.5-fold) and Lyso-Tracker vesicles (3.5-fold) were observed 

(Figure 4.8 C). The average distance of BSA-BODIPY vesicles to nuclei was shorter in 

Emb-LPD blastocysts and significantly shorter of Lyso-Tracker vesicles to nuclei 

(Figure 4.8 D). 
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Figure 4.8: Endocytosis is increased in blastocyst TE following maternal Emb-

LPD treatment using whole embryo scan method. (A) Emb-LPD and NPD 

blastocysts following BSA-BODIPY (green) and Lyso-Tracker (red) endocytosis assay, 
fixation, nuclear labelling (DAPI, blue) and confocal microscopy. Bar = 20 µm. (B, C) 
Emb-LPD blastocysts had increased numbers and collective volume of labelled 
vesicles. (D) Diet treatment had no effect on the distribution of labelled vesicles within 
blastocysts with respect to distance from TE nucleus. Values were presented as 
mean±SEM. * P<0.05 and # P<0.1; N = 6-7 mothers and 20-21 blastocysts per 
treatment.  

 

In order to determine if the size of vesicle was changed, the average volume of 

individual BSA-BODIPY and Lyso-Tracker vesicles was assessed to investigate if the 

collective volume change reflected an increase in vesicle size and/or increase in vesicle 

number. As shown here, mean volume of both vesicles did not change significantly 

(Figure 4.9). This  could be interpreted as the size of each vesicles did not change but it 

is the number of vesicles that increases resulting in the total volume increase.  

 

 

 

 

 

 

 

 

Figure 4.9: Mean vesicle volume of BSA-BODIPY and Lyso-tracker was not 

altered by maternal diet. (A) mean vesicle volume measured by single TE cell 

analysis was not different between Emb-LPD and NPD diet group. (B) mean vesicle 
volume measured by half embryo analysis was not different between Emb-LPD and 
NPD diet group. Values were presented as Mean±SEM. 
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4.3.4 Induction of altered endocytosis in blastocyst 

Emb-LPD was reported to reduce the concentration of maternal serum insulin and three 

branched chain amino acids, leucine, valine and isoleucine in uterine fluid (Eckert et al. 

2012).  In order to determine the cause in the in vivo uterine environment that may 

potentially stimulate endocytosis in Emb-LPD pre-implantation embryos, BSA and 

different amount of BcAAs were used. First of all, different amounts of BSA were used 

to explore the role of environmental protein concentration in reprogramming 

endocytosis of early embryos. Embryos were cultured in KSOM medium with 1 mg/ml 

BSA, 2 mg/ml BSA and 4 mg/ml BSA separately from 2-cell to blastocyst stage. When 

the embryos reached the blastocyst stage on day 4, they were processed for endocytosis 

assay by incubating them in 0.5 mg/ml BSA-BODIPY and 100 nM Lyso-Tracker for 1 

hour. Three separate runs of the same experiment were conducted with each group 

containing 6 embryos. BSA-BODIPY and Lyso-Tracker vesicle number measured in 

TE cells of embryos were not different after these embryos were cultured in 

KSOMcontaining 1mg/ml BSA, 2mg/ml BSA or 4mg/ml BSA. However, BSA-

BODIPY vesicle collective volume increased two fold when embryos were cultured in 

KSOM containing 1 mg/ml BSA compared with 4 mg/ml BSA group.  The same effect 

was seen with Lyso-Tracker vesicle volume. When 2-cell embryos were cultured in 

KSOM containing 2mg/ml BSA after 3.5 days there was no difference of BSA-

BODIPY vesicle volume in TE compared with embryos cultured in KSOM containing 

either 1mg/ml or 4mg/ml BSA. But collective Lyso-Tracker volume in TE was shown 

to be larger when embryos were cultured in KSOM containing 1mg/ml BSA compared 

with 2mg/ml BSA. Embryos cultured in KSOM containing 2mg/ml BSA have the 

similar level of Lyso-Tracker volume in TE with 4mg/ml BSA group (Figure 4.10).  

FITC-dextran was also used to measure the rate of fluid-phase endocytosis which was 

also altered in Emb-LPD blastocyst (described in Chapter 5). Embryos were cultured 

from 2-cell to blastocyst stage in KSOM containing 1 mg/ml BSA or 4 mg/ml BSA. At 

blastocyst stage, embryos were maintained in their medium or switched from 1mg/ml 

BSA to 4mg/ml BSA or from 4mg/ml BSA to 1mg/ml BSA for an hour incubation.  

Afterwards, they were processed for FITC-dextran (FD) endocytosis assay for an hour. 

We found embryos cultured in1 mg/ml BSA group showed a significant increase of FD 

vesicle number and volume per cell  at blastocyst stage compared with 4 mg/ml BSA 

group (Figure 4.11 B-C). Culturing pre-implantation embryos in the medium 
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containting Low concentration of BSA could stimulate endocytosis. Then we tested if 

the short time switch of BSA concentration will also change endocytosis. When 

embryos were cultured in 1 mg/ml BSA from the 2-cell stage when switched to 4 mg/ml 

BSA at blastocyst stage retained the high FD volume per cell as seen in embryos 

cultured in 1 mg/ml BSA without switch (Figure 4.11 B-C). However, blastocysts 

cultured in 4 mg/ml from the 2-cell stage and switched to 1 mg/ml BSA culture for an 

hour at blastocyst stage, had a significantly higher FD volume and number per cell 

compared with embryos cultured only in 4mg/ml BSA medium (Figure 4.11 B-C).  

Therefore, the last hour of low concentration of BSA in medium could stimulate 

endocytosis but if last hour culture is in high concentration of BSA, endocytosis will 

remain the same level.  
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Figure 4.10: BSA uptake is stimulated by reduction of BSA in embryo culture 

medium. (A) Blastocysts were cultured in KSOM containing 4 mg/ml, 2 mg/ml and 1 

mg/ml BSA medium from 2-cell to blastocyst following BSA-BODIPY (green) and Lyso-
Tracker (red) endocytosis assay, fixation, nuclear labelling (DAPI, blue) and confocal 
microscopy. Scle Bar = 20 µm. (B) BSA-BODIPY and Lyso-Tracker vesicle volume are 

increased in TE cells when embryos were cultured in KSOM containing 1 mg/ml 
BSA compared with 4 mg/ml BSA. Also, Lyso-Tacker vesicle volume is increased in TE 

0

50

100

150

200

250

300

350

400

BSA-BODIPY Lyso-Tracker

C
o
lle

c
ti
v
e
 v

e
s
ic

le
 v

o
lu

m
e
/c

e
ll 

(µ
m

3
) 

4mg/ml BSA

2mg/ml BSA

1mg/ml BSA

* 

* 
B 

A 



                                                                 Emb-LPD stimulates endocytosis of TE 

 

cells when embryos were cultured in KSOM containing 1 mg/ml BSA compared with 

2 mg/ml BSA. * P<0.05; N = 20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.11: Blastocysts cultured in vitro from 2-cell stage exhibit enhanced 

endocytosis in medium with low protein composition. (A) Blastocysts after FITC-

dextran (FD) endocytosis assay and nuclei labelling (DAPI, blue) following culture in 
different BSA concentrations (top row) (B, C) FD vesicle number and collective volume 
per cell following culture in different BSA concentrations. Low (1 mg/ml) concentration 
stimulates endocytosis compared with high (4 mg/ml) concentration; low concentration 
only for 1 h at the end of culture is sufficient to stimulate endocytosis (4 mg/ml – 1 
mg/ml) whilst a stimulated endocytosis state is stabile if blastocysts are switched to 
high concentration for 1 h (1 mg/ml – 4 mg/ml). Values are presented as Mean±SEM. * 
P<0.05; N = 16-18 embryos per treatment in three experiments.  
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Next we explored if it was the amino acid concentration change identified in Emb-LPD 

uterine fluid (Eckert et al. 2012) that modified the endocytsis pathway and what role 

might be played by the mTOR pathway in endocytosis stimulation in blastocysts. Since  

three branched chain amino acids (BcAAs) were depleted in Emb-LPD uterine fluid and 

these BcAAs are involved with insulin in the mTORC1 signal transduction pathway 

regulating cellular growth (Wang et al. 2009) and Emb-LPD blastocysts show a 

reduction in mTORC1 signalling (Eckert et al. 2012), these interrelationships merit 

investigation. Specifically, we investigated whether this same BcAA signal may also be 

responsible for the activation of compensatory endocytosis in TE cells. 

 

Embryos from chow-fed mothers were collected at the 2-cell stage and cultured until 

blastocysts in KSOM medium and AAs (no insulin) at a concentration as found in 

uterine fluid of NPD mothers (Eckert et al. 2012). In addition, embryos were cultured in 

the same medium but with low (50%) or absent (0%) BcAA (leucine, valine and 

isoleucine). At the blastocyst stage, embryos were examined for endocytosis using FD 

endocytosis assay with the whole embryo scan method. Treatment with low BcAAs 

(LAA) stimulated endocytosis with both FITC-dextran vesicle number and collective 

volume per cell increased over the normal AA (NAA) group and no BcAA (0AA) group 

(Figure 4.12 B. C). Embryos cultured in the absence of BcAAs also exhibited an 

increase in FD number per cell but not to a significant level. Collectively, these data 

indicate embryo endocytosis was increased responding to reduced uterine fluid BcAA 

levels as in maternal Emb-LPD, mothers may act specifically to induce increased 

blastocyst TE endocytosis. However, if all BcAAs were absent the increase in 

endocytosis was suppressed.  
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Figure 4.12: Blastocysts cultured in vitro from 2-cell stage exhibit enhanced 

endocytosis in medium with different branched chain amino acid composition. 
(A) Blastocysts after FITC-dextran (FD) endocytosis assay, Lyso-Tracker (red) and 
nuclei (DAPI, blue) staining following culture in different BcAA concentrations (bottom 
row), either at the level found in NPD uterine fluid (NAA), at 50% this concentration 
(LAA) or in the absence of BCAAs (0AA). Bar =  20 µm.(B-C) Blastocysts cultured from 
2-cell stage in NAA, LAA or 0AA BcAA concentrations (see text and A above) followed 
by endocytosis assay either using FITC-dextran or Lyso-Tracker. Endocytosis is 
stimulated in LAA but not 0AA composition. Values were presented as mean±SEM. * 
P<0.05; N = 16-18 embryos per treatment in three experiments.  
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4.4 Discussion 

4.4.1 BSA-BODIPY as a marker to test endocytosis ability 

Since the 1970s, researchers have used isotope-labelled nutrients, protein or amino 

acids, to study the endocytosis activity of embryos. Pemble and Kaye (1976) used I
125

 

labelled BSA (bovine serum albumin) to study albumin uptake ability of embryos. They 

cultured mouse preimplantation embryos in I
125

-BSA medium. Their results showed that 

the internalisation of protein is faster in blastocysts than morula or earlier stages. Also, 

environmental temperature can affect the uptake.  Rather than using radio-labelled BSA, 

I chose to use BODIPY labelled BSA. BODIPY is a self-quenching florescent dye 

which is quenched when protein is intact and will not give florescent emission. 

However, once the protein is degraded, for example by protease, the self-quenched 

BODIPY disperses and gives out light. That way, researchers can use BSA-BODIPY to 

study protease digestion of endocytosed BSA with the assistance of a plate reader or 

microscope (Czubryt et al. 2000).  

At first, a series of experiments was conducted to verify the labelling method to use.  

First of all, I optimized the concentration of BSA-BODIPY used in the experiment 

which is 0.5 mg/ml. BSA after being endocytosed through membrane receptor will be 

directed towards and degraded within lysosomes (Erranz et al. 2004). The location of 

BSA-BODIPY signal identifies where the BSA is degraded and the result is almost the 

same as the experiments done by Dunglison  et al. (1995) (Dunglison et al. 1995). The 

pattern of distribution is very similar and both are limited to TE.  To confirm the 

fluorescent vesicles in blastocysts comprise BSA being degraded, endocytosis was 

inhibited by only culturing embryos at 4°C or using 8-cell embryos in culture at 37°C. 

Both culture conditions did not give strong fluorescent signals as expected. The receptor 

mediated endocytosis system only matures at the 32-cell stage (Assemat et al. 2005b). 

To further confirm BSA-BODIPY signal was BSA being digested in lysosomes, BSA-

BODIPY was colabelled with Lyso-Tracker. The staining shows overlay of both green 

and red signals respectively indicating that the degraded BSA is in lysosomes. Figure 

4.5 shows some BSA-BODIPY was degraded in lysosome but some lysosomes did not 

have BSA-BODIPY as not all lysosomes are functional in this respect and may be in 

maturation or autophagy themselves in the lysosome cycle. Through this, three reliable 

markers relating to the endocytosis systems are verified. This phenomenon first of all 
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proved that BSA-BODIPY was endocytosed into embryos and BSA was hydrolysed in 

the lysosome resulting in release of the green signal. Secondly, it reveals not all 

lysosomes had digested the BSA and there are some other materials which can be 

hydrolysed in the lysosome.  

Data collected through images were analyzed by VOLOCITY software which can 

convert fluorescent signals into a 3D structure. When it is needed, it can calculate the 

volume, intensity and other parameters. Because of limitations of the confocal 

microscope it cannot gather all the information from the sample. It scans the sample 

layer by layer therefore, there will be information missing between each layer. The 

researcher can always adjust the distance between each scan to their need. However, at 

the same time the more information the researcher can get from the single sample, the 

longer time it will take. Therefore, we also have to consider the cost at the same time. 

The blastocyst in our study is spherical in shape which greatly increases the distance of 

scanning and needs a long time for each sample. To solve this problem, I designed the 

experiment by using very fine scans which is z = 0.15µm of the top layer of embryo 

which is the TE layer closest to coverslip and provides the most inclusive information of 

a single cell. In order to remove the possibility of selectively choosing single TE cells, I 

also scanned the half embryo with z = 1 µm to confirm and verify the higher resolution 

top scan result. Although there will be information missing between each scan in the 

second assay, the result combined with the first method will be able to describe the BSA 

endocytosis ability. For analysing data, the down side of VOLOCITY is that it can 

connect two separate objects if they are very close so the number of vesicles was not 

considered as a very accurate measure compared with volume.   

4.4.2 Endocytosis of TE and PE are stimulated by maternal diet 

In TE single cell analysis, BSA-BODIPY vesicles number were shown to have a trend 

of increase and Lyso-Tracker vesicles number was significantly increased in Emb-LPD 

group. Figure 4.7 shows collective volume per cell of BSA-BODIPY and Lyso-Tracker 

vesicles is significantly increased in Emb-LPD group. However, the mean distance of 

BSA-BODIPY and Lyso-Tracker vesicles to the nucleus is not changed. The scan of 

half embryos shows the same result as the top layer scan except the number of BSA-

BODIPY vesicles shows significant increase but only a trend in lysosome numbers. 

Further, BSA-BODIPY was more colocalized with Lyso-Tracker in Emb-LPD. This 
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likely means more BSA is being degraded in the lysosomes. Also, the distance of 

vesicles to nuclei showed the distance of lysosomes to nuclei and was significantly 

decreased in Emb-LPD group.  Steffan et al. (2010) have found when PI3K is activated; 

lysosome had longer distance to nuclei. Therefore, the increased distance to nuclei of 

lysosome could be result from active PI3K pathway which upregulate endocytosis (Li et 

al. 1995, Steffan et al. 2010). The result between top cell scan and half embryo scan 

was very similar but still there are a few differences. First of all, the collective volume 

per cell from both methods showed significant increase in response to the Emb-LPD 

diet and this suggested Emb-LPD increased the amount of nutrients taken in. The 

vesicle number of BSA and lysosome in both method showed increase in Emb-LPD 

blastocyst. However, BSA number was increased significantly using half embryo scan 

method but not with TE layer scan method. For lysosome number, it was shown to be 

increased significantly in TE layer scan method, but not in half embryo scan method.  

This could be result from the limitation of VOLOCITY software which is that it 

sometimes recognizes vesicles as one when they are very close. The result could be 

regarded as complementing each other. Therefore, we can conclude there was also an 

increase in vesicle numbers.  

There are differences of distance to nucleus from vesicles between these two different 

scanning methods. The half scans included half number of ICM cells in, while the top 

cell scan only had TE cells. Korolchuk et al. (2011) reported that when Hela cells were 

starved, lysosomes would move to perinuclear region in order to regulate mTOR, 

driving it away from signalling receptors on the cell membrane in accordance with its 

decrease signalling in mTOR pathway (Korolchuk et al. 2011). However, when cells 

were recovered from this starvation, lysosome position would change into more 

peripheral region (Korolchuk et al. 2011). The maternal LPD could possibly create a 

nutrient deficient environment for embryo. Therefore, lysosomes could possibly be 

driven away from peripheral areas demonstrated by shorter distance to nucleus. 

However, as distance was not shown different in single TE analysis, the observation is 

inconclusive. All in all, the data from above and Watkins et al. (2008) reflect the same 

phenomenon that embryos when exposed to malnutrition environment try to compensate 

for this by up-regulating its nutrient endocytosis ability to support its growth. In the 

study of other cell types, severe nutrition starvation by phosphate buffer was reported to 

perturb cell endocytosis function in Dictyostelium discoideum (Watkins et al. 2008a, 
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Smith et al. 2010). However, this is a very extreme situation compared with what 

embryos would experience with LPD. In another study, yeast cells were used to study 

leucine starvation; this induced a rapid response of broad endocytosis to recycle 

membrane protein (Jones et al. 2012). The amino acid deficient environment of Emb-

LPD may be more similar to the yeast study. So, the induced endocytosis observed in 

Emb-LPD TE cells could be the result of recycling membrane protein as described in 

yeast cells. Or this may be a specific effect because we are studying developing 

embryos. However, the TE cell is an epithelial cell and it functions in supporting the 

growth of the embryo proper and may have a unique response to nutrient deficient 

environment.  

The alternation of lysosome volume in Emb-LPD blastocysts could indicate altered 

mTORC1 activity. Researchers have shown a relationship between the mTOR pathway 

and elements in the endocytosis system. Suppression of mTORC1 by starvation or 

rapamycin activates autophage related 1 (Atg1), in mammal ULK1 and ULK2, to 

activate autophagy (Jung et al. 2010). mTORC1, which is located on endocytic 

membranes also influences endocytosis trafficking, although the knowledge of amino 

acids activating mTORC1 is limited, Recent findings indicate amino acid stimulation 

induces Rag (Ras related GTP binding protein) which initiates localization of mTORC1 

to late endosomes where Rheb locates. Then Rheb activates mTORC1 (Sancak and 

Sabatini 2009, Flinn et al. 2010). Another study eliminated that clustering of lysosomes 

either peripheral or perinuclear can physically bring mTORC1 on its membrane closer 

to or further away from upstream signalling (Korolchuk et al. 2011). Moreover, amino 

acid (AA) restriction induces lysosome biogenesis through mTORC1. Localization of 

Transcription Factor EB (TFEB), a master of lysosome biogenesis, is determined by the 

phosphorylation status of TFEB (Seo et al. 2009). Supressed mTOCRC1 

dephosphorylates TFEB and it will translocate from cytoplasm to nucleus activating 

gene expression inducing lysosome biogenesis and autophagy at the time of cellular 

starvation and stress (Brasse-Lagnel et al. 2009). Rag-GTPase can be activated by AAs 

and translocate mTORC1 to the lysosome membrane (Chaveroux et al. 2010). Rag-

GTPase has now been found to mediate TFEB relocation to lysosome membranes where 

it can be phosphorylated by mTORC1. (Shan et al. 2009, Ojeda et al. 2010). 

These changes in embryo endocytosis (increased intracellular ligand, receptor and 

lysosome compartments) indicate immediate compensatory responses to maternal Emb-
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LPD to increase TE nutrient uptake. However, how does increased lysosome volume 

and number and amount of BSA endocytosed relate with signaling pathways that 

reprogram the nutrient uptake ability? And how is environment-induced programming 

implanted in the ‘memory’ of embryos ? More proteins related with the phagocytosis, 

mTOR and metabolism pathways should be looked at. Since protein absorption 

responds to the cellular metabolism machinery and also is affected by the cytoskeleton 

as well as receptor expression (Casatelli et al., 2008), we need to consider these data 

more broadly. We can regard the endocytosis system changes as a parameter reflecting 

changes occurring in cellular signaling pathways. And the possible candidate pathway 

being affected leading to modification of the whole cellular machinery could be for 

example mTOR and the amino acid response pathway resulting in epigenetic 

modification (Kopelovich et al. 2007). Therefore when embryo were exposed to 

unusual environment, the gene expression change of these pathway in early embryo 

could be maintained due to epigenetic modification. Even if the environment of 

embryos changed during late stage, the embryo still could maintain its altered gene 

expression and still show the phenotype. When these embryos are born, they will 

develop metablic disease because their programed tissue function can not adapt to the 

changed environment.  

4.4.3 In vitro study of embryos exposed to low albumin and branched-chain amino 

acid concentrations in culture medium. 

Albumin is routinely used in embryo culture medium as a nitrogen source and through 

lysosomal degradation albumin would provide significant amino acid nutrients to 

support preimplantation embryo development (Brinster 1965, Pemble and Kaye 1986, 

Dunglison et al. 1995). Preimplantation exposure to albumin and insulin was found to 

stimulate fetal development as observed on E20 (Kaye and Gardner 1999). Different 

embryo culture media were found to affect the methylation of H19 gene during 

preimplantation culture (Doherty et al. 2000). Therefore, in vitro culture of 

preimplantation embryos can be a model of in vivo study to understand the pathways 

affected by early environment. FITC-dextran, BSA-BODIPY and Lyso-Tracker were all 

used in this study. FITC-dextran as a marker for fluid phase endocytosis was widely 



                                                                 Emb-LPD stimulates endocytosis of TE 

 

used in cellular study of endocytosis. Its uptake is Clathrin independent and energy 

dependent and also will be affected by other cellular signals (Vaslin et al. 2007). 

In this study, a lower concentration of BSA in culture medium stimulated the 

endocytosis of BSA and increased the volume of lysosome in blastocyst. This is shown 

in 1 mg/ml BSA KSOM medium compared with 4 mg/ml BSA medium but not with 2 

mg/ml BSA culture medium. This might be caused by the variation between each 

embryo. Therefore, when the change of capacity of endocytosis is not big, the result 

cannot reach statistical significance with sample size of 18 embryos. But here, we can 

still see the trend of increased endocytosis in 2mg/ml BSA culture group compared with 

4mg/ml group.Then, FITC-dextran endocytosis was stimulated as measured by volume 

of endocytosed vesicles per cell in 1 mg/ml BSA KSOM medium compared with 4 

mg/ml BSA KSOM. In the FD experiment, 1 mg/ml BSA long-term culture did 

encourage FITC-dextran uptake compared to 4 mg/ml BSA and if 1 mg/ml BSA KSOM 

was switched to 4 mg/ml BSA KSOM FITC-dextran uptake remained the same with 

1mg/ml long-term culture. However, the difference between 1 mg/ml – 4 mg/ml BSA 

and the other 2 groups was not significant suggesting that once low protein has 

stimulated endocytosis, it is stabilized and relatively insensitive to further changes. The 

induction of endocytosis by low concentration of BSA was not known but a similar 

phenomenon was observed by Dunglison and Kaye (1995) who compared the BSA in 

blastocyst culture medium for short exposure up to 2 hours. Their results showed that 

low BSA concentration for short-term culture stimulated dextran uptake by blastocysts. 

Therefore the switched medium from 4 mg/ml BSA to 1 mg/ml BSA KSOM of my 

study fits with Dunglison and Kaye’s result. In Dunglison and Kaye’s study (1995), 

blastocysts were collected at E3.5 and cultured in medium containing different 

concentrations of albumin and insulin for up to 2 hours(Dunglison and Kaye 1995). 

However, my experiment was long-term culture therefore the result cannot be directly 

compared. In my study, long term lower concentration of BSA still had the ability of 

stimulating endocytosis and this effect is not easy to be reversed when it is exposed to 

higher concentration of BSA. However, when long term culture was in higher 

concentration of BSA, lower concentration of BSA still can rapidly stimulat increased 

endocytosis. This reflects a tendency of developing embryos to have slower reaction to 

rich environment but quick reaction to suboptimal environment. This may be a 
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mechanism of evolution to protect animal development and offspring fitness when they 

are exposed to suboptimal environment.  

Apart from albumin, amino acids have been reported to be important for mTOR 

pathway and endocytosis. Leucine, valine and isoleucine were reported to be depleted in 

uterine fluid following maternal Emb-LPD treatment (Eckert et al. 2012). This in vivo 

environment was simulated by culturing embryos from 2-cell to blastocyst in medium 

containing different concentrations of three branched chain amino acids (BcAAs). The 

concentration of BcAA was designed to be the same concentration in NPD uterine fluid 

with  50% (LAA) or 0% (0AA) used as BcAA malnutrition conditions.  FD endocytosis 

was shown to be upregulated by LAA group but no significant change was seen in 0AA 

group.   Generally, cells sense extracellular amino acid availability by mTOR or GCN 

(general control nonrepressed). Amino acid deficiency generates uncharged tRNA 

stimulating GCN leading to protein synthesis repression and selectively stimulation of 

certain protein expression. If normal amounts of amino acids are available, they work 

together with growth factor regulation of mTOR pathway activity (Hundal and Taylor 

2009).  Amino acids are sensed by amino acid receptors on membrane which also act as 

amino acid transporter. The BcAAs are transported by system L transporter which is 

coupled with system A transporter driving glutamine influx. The mechanism of how 

amino acid transporter may sense the external amino acid concentration is still unknown. 

But it is recognized that leucine and its transporter (SNAT2) play the main role in 

amino acid sensing. Up to now, SNAT2 has been reported to send signals through both 

PI3K/AKT/mTOR dependent or independent pathways regulating cell growth and 

proliferation. Depletion of leucine could upregulate membrane SNAT2 abundance 

(Hundal and Taylor 2009).   

The cellular signal derived from phosphorylated phosphatidylinositol (PI3K) is one 

factor directly affecting FITC-dextran endocytosis (Tamura ref). PI3K is downstream of 

the insulin receptor. It was studied in macrophages where the subunit of PI3K was an 

effector of intracellular vesicle tethering and vesicle fusion (Mellor et al., 2012). 

Inhibiting PI3K was found to reduce FITC-dextran endocytosis (Tamura et al., 2009). 

Reducing amino acids in culture medium might be expected to reduce FD uptake in 

blastocyst but the opposite effect was seen. There are several possible reasons. First of 

all, the insulin factor was not included in my study but it plays an important role in 

mTOR pathway. Dunglison et al. (1995) incubated blastocysts in insulin up to 5 hours 
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and FITC-dextran vesicles in TE were at first increased and mean vesicle number per 

embryo would decrease but longer incubation increased both vesicle diameter and 

vesicle numbers (Dunglison et al. 1995). They also cultured 8-cell embryos to 

blastocysts in vitro and the result showed increased FITC-dextran vesicle diameters and 

mean vesicle numbers per embryo in embryos cultured in medium that contains insulin 

versus those that did not. Growth factor insulin could activate Akt and mTORC1.  

Because amino acids could induce degeneration of Insulin receptor therefore reducing 

its activity, the culture medium containing reduced amino acid may release the 

inhibition of insulin signaling (Tremblay and Marette 2001). So, with mild reduction of 

BcAA, insulin receptor was possible to be more sensitive  therefore activating PI3K and  

inducing FD uptake. Therefore, together they enforced a stiumulation effect on 

blastocyst. This can apply to both in vivo and in vitro experiments.  

This embryo endocytosis study of both in vivo Emb-LPD model and in vitro culture 

model revealed the malnutrition environment of early embryo can stimulate endocytosis 

enabling embryo to take up more nutrients. Both protein and BcAA were found to 

stimulate endocytosis of embryo at low concentration. With switched culture 

experiment of different BSA concentration, we identified it was low concentration of 

BSA that embryos were more sensitive to. And they would have stimulated endocytosis 

accordingly.  This could be the mechanism by which cells will convert the signal of 

reduced external nutrients into turning on a survival pathway by stimulating 

endocytosis. However, we were not able to assess all the elements that could be 

modified in uterine fluid by Emb-LPD (e.g. insulin concentration). And the culture 

medium used was KSOM medium which could not reflect entirely the nutrients 

component in uterine fluid (Summers and Biggers 2003). More refined culture system 

with single or combined reduction of amino acid, BSA and/or insulin could be done in 

the future to determine which can be the main factor that reprograms endocytosis 

system during early embryo development.  
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Chapter 5 Mechanistic analysis of enhanced 

endocytosis mediated by Emb-LPD 

5.1 Introduction 

Chapter 4 described how Emb-LPD altered endocytosis with respect to vesicular 

compartment number, volume and localization in TE of blastocysts and PE of EBs and 

revealed it is likely to be the BcAA deficiency that induced it. For Clathrin dependent 

albumin endocytosis, a receptor is required. Megalin (Low Density Lipoprotein 

Receptor 2, Lrp2) was shown to be up-regulated in Emb-LPD visceral yolk sac 

(Watkins et al. 2008a). As described in section 1.4.3, albumin can be endocytosed by 

the Megalin and Cubilin complex. Megalin is a 600 kDa transmembrane protein and 

Cubilin is a 460 kDa peripheral glycoprotein. These two proteins are highly conserved 

among different species that suggests their important roles in cells (Assemat et al. 

2005a). Megalin is important for nutrient uptake and has a high chance of participating 

in the cell signaling pathway conveying nutrient signals in the environment to 

reprogram  the endocytosis system. Megalin usually combines with Cubilin forming a 

complex. With the formation of Clathrin-coated pits, Megalin internalizes its ligands 

(eg. Albumin and Vitamin D) into endocytic compartments and itself is recycled to the 

cell surface. Both of the proteins are expressed in a large range of different epithelial 

tissues, including the visceral yolk sac (VYS) and renal proximal tubule cells (Moestrup 

and Verroust, 2001; Marzolo and Farfan. 2011).  Their expression and localization 

could be regulated by external signals for example TGFβ (Gekle et al. 2003). 

Pinocytosis may be altered by external environment such as starvation (Gekle et al. 

2003).  

Megalin receptor mediated endocytosis is Clathrin dependent. Clathrin, a critical protein 

in endocytosis, was first found in mosquito oocytes then was purified from bovine 

brain. Its components were identified as 180 kDa heavy chain and two light chains, 36 

kDa and 38 kDa each. Three heavy chains in association with 3 light chains assemble 

into a triskelion (Hirst and Robinson 1998, Royle 2006).  Triskelions also will assemble 

into lattice structures called polyhedral in vivo, and in vitro low pH could also induce 

Clathrin lattice formation (Ybe et al. 1998). 
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My study has shown Emb-LPD induces the deficiency of three branched-chain amino 

acids: isoleucine, leucine and valine in uterine fluid at E3.5. In Emb-LPD blastocysts at 

E3.5, leucine and taurine were depleted while glutamic acid, phenylalanine, methionine 

and valine were elevated. At the same time, phosphorylation of S6K, indicator of 

mTORC1 activity was down regulated in Emb-LPD blastocysts (Eckert et al. 2012). 

Two signaling pathways may respond to amino acid deprivation and they interact with 

each other: mTOR pathway and amino acid responding (AAR) pathway. mTORC1 can 

be activated  (Proud 2007b) by amino acids, especially leucine, while AAR is activated 

when amino acids are depleted, activating genes containing amino acid response 

element (AARE) in their promotor including transcription factor 3 (ATF3), C/EBP 

homologous protein (CHOP), and asparagine synthetase (ASNS) genes (Barbosa-

Tessmann et al. 2000, Bruhat et al. 2000, Pan et al. 2007, Proud 2007b). In the absence 

of amino acids, these pathways promote specific protein synthesis, controlling mRNA 

translation and stability.  

mTORC1 signalling was reported to be supressed in Emb-LPD blastocysts (Eckert et al. 

2012). Suppression of mTOR signalling as well as Raf/Erk1 signalling pathway by lack 

of energy or amino acids will induce up-regulation of autophagy as cells adjust their 

metabolism to adapt to the environment (Irschick et al. 2006, Pal et al. 2006). For 

mammalian embryonic development, autophagy is up-regulated after fertilization and 

inhibition of autophagy inhibits embryo development (Cougoule et al. 2006). In order to 

detect autophagy activity, LC3B is widely used as a marker for the autphagosome as its 

product LC3-I can be conjugated with phosphatidylethanolamine (PE) to become LC3-

II. Unlike LC3-I which localizes in the cytoplasm, LC3-II localizes both inside and 

outside the membrane of autophagosomes. This gives LC3-II a puncta pattern, showing 

the autophagosome (Piper et al. 2006). 

In mammalian cells, the actin cytoskeleton is dynamic and can be organized to mediate 

cell surface protrusion and invagination, thus assisting inward movement of vesicle as 

well as cell migration (Smythe and Ayscough 2006). The nutrient sensitive mTOR 

pathway core member mTORC2 complex regulates actin, connecting the actin network 

with the ambient nutrient status and it is rapamycin independent (Sarbassov et al. 2004). 

Therefore exploring the actin cytoskeleton could provide us with clues of the 

mechanism of stimulated endocytosis caused by Emb-LPD. One direct regulator of actin 

cytoskeleton is the Rho-GTPase family which includes RhoA, Rac1 and Cdc42. RhoA 
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stimulates actin polymerization directly and therefore regulates cell mobility and at the 

same time could regulate both Clathrin dependent and independent endocytosis 

(Qualmann and Mellor 2003, Young and Narita 2010). In the migrating cell, RhoA 

congregates at protrusion points of the cell generating tension (Pertz et al. 2006). 

In this study, we investigated the receptors that are related to endocytosis and signalling 

pathway contributing to enhanced endocytosis. Based on this, we were trying to find out 

the cellular mechanism that converting external signals to altering cellular functions and 

triggering compensatory growth. 

5.2 Materials and Methods 

5.2.1 Animals, diet treatment and embryo collecton 

Described in General Materials and Method section 2.1. 

5.2.2 Immunocytochemistry 

Antibodies used for immunolabelling were: mouse monoclonal to Megalin (Protein G 

purified, 1:500) (Meads and Wild, 1993), Clathrin (Cell Signaling P1663, 1:400), LC3 

autophagosome marker (Cell Signaling D11 X, 1:200), Rho A (Santa Cruz sc-418, 

1:100), Gata-6 (R&D Systems AF1700, 1:50) and Dab-2 (BD 610465, 1:1000), rabbit 

polyclonals to E-cadherin (generated in house to mouse E-cadherin GST fusion protein; 

1:250). 

Blastocysts from NPD and Emb-LPD mothers, either after or without endocytosis assay, 

were treated with acid Tyrode’s medium (Sigma) for 15–30 s to remove the zona 

pellucida, washed in H6+BSA and fixed in 4% paraformaldehyde in PBS for 20 min. 

For Megalin, Rho A and E-cadherin immunolabelling, blastocysts were permeabilised 

with 0.25% Triton X-100 (Sigma) in PBS for 15 min, washed in PBS and neutralised 

with 2.5 mg/ml NH4Cl in PBS for 10 min before primary antibody incubation in PBS 

containing 0.01% Tween 20 (Sigma; PBS-Tween) overnight at 4°C.  For Clathrin and 

LC3 immunolabelling, blastocysts were blocked and permeabilised with 5% fetal 

bovine serum (Sigma) in 0.3% Triton-X-100 in PBS before antibody incubation 

overnight in PBS containing 1% BSA and 0.3% Tween-20. Blastocysts were 

subsequently washed and incubated in anti-mouse Alexa 546 or anti-rabbit Alexa-488 
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(Invitrogen; 1:300) in PBS-Tween for 1 h at room temperature. Blastocysts were 

washed and stained  for actin by Texas Red®-X Phalloidin (Invitrogen, 1:100) and 

nuclei by DAPI (0.2 µg/ml) for 30 min in PBS-Tween as required.  Embryos were 

mounted onto slides with Citifluor or Vector-shield (H-10) and viewed with a Leica SP5 

confocal microscope.  Images were acquired by accumulation of z-series of whole or 

half embryos (~70 x 1 µm spaced xy-sections). 

EBs were fixed and processed for immunofluorescence analysis and confocal 

microscopy as for blastocysts. Additionally, Gata-6 and Dab-2 localisation in the EB 

outer layer was analysed in cryosections and examined using ABC staining to confirm 

primitive endoderm formation as described previously (Gomes et al., 2010). 

5.2.3 RNA Isolation and real-time PCR 

RNA isolation and qRT-PCR of embryos performed as described previously in section 

2.5.1. 8µl eluted RNA solution from single embryos were used for reverse transcription 

and 2µl RNA solution from same sample were used for no reverse transcriptase (-RT) 

control to eliminate genomic DNA by running real-time PCR with these -RT sample. 

Synthesized cDNA from each embryo were then diluted to at most 60 µl with DNase 

and RNase free water. Real-time PCR reaction were performed with 2xSybrGreen 

MasterMix [Primerdesign] with 10µl of diluted cDNA into total volume of 50 µl each 

reaction. Duplicates were done for each primer pairs. Primers were designed with Roche 

Applied Science Universal Probe Library Design Centre and were all intron spanning 

primers (listed below).   

Megalin sense ‘caatggaggatgcagccatatct’ antisense ‘gtgtggacactggcactcag’ 

Cubilin sense ‘gccatccagatgcaacct’ antisense ‘ggtgcagacaggcaacaag’ 

Tbp sense ‘gggagaatcatggaccagaa’ antisense ‘ gatgggaattccaggagtca’ 

Ppib sense ‘ttcttcataaccacagtcaagacc’ antisense ‘accttccgtaccacatccat’ 

Quantification was described in General Materials and Methods section 2.6.3. 
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5.2.4 Sex determination of Blastocysts 

Blastocysts were collected and frozen as described in section 2.6. After blastocyst was 

lysed in Dynabeads lysis buffer and RNAs were bound to Dynabeads, lysis buffer which 

contains genomic DNA was collected into eppendolf tube. DNA was extracted from one 

blastocyst by 430 µl 100% ethanol, 1 µl glycogen and 17 µl 3M sodium acetate 

overnight at -20°C. DNA was spun down at 4° for 15 mins at 10,000 rpm followed by 

washing with 70% ethanol once.  The DNA pellet was then dried at room temperature 

for 5 mins and suspended in 5 µl nuclease free water and proceeded to multiplex PCR. 

Multiplex PCR 

This method is adapted from Kundieda et al. (1992). Primers amplifying Sry and Zfy 

genes located in the Y chromosome sex determining region and DXNds3 locus in the X 

chromosome sex determining region were used. For amplification, two sets of primers, 

an outer and an inner set, were synthesized (Invitrogen). Inner primers were located 

within the sequence amplified by the outer primers. The sequence of the primers is 

listed below. 

PCR was performed with two steps. Reactions were prepared as described in section 

2.5. For the first round of PCR, 5 µl DNA solution was added to one reaction and was 

used with primers for Sry2, Zfy4, Zfy3, Nds4, Sry4 and Nds3. The second round of PCR 

was achieved by adding 5 µl of the first round product and using primers for SRY1, 

ZFY11, ZFY12, NDS1, SRY3 and NDS2. 
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Table 5.1 Primers used for sex determination PCR 

 

Primer Name 5’-3’ Sequence Accession No.s 

Sry1 gtgagaggcaccaagttggc  

Sry2 tcttaaactctgaagaagagac  

Sry3 ctctgtgtaggatcttcaatc         X55491.1     

Sry4 gtcttgcctgtatgtgatgg  

Zfy3 aagataagcttacataatcacatgga  

Zfy4 cctatgaaatccttttgctgcacatgt        AF074550.1 

Zfy11 gtaggaagaatctttctcatgctgg  

Zfy12 tttttgagtgctgatgggtgacgg  

Nds1 atgcttggccagtgtacatgag  

Nds2 tccggaaagcagccattggaga        AY039039.1 

Nds3 gagtgcctcatctatacttacag  

Nds4 tctagttcattgttgattagttgc  

 

 

 

5.2.5 Electrophoresis and western blotting 

Antibodies used for western blotting were: Megalin (Proteintech 19700 1-AP, 1:500), 

Clathrin (Cell Signaling P1663, 1:500), α-tubulin (Cell Signaling 2144, 1:500), LAMP1 

(Santa Cruz sc-19992, 1:100). 

Blastocysts were collected from diet-treated mothers at E3.5 and washed 3 times in H6 

containing 4 mg/ml polyvinylpyrrolidone (H6+PVP, Sigma), pooled into groups of 50 
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blastocysts before adding each group in minimal volume to 10 µl RIPA buffer (50 mM 

Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium 

deoxycholate, 1 mM Na3VO4, 50 mM NaF, cOmplete EDTA-free protease Inhibitor 

cocktail (Roche), 0.5 mM PMSF). 5 µl 4x SDS sample buffer and 2 µl DTT were added 

and boiled for 5 min. EBs were washed in PBS, lysed in RIPA and sonicated before 

adding sample buffer and boiling. Samples were run on 4-15% polyacrylamide gels 

(Bio-Rad). Proteins were transferred to polyvinylidene difluoride membranes and 

blocked in 5% milk in TBST followed by overnight primary antibody incubation at 4°C. 

Blots were subsequently washed in TBST before incubation in appropriate Odyssey 

fluorescent secondary antibody (Invitrogen,  1:10,000 in 5% milk in TSBT) and 

visualised and quantified using an Odyssey imaging system. EBs were processed for 

immunoblotting using identical methods. 

5.2.6 Fluorescent signal detection and data analysis 

Images from Leica SP5 confocal microscopy were analysed with VOLOCITY-3D 

quantification software (PerkinElmer). Immunofluorescence and endocytosis data were 

analysed by multi-level random effects regression model (SPSS) to take account of 

potential maternal-embryo hierarchical association. In vitro culture endocytosis assay, 

Western blot data and Real-time PCR data were analysed with student’s t-test or One-

way ANOVA between multiple groups followed by Tukey's posthoc test for pair-wise 

comparison. 

 

 

 

 

 

 

 

 



Chapter 5 

98 

5.3 Results 

5.3.1 Receptor mediated endocytosis  

To investigate if up-regulated BSA endocytosis shown following BSA-BODIPY 

incubation (Section 4.3.3) is induced by increased expression of receptor, Megalin was 

analyzed by immunocytochemistry using the half embryo scan method (Figure 5.1). 

Blastocysts were collected at E3.5 from Emb-LPD and NPD mothers and examined 

immediately by immunocytochemistry and confocal microscopy. Megalin was observed 

concentrated along the apical surface of TE cells and within vesicular structures in the 

apical cytoplasm (Figure 5.1 A).  The fluorescent intensity was quantified using 

VOLOCITY with the unit voxel which is the unit of pixel in 3D. The collective 

intensity of signal was divided by nuclei number to gain signal intensity per cell. The 

result showed increased Megalin intensity in Emb-LPD blastocysts (Figure 5.1 B). The 

distance of Megalin protein to nuclei was then measured and it showed a decrease in the 

distance of Megalin to nuclei in Emb-LPD blastocysts (Figure 5.1 C).  

Also, Megalin, like other receptors used in endocytosis enter cells with the help of 

Clathrin forming coated pits. Therefore Clathrin protein was also examined in 

blastocysts after maternal diet treatment. In Figure 5.2A, localization of Clathrin is 

shown mainly congregated under the TE cell membrane but also could be seen in the 

cytoplasm. Clathrin signal intensity was higher in Emb-LPD blastocysts (Figure 5.2 B).  
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Figure 5.1: Megalin immunostaining is increased in Emb-LPD blastocysts. (A) 

NPD and Emb-LPD blastocysts stained for Megalin (red) and nuclei (DAPI, blue). 
Higher magnification of TE layer is shown at bottom. Megalin is localised to apical TE 
surface and cytoplasm. Bar =  20 µm. (B) Megalin staining intensity (voxels) is 
increased in Emb-LPD blastocysts. (C) Megalin distribution is changed in Emb-LPD TE 
cells with mean distance to nucleus of vesicular-like staining reduced. Value were 
represented as mean±SEM. * P<0.05, N = 7 mothers and 25 blastocysts per treatment. 

A 



Chapter 5 

100 

 
 

 
Figure 5.2: Clathrin immunostaining is increased in Emb-LPD blastocysts. (A) 

NPD and Emb-LPD blastocysts stained for Clathrin (green) and nuclei (DAPI, red). 
Higher magnification of TE layer is shown at bottom. Clathrin is localised to apical TE 
surface and cytoplasm. Bar = 20 µm. (B) Clathrin staining intensity (voxels) is 
increased in Emb-LPD blastocysts. Value were represented as mean±SEM.* P<0.05 N 
= 5 mothers and 12 blastocysts per treatment. 

 

 

 

 

A 
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In a parallel study, Megalin expression was also examined in blastocysts by western 

blotting (Figure 5.3). 50 blastocysts were lysed and loaded for each lane from Emb-LPD 

and NPD diet groups. Western blotting showed significantly increased Megalin protein 

in Emb-LPD blastocysts but not so for Clathrin protein (Figure 5.3 B).   

                                                          

  

Figure 5.3: Megalin but not Clathrin expression is increased in Emb-LPD 

blastocysts. (A) Immunoblots of Clathrin, Megalin and control α-tubulin in NPD (N) 
and Emb-LPD (L) blastocysts. (B) Megalin but not Clathrin expression is increased in 
Emb-LPD blastocysts. Value were represented as mean±SEM. * P<0.05; 50 
blastocysts per sample, 3 repeats per treatment. 

 

To determine whether the increase in Megalin protein was regulated at the mRNA level, 

real-time quantitative PCR was performed on blastocyts and EBs for Megalin and 

Cubilin transcript expression.  

Because Emb-LPD  was reported to cause sex-dependent effect on offspring (Watkins et 

al., 2008) the sex of single blastocysts was also identified using PCR. In the absence of 

sex segregation, Megalin and Cubilin mRNA expression did not show significant 

differences between blastocyst diet treatments (Figure 5.4 A-B). However, when sex 

was determined, male blastocysts exhibited a significant increased level of Cubilin 

mRNA following Emb-LPD. 
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Figure 5.4: Relative mRNA levels of Megalin and Cubilin in blastocysts). (A) 

Megalin mRNA fold change in blastocysts normalized to ppib and tbp (NPD, n=13; 
Emb-LPD, n=14) (B) Cubilin mRNA fold change in blastocysts normalized to Ppib and 
Tbp (NPD, n=17; Emb-LPD, n=16). mRNA fold change in male blastocysts normalized 
to ppib and tbp (NPD, n=7; Emb-LPD, n=12). Value was presented as the mean ±SEM, 
*p<0.05.  

5.3.2 Autophagy activity in blastocysts 

Immunocytochemstry using the LC3 antibody was conducted on blastocysts from Emb-

LPD and NPD to investigate if autophagy activity was altered in blastocysts by maternal 

diet. In Figure 5.5, puncta were seen in blastocysts. Intensity of LC3 staining was 

analyzed as well as punta number to represent autophagesome number and volume. No 

significant difference of LC3 puncta number or intensity was observed between Emb-

LPD and NPD groups indicating gautophagy activity was not altered by maternal diet 

(Figure 5.5 B-C). 
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Figure 5.5: Emb-LPD and NPD blastocysts immunolabelled for LC3 marker for 

autophagosomes exhibit similar numbers and fluorescence intensity. (A) Emb-

LPD and NPD blastocysts either as accumulated z-series (left) or single mid-section 
image (right) and at higher magnification (bottom) following LC3 labelling showing 
punctate staining pattern. Scale Bar = 20 µm. (B, C) Number and fluorescence 
intensity of punctate labelled sites per cell is unchanged by diet treatment. N = 6 
mothers and 15-19 blastocysts per treatment. Values are presented as the mean 
±SEM. 
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5.3.3 Rho-GTPase and actin cytoskeleton contributes to Emb-LPD stimulated 

endocytosis 

Blastocysts were collected at E3.5 from Emb-LPD and NPD mothers. Embryos were 

incubated in 0.5 mg/ml FD KSOM medium for 1 hour and then immunolabelled with 

RhoA and actin. The top layer of cells were scanned at fine setting (z = 0.15µm) and 

images were analysed with Volocity. In Emb-LPD, FD volume per cell was shown to be 

increased and RhoA and actin fluorescence intensity in single TE cells was higher in the 

Emb-LPD group indicating more RhoA and actin. However, the mean distance of RhoA 

to nuclei was not altered between diet groups.  
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Figure 5.6: Emb-LPD blastocysts exhibit increased FITC-dextran endocytosis 

coinciding with increased Rho A and actin immunolabelling. (A) Top: Emb-LPD 

(left) and NPD (right) blastocysts co-labelled for FITC-dextran (FD, green), Rho A 
(blue), actin (red) and nuclei (DAPI, white). Rho A localises as a ring of punctate 
staining at the apical surface of TE cells while actin is found mainly at cell borders. 
Bottom: FD staining is diminished by culture in C3 transferase inhibitor of Rho A. Bar = 
20 µm. (B) FITC-dextran collective volume per TE cell is increased in Emb-LPD 
blastocysts. (C) Rho A and actin staining is increased in Emb-LPD blastocysts. * 
P<0.05; # P<0.1; N = 5-7 mothers and 18-21 blastocysts per treatment. 
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5.3.4 Rho-GTPase plays a key role in upregulating endocytosis in Emb-LPD 

Whilst actin and RhoA protein levels appeared upregulated in response to Emb-LPD, 

whether it was functionally involved in stimulating endocytosis was unknown. Rho-

GTPase activity was therefore inhibited by exoenzyme C3 transferase from Clostridium 

botulinum which modifies the ADP-ribosylation site in Rho-GTPase therefore inhibiting 

its activity. C3 transferase specifically inhibits Rho A, B and C activity (Wilde and 

Aktories, 2001).  By inhibiting Rho-GTPase, the effect of Rho-GTPase on endocytosis 

in Emb-LPD was investigated.  

First optimiztion was achieved with different concentrations of C3 transferase using 

CT04 [cytoskeleton] which is C3 transferase covalently attachs to proprietary cell 

penetrating moeity permitting its transport into cells. Different concentrations of CT04 

were tried with different concentrations of BSA in KSOM due to a potential inhibitory 

effect of BSA to C3 (Figure 5.7 B).  I found 8 µg/ml C3 in KSOM with 0.5 mg/ml BSA 

effectivly inhibited RhoA activity in blastocysts shown by inhibition of FD endocytosis. 

Embryos incubated with 8 µg/ml CT04 in KSOM (0.5 mg/ml BSA) for 2 hours were 

observed to collapse the blastocyst cavity due to the loss of actin fibres (Figure 5.7 A).  
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Figure 5.7: C3 transferase optimization. (a) Blastocyst cavity collapse after 2 hour 8 
µg/ml C3 transferase inhibition. Scale bar = 200 µm (b) Different concentrations of 
CT04 (C3) in KSOM with different concentrations of BSA for 2 hours followed by 5 
mg/ml FD incubation for 1 hour. (A) 1 µg/ml CT04 for 1 hour. (B) 2 µg/ml CT04 in 
KSOM with 4 mg/ml BSA (C) 4 µg/ml CT04 in KSOM with 4 mg/ml BSA (D) No C3 
inhibition control (E) 2 µg/ml CT04 in KSOM contains 0.5 mg/ml BSA (F) 4 µg/ml CT04 
in KSOM containing 0.5 mg/ml BSA (G) 8 µg/ml CT04 in KSOM containing 0.5 mg/ml 
BSA (H) Embryos without C3 but incubated in FD at 4°C. Scale Bar = 20 µm. 

 

 

a 

1µg/ml  C3  4mg/ml BSA 2µg/ml  C3  4mg/ml BSA 4µg/ml  C3  4mg/ml BSA 
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Blastocysts were collected from Emb-LPD and NPD mice and incubated with 8 µg/ml 

C3 in KSOM (0.5 mg/ml BSA) for 2 hours before transfer to 5 mg/ml FD KSOM and 

incubated for 1 hour. After inhibition, fluid phase endocytosis was quantified and 

compared between Emb-LPD and NPD groups by FD collective vesicle volume per cell 

(Figure 5.9). After C3 inhibition, FD uptake was reduced by 70% from Emb-LPD group 

and 40% from NPD group resulting in FD endocytosis being the same in both groups. 

FD collective volume was significantly reduced due to C3 transferase inhibition. To 

eliminate the possible maternal effect, another experiment was performed with embryos 

collected from one mother and divided into control or C3 treated (Figure 5.8 C).  Three 

parallel experiments were performed with 3 mice from each diet.   The results 

reproduced the same effect as in Figure 5.8 B. Therefore the result is reproducible and 

not caused by different individual factors.  
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Figure 5.8: Emb-LPD blastocysts exhibit increased FITC-dextran endocytosis 
coinciding with increased RhoA and actin immunolabelling; inhibition of RhoA 

reverses this increase.  (A) FITC-dextran collective volume per TE cell is increased in 
Emb-LPD blastocysts. (C) Rho A and actin staining is increased in Emb-LPD 
blastocysts. * P<0.05; # P<0.1; N = 5-7 mothers and 18-21 blastocysts per treatment. 
(B) Endocytosed FD collective volume per TE cell is diminished by C3 transferase to 
equivalent levels in Emb-LPD and NPD TE cells; N = 7-8 mothers and 40-48 
blastocysts per treatment.  (C) Repeat experiment of (B) with inhibition experiments 
performed with blastocysts derived from same mother (3 mothers, 9 blastocysts). Value 
represented as mean ±SEM * P<0.05. 

 

 



Chapter 5 

110 

5.4 Discussion 

5.4.1 Receptor mediated endocytosis was stimulated in Emb-LPD by up-regulation 

of  Megalin receptor 

With endocytosis assay of blastocysts, we have discovered Emb-LPD could enhance 

albumin uptake shown by BSA-BODIPY uptake. Albumin is normally endocytosed by 

Megalin-Cubilin complex (Section 5.1). These two proteins are usually expressed 

together and the internalization of Cubilin depends on Megalin. Therefore, albumin can 

be taken up and degraded through the Megalin-mediated pathway after the 32-cell stage 

embryo. The expression of Megalin is upregulated in the blastocyst stage in the TE of 

the early blastocyst (Verroust and Christensen 2002). The subcellular distribution of 

Megalin following internalization via Clathrin coated pits is in the early endosome and 

then it passes into pericentriolar recycling endosomes. The immunocytochemistry 

analysis of Megalin in blastocysts showed mainly majority of Megalin congregate on 

membrane or slightly under. Megalin usually binds the intracellular protein ARH 

(autosomal recessive hypercholesterolemia protein or RAP), an exocytic traffic 

chaperon, inhibiting ligands binding to Megalin, necessary for Megalin function and 

distribution (Czekay et al. 1997) (Figure 5.10). This has been shown in kidney proximal 

tubule cells (Baines and Brunskill 2011).  
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Figure 5.9: Diagram of Megalin and Cubilin complex and adaptors (Saito et al. 

2005). 

 

Watkins et al (2008) demonstrated Megalin protein level was up-regulated in visceral 

yolk sac together with increased endocytic vesicles in maternal Emb-LPD. 

Immunocytochemistry with the half embryo method showed more Megalin protein 

appeared in TE of Emb-LPD than NPD blastocysts (Watkins et al. 2008a). At the same 

time, we observed that localization of Megalin was closer to nuclei in the Emb-LPD 

group.  A larger quantity of Megalin receptor could be the cause of stimulated BSA 

uptake. Maurer and Cooper (2005) reported in mouse visceral yolk sac, if Megalin 

adaptor Dab2 was knocked out, Megalin stayed in the apical cytoplasm indicating 

inactive endocytosis function of this receptor. Therefore, Megalin could be more active 

in Emb-LPD TE (Maurer and Cooper 2005).  

Megalin has been extensively studied in renal tubule cells. Overload of albumin was 

found to reduce Megalin levels in cells (Caruso-Neves et al. 2006).  Regulation of 

Megalin mRNA expression has been shown by its promoter methylation and PPAR 

binding (Marzolo and Farfan 2011). Two related signalling pathways, angiotensin II 

type 1 receptor (AT1R) and TNFα mediated ERK1/2, were found to suppress Megalin 

mRNA expression in proximal tubule cells. IRS/PI3K signaling was also shown to 

upregulate Megalin expression (De Sousa-Coelho et al. 2012, Dehennaut et al. 2012).  
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However, with real-time PCR experiments, Megalin mRNA was not shown to be 

different in either blastocysts or EBs in the Emb-LPD and NPD groups. However, 

Cubilin mRNA was increased in male blastocyst Emb-LPD group. Megalin and Cubilin 

form complex which function as endocytosis receptor. In the Cubilin or Megalin knock-

out experiment, either Cubilin or Megalin knock-out lead to deprived albumin uptake in 

kidney proximal tubule cells (Strakovsky et al. 2010). Therefore, the function of 

Megalin Cubilin complex can only be complete when both of them appear. The 

biogenesis of Megalin and Cubilin has been studied in VYS. It usually takes 90 minutes 

for Megalin and several hours for Cubilin to reach the plasma membrane. This is 

because for Cubilin, it has to go through immature exposure to cellular membrane and 

then further processed by being recycled once (Moestrup and Verroust 2001).  

Therefore, Cubilin could be a rate limiting factor in Megalin activity and more Cubilin 

could further facilitate Megalin endocytosis.  As Megalin mRNA was not increased in 

Emb-LPD blastocysts, it indicates it can only be regulated at the protein level. The 

translational level of Megalin expression has not been well studied but can be related to 

mTOR or AAR pathways as they regulate translation (Section 1.5).  How the 

suppressed mTOR signalling following Emb-LPD may be related with Megalin protein 

distribution and abundance awaits further study.  

Apart from their function involving nutrients, Megalin and cubilin may also deliver 

signals into cells. Megalin can bind a variety of ligands including vitamins, lipids, 

hormones and minerals, and the cytoplasmic tail of Megalin has three Src-homology 

binding regions, three proteinase kinase C phosphorylation sites, seven casein kinase 2 

sites and three ψXNPXY which bind adaptor protein to facilitate clustering into coated 

pits (Moestrup and Verroust 2001). There is a chance that disabled protein-2 (Dab2) 

which is an adaptor protein could be involved in the signal transduction through binding 

the cytoplasmic tail of Megalin (Oleinikov et al. 2000). Up to now, Megalin knock out 

experiments show that it is involved in sonic hedgehog (SHH) and the bone 

morphogenetic protein 4 (BMP4) pathways (Spoelgen et al. 2005).   

The expression and distribution of Megalin affects the endocytic function in embryos 

and different organs in the body. Megalin is closely related to a lot of diseases as it 

plays an important role in the kidney. A compromised Megalin expression pattern will 

cause absorption problems for many different organs thus leading to many diseases 

including hypertension, diabetes, obesity and Dent’s disease which is caused by renal 
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tubular dysfunction and Alzheimer’s disease (Watanabe 2004, Zid et al. 2009, Marzolo 

and Farfan 2011). In spite of this, Megalin is found to mediate lysosome biogenesis 

whose deficiency leads to diabetes (Hosojima et al. 2009). As more and more reports 

appear to fit into the symptoms observed in maternal LPD offspring, the change in 

Megalin expression in embryos and different organs may reveal a causal role in 

DOHaD-related disease. 

5.4.2 Clathrin, autophagy and lysosomes 

Clathrin plays an important role in endocytosis in a variety of tissues. Endocytosis starts 

with Clathrin proteins assembling under the cell membrane forming a lattice structure. 

Then with the assistance of the adaptor protein, dynamin and accessory proteins, the 

membrane invaginates and the Clathrin coated vesicle (CCV) forms and separates from 

the membrane.  These adaptors and accessory proteins bind protein or lipid in the 

membrane. There are three types of protein adaptors. The first class of adaptor, APs and 

GGAs, recognize a short sequence motif in the cytoplasmic protein of cargo.  The 

second type is ubiquitin adaptors which direct cargo to be degraded through the 

lysosome pathway by forming multivesicular bodies that become degraded in the 

lysosome. Another is the cargo specific adaptor which can only recognize one protein 

cargo; for example, β-arrestins 1 and 2 bind 7-transmembrane helix G-protein coupled 

receptor (GPCRs) and Dab2 and ARH specifically binds LDL receptors (Owen et al. 

2004). Accessory proteins act differently in assisting Clathrin coated pit formation. 

CALM, epin1 and SNX9 bind receptor, Eps15 and SNX9, endophilin sense lipid 

curvature and Hip1R, SNX9 intersectin connect CCV with actin cytoskeleton (Mettlen 

et al. 2009).  Dynamin is a GTPase which especially helps Clathrin to assemble and to 

assist formation of a CCV (Mettlen et al. 2010). The cellar functions of Clathrin are 

internalizing material into cells, trans-Golgi protein tracfficking, stabilising spindle 

fibres during mitosis and sampling the cell’s environment for growth and guidance cues 

(Harvey et al. 2001, Royle 2006).  

Stimulated endocytosis has been revealed in the extraembryonic lineage in Emb-LPD in 

Chaptor 5. It is possible that Clathrin as a pivotal protein to form coated pits and 

invaginate vesicles containing ligand and receptors may change expression to 

accommodate stimulated endocytosis in Emb-LPD group. In embryos, Clathrin was 

observed in all stage of mammalian embryos during development. Before the 8-cell 
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stage, Clathrin is distributed throughout the cell while it congregates into the apical 

cytoplasmic region indicating epithelium formation as well as cell polarity (Fleming and 

Pickering 1985, Maro et al. 1985). Also, Chetrit et al. (2009) reported knockdown of 

Clathrin significantly reduces Hela cell spreading area while over expression of Dab2, 

generated increased Clathrin assembly and enhanced Cos cell spreading (Chetrit et al. 

2009). Eckert et al. (2012) described blastocyst trophoblast cells had enhanced 

spreading ability after maternal Emb-LPD exposure. Therefore, the aim of this 

experiment was to see if Clathrin protein was altered by Emb-LPD and could relate data 

of TE cell migration and stimulated endocytosis (Eckert et al. 2012).   

From immunocytochemistry and western blotting, the result was controversial as only 

immunocytochemistry indicated a significant increase in Clathrin protein in Emb-LPD 

blastocysts. In western blotting experiments, there was only a slight increase but not 

significant in Clathrin shown by both blastocysts and EB samples from Emb-LPD 

group. So, it is not conclusive to say Clathrin is increased. The increased endocytosis of 

BSA could be caused by faster Clathrin coating and uncoating rate rather than the 

amount of Clathrin. The other explanation could be the gender dependent effect as it has 

been reported that female and male offspring born from maternal low protein diet have 

different phenotype (Watkins and Fleming 2009). Therefore, the difference between 

Clathrin western blotting and immunocytochemistry result could be caused by different 

proportion of male and female embryos present in each experiment.  As the gender of 

blastocysts was not identified, maybe the difference of Clathrin expression between 

Emb-LPD and NPD diet groups is larger in one gender group than the other. Therefore 

it is likely that in the immunocytochemistry experiment a larger proportion of embryos 

from one gender were present resulting in difference between Clathrin signal intensities 

whilst in the western blotting experiment, more embryos from the other gender were 

contributing to the less increase of protein seen in the Clathrin expression in Emb-LPD 

group.  

According to Eckert et al. (2012), phosphorylation of downstream target S6 ribosomal 

protein in blastocysts from Emb-LPD group is suppressed suggesting reduced mTORC1 

signaling in Emb-LPD blastocysts (Eckert et al. 2012).  Branched chain amino acids 

(BCAAs), especially leucine, can regulate mTOCRC1 activity. BCAAs are transported 

into the cell through system L amino acid transporter LAT1 which is coupled with Na
+
 

dependent system A transporter SNAT2.  SNAT2 transports glutamine into cytoplasm 
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while LAT1 exchanges it with leucine influx (Dodd and Tee 2012). It is clear that 

sufficient amino acids will activate mTORC1 and more recently an amino acid deficient 

environment was shown to supress mTORC1 (Efeyan et al. 2012). The relationship of 

amino acid and mTORC1 activity is still under investigation. Some studies claim Rag 

GTPases as activators of TORC1 through raptor in response to amino acid (Kim et al. 

2008, Sancak et al. 2008). The SNAT2 transporter can also act as amino acid sensor and 

was reported to modulate PI3K activity which is also regulated by the insulin receptor 

sending signal to regulate mTOR pathway (Evans et al. 2008). The amino acid sensing 

and relationship with mTORC1 pathway is complicated especially when insulin is 

considered. However, mTORC1 pathway regulation of autophagy was known for a long 

time. The mechanism involves both translation and transcription level expression. 

Suppressed mTORC1 activity was reported to prevent serine/threonine kinase ULK1 

ubiquitylation therefore activate down-stream beclin-1-Vps34-AMBRA1 complexes to 

induce autophagy (Nazio et al. 2013). At the transcription level, inhibited mTORC1 

releases transcription factor EB (TFEB) from the YWHA (14-3-3) family of protein 

allowing it to activate transcription of genes participating in autophagosome and 

lysosome functions (Martina et al. 2012). TFEB could link autophagy and lysosome 

biogenesis to coordinate cellular nutritional regulation (Settembre et al. 2011).  The 

more active autophagy usually associates with larger lysosome than basal level of 

autophage. In Chapter 4, increased volume of lysosomes was seen in blastocyst TE. 

Also, reduced BCAA culture from 2-cell to blastocyst was found to induce stimulated 

fluid phase endocytosis. 

In this experiment, the LC3 puncta representing autophagosomes were measured by 

volume and number but no changes were found between diet groups. Although, BCAAs 

were reduced in Emb-LPD maternal uterine fluid and insulin was also possibly reduced 

and mTORC1 pathway was reported to be inactivated, autophagy was not activated. 

This is likely due to interaction between amino acid and insulin signalling as low 

concentration of amino acid could increase insulin receptor activity and the autophagy 

process is not necessary coupled with mTOCR1 activity (Mizushima 2007). In different 

tissues, amino acids or insulin have different effects on the mTOCR1 pathway (Nazio et 

al. 2013).  
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5.4.3 RhoA-Actin interaction and endocytosis 

In mammalian cells, the dynamic actin cytoskeleton can be organized to mediate cell 

surface protrusion and invagination; thus, assist inward movement of vesicles as well as 

cell migration (Smythe and Ayscough 2006). Nutrient sensitive mTOR pathway core 

member mTORC2 complex regulates actin, connecting the actin network with ambient 

nutrient status (Sarbassov et al. 2004).  It was reported mTORC2 like mTORC1 could 

be activated by amino acids (Tato et al. 2011). Therefore exploring the actin 

cytoskeleton could provide us with clues of the mechanism of stimulated endocytosis 

caused by Emb-LPD. One direct regulator of actin cytoskeleton is the Rho-GTPase 

family which includes Rho A, B , C, Rac1, and cdc42. It shuttles between GDP-bound 

state and GTP-bound state. RhoA stimulates actin polymerization through activating 

ROCK and therefore regulates cell mobility and, at the same time, could regulate both 

Clathrin dependent and independent endocytosis (Qualmann and Mellor 2003, Young 

and Narita 2010). Rho-GTPase interaction with actin regulates a range of cellular 

activities: migration, adhesion, endocytosis and even differentiation. For actin 

organization, RhoA downstream effector protein ROCK (Rho-associated coiled-coil-

containing protein kinase) and mDia coordinate to nucleate actin polymerization and 

activate myosin cross-linkage (Narumiya et al. 2009).    

Clathrin dependent and independent endocytosis use different cellular mechanisms but 

both need actin assistance (Figure 5.10). In the current experiments, fluid phase 

endocytosis was enhanced in Emb-LPD blastocysts represented by more FITC-dextran 

volume per TE cell. At the same time, RhoA and actin staining was shown to have a 

higher intensity in TE cells.  RhoA localized predominantly in cytoplasm but also at the 

cell membrane. When it is activated it assembles under the membrane (Benink and 

Bement 2005).  Although the RhoA expression intensity was higher in Emb-LPD, the 

mean distance of RhoA to the nucleus did not change. Therefore we cannot confirm if it 

is the activation of RhoA that induced enhanced endocytosis.  
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Figure 5.10: Diagram showing proposed sites of actin and Rho GTPase in 

internalization of endocytic veiscles (Qualmann and mellor, 2003). 

 

The effects of RhoA activation on Clathrin dependent and independent endocytosis are 

different. For Clathrin independent endocytosis, actin assembles under the membrane 

and pulls the membrane into the cytoplasm forming vesicles (Qualmann and Mellor 

2003) (Figure 5.10). For Clathrin independent endocytosis, inhibition of RhoA caused a 

decrease of macropinocytosis and its activation is required for pinocytosis (Khandelwal 

et al. 2010, Iversen et al. 2012). I inhibited RhoA with C3 transferase in mouse 

blastocyst to stop its GTPase activity and the inhibition significantly reduced 

pinocytosis of TE of both Emb-LPD and NPD blastocysts. After inhibition, pinocytosis 

was shown to be similar between these two diet groups. Therefore, this indicates RhoA 

activity might play a key role in Emb-LPD induced stimulation of endocytosis. It has 

been reported in the cell culture study, the longer cells were starved the greater 

mTORC2 activation cells will have when amino acids were added back to culture 

medium (Tato et al. 2011). In our study, blastocysts were collected and assayed in 

KSOM supplemented with FITC-dextran for 1 hour. Emb-LPD blastocysts were 

exposed to BcAA deficient environment, however, after they being collected collected 

they were cultured in amino acid sufficient medium. Therefore, according to Tato 

(2011) study, we suspect mTORC2 activity in Emb-LPD blastocyst cells could be 

stimulated while the blastocyts from NPD group did not have this effect on mTORC2. 

However, due to limitation of cells numbers from each embryo, RhoA activity assay 

which requires relatively larger number of cells cannot be done. Currently, our 

understanding is higher RhoA activity in Emb-LPD blastocysts could possibly be the 

mechanism of how TE cells establish compensatory mechanism for poor nutrient 
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environment.  How RhoA activity was related to mTORC2 in this Emb-LPD model is 

still vague and needs to be studied further. 

In Clathrin dependent endocytosis, F-actin was reported to bind the adaptor proteins 

which were connected to the receptor or attached to the Clathrin coat. Therefore it can 

facilitate vesicle invagination and trafficking (Apodaca 2001, Smythe and Ayscough 

2006). In Chapter 4, we have observed enhanced BSA uptake by Emb-LPD TE cells 

which is Cathrin dependent and we found enhance activity of RhoA could be resulted 

from Emb-LPD. However, the activity of RhoA and its regulation of Clathrin dependent 

endocytosis is controversial and this regulation is cell type dependent. RhoA inhibition 

was reported to stimulate Clathrin dependent endocytosis while consecutive active 

RhoA will supress it (Hrboticky et al. 2002). In MDCK cells, expression of a 

constitutively active mutant of RhoA stimulates both apical and basolateral endocytosis, 

while a dominant negative mutant of RhoA impairs endocytosis (Leung et al. 1999). 

Consecutive active RhoA was observed to produce more F-actin forming a molecular 

fence below the membrane, thus stopping Clathrin coated pit invagination into cells 

(Apodaca 2001). Therefore, it is the dynamic turnover of actin that can facilitate 

Clathrin endocytosis rather than actin stability. In our study, we showed Emb-LPD 

enhanced RhoA activity and enhaced pinocytosis. At the same time, we also observed 

increased Clathrin dependent endocytosis of albumin. It could be that RhoA activity as 

well as turnover is both enhanced in Emb-LPD or Clathrin dependent endocytosis were 

stimulated through another pathway. As the role of RhoA in Clathrin dependent 

endocytosis is still under study, the question of if RhoA also played a role in stimulating 

increased Clathrin dependent endocytosis still needs to be studie.
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Chapter 6 Emb-LPD affects Embryoid Body Primitive 

Endoderm endocytosis 

6.1 Introduction 

When ES cell differentiation inhibitors are withdrawn, ES cells will differentiate into a 

sphere structure called the embryoid body (EB).  Its development in vitro recapitulates 

embryo development in vivo. EB formation is now widely used as a model to study 

embryo early development (Doetschman et al. 1985). In the differentiation process, EBs 

will have both extraembryonic endoderm on the outside of the sphere and ectoderm-like 

cells internally. Then, extraembryonic endoderm will differentiate into a visceral yolk 

sac (VYS) structure and inside will differentiate into endoderm, mesoderm and 

ectoderm, three germ cell lineages (Kurosawa 2007). During the formation of the 

embryoid body (EB), after ES cells aggregate into a sphere -shaped structure, a morula-

like structure is formed in 2-4 days. This morula-like EB is named simple EB (Koike et 

al. 2007). A central cavity appears in the EB after 4-5 days in suspension. The EB 

develops an outer layer of primitive endoderm that envelops cells inside which mimics 

primitive ectoderm (Leahy et al. 1999). This stage is like the blastula or egg cylinder 

stage in vivo. In 8-10 days, the EB expands into a larger and a more complex VYS-like 

structure. As VYS is important for nutrient transport between mother and embryo, its 

nutrient transport capability determines the nutrient environment of embryos and this 

function was found to be altered by Emb-LPD (Section 1.4.2). Therefore, by studying 

the PE lineage in EBs, we can understand further how this reprogramming of 

endocytosis happens. 

Gata4 and Gata6 genes are lineage-specific transcription factors of extra-embryonic 

endoderm (XEN) lineage which differentiates from primitive endoderm to VYS 

(Rossant and Hirashima 2003). Gata4 and Gata6 protein could bind to the GATA 

binding site of the gene promoter regulating gene expression. They were reported to be 

crucial for a variety of tissue differentiation events and especially for cardiomyocyte 

differentiation. Abnormal expression of Gata4 and Gata6 would result in cardiomyocyte 

hypotrophy or acardia (Liang et al. 2001, Zhao et al. 2008).  
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In the present study, we employed a well-established model to detect the effect of 

maternal protein restriction during the mouse embryo pre-implantation period. We 

explored the phenotype and XEN lineage-specific transcription factor Gata4 and Gata6 

of EBs which were differentiated from embryonic stem cells. 

 

6.2 Materials and Methods 

6.2.1 ES cell culture and embryoid body (EB) formation 

Mouse embryonic stem (ES) cell lines were prepared using standard procedures from 

blastocysts derived from mothers fed NPD (cell line 15, 8, 21, 36, 48, 51) or Emb-LPD 

(Cell line 1, 2, 4, 12, 24, 40). ES cells were maintained in knockout-Dulbecco’s 

modified Eagle’s medium [high glucose] (Knockout- DMEM [high glucose], Gibco) 

supplemented with 20% knock out serum replacement (Gibco), 1 mM sodium pyruvate 

(Gibco), non-essential amino acids (Gibco), 0.1 mM 2-mercaptoethanol (Sigma), 2 mM 

glutamine, penicillin [50 U/ml] /streptomycin [50 µg/ml] (Gibco) and 1000 U/ml 

leukaemia inhibitory factor (LIF) on 0.1% gelatin-coated dish with feeder layer cells at 

37°C in humidified air with 5% CO2. STO fibroblasts treated with 10 µg/ml mitomycin 

C (Sigma) were used as feeder layer. For embryoid body (EB) formation, ES cells were 

dissociated with 0.05% trypsin-EDTA (Gibco) and suspended in ES cell culture 

medium without LIF supplementation for 1 h on gelatin-treated dishes. A cell 

suspension (4,000 in 200 µl) was subsequently pipetted into low-adherence 96-well 

plates (Corning) and statically incubated at 37°C in humidified air with 5% CO2 for 5.5 

days to form EBs. 

Suspension culture: resuspended ES cells were poured back into the Petri dish and 

cultured at 37°C for 30 minutes. The Petri dish was tilted gently and medium with ES 

cells in it was transferred into bacterial culture dish cultured in the same medium with 

MEF culture medium (Section 2.5.1) in a relatively high concentration. 

96-well plate culture: The ES cells were suspended in EB culture medium (ES medium 

without LIF) and counted using a haemocytometer. Then the suspension was diluted to 

4,000 cells per 200 µl and seeded into 96-well plate (Corning, ultra-low adherent 96-

well plate).  EBs were collected and pooled in an Eppendorf tube. Medium was 
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removed and EBs were washed twice with PBS.  Samples could then be snap frozen 

then stored in -80°C freezer.  

6.2.2 EB embedding and cryosectioning 

After PBS wash, 10%, 20% and 30% sucrose solution were added into the tube one by 

one and incubated for 30 min for each concentration. EBs were then transferred into a 

small embedding mould and sucrose solution removed by filter paper. Then OCT 

Embedding Compound was added into the mould carefully in order not to resuspend the 

EBs and the mould put onto dry ice to freeze and then stored in -80C freezer.  

6.2.3 EB endocytosis assay 

Day 5.5 EBs were assayed for endocytosis by culture in EB medium comprising BSA-

BODIPY (0.5 mg/ml; Invitrogen) and Lyso-Tracker (100 nM Invitrogen) for 1 hour. 

They were fixed with 4% PFA for 20 minutes and washed with PBS-T. Nuclei were 

stained by DAPI (0.2 µg/ml) for 30 min in PBS-Tween as required.  Embryos were 

mounted into the cavity of a chamber (a slide with a hole punched in the middle and 

sealed at one side with cover slip) with Citifluor. Images from confocal microscopy 

were analysed with VOLOCITY-3D quantification software (PerkinElmer).  

6.2.4 Western blotting 

100 EBs on day 5.5 were washed with PBS and lysed with 120 µl RIPA buffer (50 mM 

Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium 

deoxycholate, 1 mM Na3VO4, 50 mM NaF, cOmplete EDTA-free protease Inhibitor 

cocktail (Roche), 0.5 mM PMSF). Lysate was sonicated on ice. BCA (Pierce) assay was 

used to detect protein content. 20 µl protein were mixed with 4x SDS sample buffer and 

DTT and boiled for 5 min before electrophoresis. After electrophoresis, protein was 

transferred to polyvinylidene fluoride membrane (0.45 µm) using wet transfer protocol. 

This was followed by blocking with 5% milk in TBS and incubation with primary 

antibody overnight at 4°C. The next day membrane was washed with TBST and 

incubated with IRDye secondary antibody (Odyssey) (1:10,000) for 1 hour, washed and 

imaged with Licor western detection system. Band intensity was quantified with Licor 

software. Antibodies used are listed below: Gata-6 (R&D Systems AF1700, 1:100), 

Dab-2 (BD 610465, 1:1000). Each WB experiment was performed as duplicate. 
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6.2.5 EB size measurement 

Single EB photographs were taken using an Olympus [szx10] microscope. Then EB size 

(measured with diameter) was measured with Olympus microscope software and Cell 

sense®.  

6.2.6 Statistical testing 

Statistical analysis was performed in SPSS. Mean expression value of western blotting 

and Real-time PCR data were compared between dietary treatment using a student’s t-

test for EBs as well as single blastocysts.  One-way ANOVA followed by Tukey’s posthoc 

test was used for western blotting data from E17 VYS between 3 maternal diet groups.  
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6.3 Results 

6.3.1 EB culture and differentiation  

First, suspension culture using bacteria culture dish was tried in order to achieve EB 

formation. The EBs formed by spontaneous aggregation of ES cells from day 1 

onwards. Day by day, the aggregation of cells increases in volume with some dark 

regions appearing in the centre of the forming EB up to day 5; this region contains dead 

cells where a central cavity forms (Kurosawa 2007). However, in suspension culture, 

the size and growth of EBs varied considerably and even the shape of EBs was not 

spherical (Figure 6.1 A). For my study, the aim was to obtain uniform sized EBs at 

different days. In Figure 6.1 B, EBs were cultured in Corning Ultura low adherent 96-

well plates from 4000 ES cells/well. In each well, single EBs formed and grew into a 

round shape. For the same ES cell line, the diameter of EBs was very similar observed 

by eye using this method.   

In embryogenesis, PE (primitive endoderm) and EPI (epiblast) cell lineages will be 

segregated in the E4.5 embryo. In mouse and human embryonic development, Gata6 

has  an indispensable role in endoderm and extra-embryonic endoderm differentiation 

and is first detected before implantation in blastocyst cells. This segregation starts with 

Gata6 expression being up-regulated in the cells that are located at the blastocoel 

surface of the ICM. It is suggested that both Gata6 expression and positional signals 

contribute to the accumulation of PE cells at the surface (Rossant et al., 2009). Gata6 (-

/-) embryos failed to gastrulate and died before implantation due to a lack of 

differentiation (Koutsourakis et al., 1999). GATA-6 is a regulatory factor upstream of 

several signalling pathways and acts as a chief switch for the later development of extra-

embryonic endoderm (XEN) lineage. 
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Figure 6.1: Comparison between different EB culture methods. (A) EBs formed at 
different days using suspension culture. (B) EBs formed in 96-well plates on different 
days (left) and EBs on the same days (right) (scale bar=200µm). 
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Figure 6.2: Identifying Gata6 and Dab2 protein in EBs by western blotting and 

immunohistochemistry. (A) Gata6 western blot. Top From left to right, EBs from day 

5-12 and F9 cells from day 7-12 (15 µg protein loaded per lane); mouse heart as 
positive control on right. The arrow indicates the correct 59 kDa bands for Gata6. 
Below Immunohistochemistry of EB sections with Gata6 antibody on day 4 EB section. 
The left side is control group with no primary antibody (x20) and right picture shows 
Gata6 antibody stained section (x40). Positive GATA6 staining was shown by arrow. 
(B) Top western blot of Dab2 in EBs at different days (15 µg protein per lane) A 
positive band is evident at 96 kDa. Left lane: molecular weight markers. Below 
Immunohistochemistry staining using antibody for Dab2 (indicated by arrow) on day 4 
EBs right and no primary antibody control section on left. 
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Mouse Gata6 protein has two isoforms with the molecular weight: 59.3 and 47.7 kDa. 

The two isoforms are formed by differential initiation leading to 1-147 amino acids 

missing in isoform two (Brewer et al. 1999). It is the long isoform of Gata6 that is the 

more dominant player in cardiogenesis (Peterkin et al. 2003). Therefore, in the 

following study we focused on the long isoform of Gata6. Western blotting and 

immunohistochemistry were used to identify XEN in EBs. In Western blotting, a 

detectable amount of Gata6 was evident from day 5 EBs formed from ES cells. On the 

same gel, F9 EBs protein lysate which were derived from F9 cells and mouse heart 

protein lysate were both loaded as a positive control. As shown in Figure 6.2 A, at 

around 50-60 kDa marker, Gata6 protein bands can be seen in EBs as well as heart and 

F9 EBs. Immunohistochemistry was used to see whether the correct location of Gata-6 

could be confirmed. In Figure 6.2 A, the peripheral cell layer around the EB was stained 

as GATA-6 positive cells and this is the right localization of Gata6 positive cells (Wang 

et al. 2011). In conclusion, Gata6 positive XEN lineage could be identified from day 4 

EBs and in order to get a detectable amount of Gata6 in western blotting, day 5.5 EBs 

were chosen for the following study of EB XEN differentiation. 

Dab2 is a downstream response gene from GATA6 and was also used to investigate EB 

differentiation. The tumor suppressor gene Dab2 is a phosphoprotein which has an N-

terminal disable-like domain and a C-terminal proline-rich SH3 binding domain and can 

inhibit cell growth through the MAP signalling pathway by competing in ERK binding 

(Zhou and Hsieh 2001). DAB2 has two isoforms 96 kDa and 67 kDa. 96 kDa Dab2 is 

predominant in adult tissue and is required for endocytosis therefore, in the following 

study, we focused on 96 kDa Dab2 (Maurer and Cooper 2005). In mouse, Dab2 

expression has been detected in tissues including heart, lung, liver, skeletal muscle, 

intestine and at a high level in kidney. These two isoforms could be detected at the same 

time in tissues (Ahn et al. 2011). The western blot (Figure 6.2 B) shows Dab2 protein 

expressed at day 3 EB and its expression increases when it grown further. From day 4, 

its expression seems to be stable. As described by Rula (2007), expression of Dab2 can 

be used as a primitive endoderm (PE) marker and could be detected from day1 EB in 

suspension culture by immunohistochemistry (Rula et al. 2007). On day 1, Dab2 protein 

was expressed in a few dispersed cells scattered in the EB. On day 2, cells expressing 

Dab2 were increased and present in the outer layer of EBs. While cell number increases, 

Dab2 protein expressing cells finally form a 2 or 3 cell thick layer on the outside of the 
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EB. In the Western blotting analysis, we found its expression increasing with duration 

in culture, first detected in day 3 EBs and stronger in day 4. Also 

immunohistochemistry showed Dab2 positive cells formed a single layer on the outside 

of the EBs indicating the formation of PE (Figure 6.2B).  

6.3.2 EB endocytosis assay 

In order to explore the effect of maternal Emb-LPD on EB, EBs were formed from ES 

cell lines derived from the ICM of embryos exposed to Emb-LPD or NPD diet.  The 

ICM was isolated from these embryos and ES cell lines established using standardized 

techniques (Andy Cox, PhD thesis, University of Southampton, 2013). The EBs were 

formed in 96-well plates starting with 4,000 cells/µl with 200 µl in each well. As an in 

vitro model to study ICM cells, EB were employed to analyse if Emb-LPD affected 

gene expression and function of XEN lineages.   EBs (~ 20) were cultured for 6 days 

and then were used in the endocytosis analysis by incubation in EB medium containing 

0.5 mg/ml BSA-BODIPY and 100 nM  Lyso-Tracker. First, the primitive endoderm 

(PE) layer was determined on Day 5.5 EB by immunocytochemistry and western 

blotting of PE lineage specific genes Gata6 and Dab2 (Figure 6.5A).  EBs were then 

analyzed by confocal microscopy. Images were taken of one cell layer (~10 µm) of 

different EBs and then analysed using VOLOCIY software. BSA-BODIPY and Lyso-

Tracker numbers were counted and volume of these vesicles was measured then divided 

by nuclei number to quantify endocytosis per cell.  

Endocytosis of BSA-BODIPY and Lyso-Tracker positive vesicles were observed in the 

outer region of the EB sphere which is the PE layer shown to express extraembryonic 

endoderm lineage markers Gata6 and Dab2 (Figure 6.3A). The number of BSA-

BODIPY vesicles was significantly increased in Emb-LPD EBs but not the Lyso-

Tracker vesicles (Figure 6.3B). The collective volume of BSA-BODIPY vesicles was 

significantly increased in the PE from Emb-LPD EBs but not the Lyso-Tracker vesicles 

(Figure 6.3 D). The distance of vesicles of BSA-BODIPY and Lyso-Tracker to the 

nucleus did not show any significant difference with respect to maternal diet group (data 

not shown).  
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Figure 6.3: Endocytosis is increased in EBs derived from Emb-LPD blastocysts. 
(A) Left: 5.5 day EB sections showing Gata-6 and Dab-2 immunolabelling in the outer 
PE layer of cells. Right: Immunoblots of EBs over 5-12 days showing expression of 
Gata6 and Dab2.  (B) Outer PE layer of EBs derived from Emb-LPD and NPD 
blastocysts following BSA-BODIPY and Lyso-Tracker endocytosis assay, fixation and 
confocal microscopy. Vesicular structures containing endocytosed digested ligand 
(BSA-BODIPY, red) and lysosomes (Lyso-Tracker, red) are shown (nuclei, DAPI, blue). 
Bar = 20 µm. (C) BSA-BODIPY but not Lyso-Tracker vesicle number is increased in 
Emb-LPD EBs. (D) BSA-BODIPY but not Lyso-Tracker collective vesicle volume is 
increased in Emb-LPD EBs. Values were presented as Mean±SEM. * P<0.05; N = 6 
mothers and ES cell clones for EB formation and 26-33 EBs analysed per treatment. 

 

 

 

 

 

 
 

 

Figure 6.4: Megalin but not Clathrin expression is increased in Emb-LPD EBs. (A) 

Immunoblots of Clathrin, Megalin, LAMP-1 and control α-tubulin in NPD (N) and Emb-
LPD (L) EBs. (B) LAMP-1 and Megalin but not Clathrin expression is increased in Emb-
LPD EBs. (C) Cubilin mRNA but not Megalin mRNA expression is increased in Emb-
LPD EBs. * P<0.05, 6 ES cell clones for EB formation per treatment. 
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Passage 6 EBs were also used to measure the protein level of endocytosis pathway 

related protein. Day 5.5 EBs were lysed and loaded into gel. Comparison was made 

between Emb-LPD and NPD ES cell lines (Figure 6.4). The result has shown Megalin 

protein was increased in Emb-LPD EBs but not Clathrin (Figure 6.4 B).  At the same 

time, Lamp-1 as a lysosome associated protein was used to indicate lysosome quantity 

(Watatani et al. 2008). In section 4.3.3, by Lyso-Tracker labelling, it was shown that 

lysosome volume significantly increased in Emb-LPD ES cell formed EBs. This was 

confirmed by western blotting of lysosome Lamp1 which was increased in Emb-LPD 

EBs (Figure 6.4 C).   

 

6.3.3 Effect of maternal diet treatment on EB growth and differentiation 

In this study, EB differentiated from ES cells passage number 6 and 13 were used. First 

of all, the cell growth was measured in terms of EB size at day 5.5 of passage 6 EBs. 6 

cell lines from each diet were used to compare EB formation. For each cell line at least 

4 EBs were selected randomly to measure diameter. Mean diameter of EBs from 

Passage 13 ES cells was more variable in Emb-LPD group when measured on day 5.5. 

Passage 6 EBs showed increased mean diameter at day 5.5 in the Emb-LPD group but 

this difference was not present at passage 13 (Figure 6.5).  
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Figure 6.5: Diameter of EBs is increased in Emb-LPD group. (A) Diameter of 
Passage 13 EBs on day 3 and 6 and (B) Diameter of passage 6 EBs on day 5.5. N = 6 
mothers and ES cell clones for EB formation and 26-33 EBs analysed per treatment. 
Values were presented as mean±SEM * p<0.05. 
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Because growth of EBs was altered by maternal diet, next we examined the 

differentiation of EBs by lineage-specific marker Gata6, Gata4 and Dab2. GATA6 is a 

member of the GATA family which is consisting of zinc finger transcription factors 

binding the A/TGATA/G sequence. GATA4 and GATA6 are expressed together and 

can usually be detected in endoderm-derived organs: pancreas, heart and intestine. XEN 

differentiation is regulated by Gata6 binding to developmentally important gene 

promoters. They are not only inducing early XEN differentiation but also playing 

important roles in mediating development, formation and function of epithelia. EBs 

were lysed and loaded at the same amount of protein in different lanes before Gata6, 

Dab2, E-cadherin and tubulin immunoblotting with respect to Emb-LPD and NPD 

treatments. 
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Figure 6.6: Reduced Gata6 protein in Emb-LPD passage 6 EBs. (A) Western blot 

analysis of Gata-6, Dab-2, E-cadherin and tubulin protein expression in equally loaded 
lysates of day 5.5 EBs forming from Emb-LPD (LPD in picture) and NPD ES cells. (B) 
Quantitative analysis of protein normalised to the expression of tubulin. N = 6 mothers 
and ES cell clones for EB formation and 26-33 EBs analysed per treatment. Values 
were presented as mean±SEM * p<0.05. 
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The western blotting result from EBs derived from ES cells derived from different 

maternal diet showed Gata6 protein expression was increased in Emb-LPD EBs (Figure 

6.6). However, Dab2 and E-cadherin protein level were not altered by maternal diet. 

Before differentiation into EBs, ES cells had been cultured in standard medium over the 

6 passage numbers (Maurer and Cooper 2005) during which time they experienced 

normalised nutrient levels. So, it is possible some metabolic change can take place to 

reduce the modification caused by maternal diet. Moreover, the in vitro cell model 

cannot fully reflect the in vivo development modification caused by maternal diet. 

Therefore, we looked to see if in vivo XEN derivative tissue from Emb-LPD had the 

same change with in vitro EB differentiation. In vivo, primitive endoderm differentiates 

into visceral endoderm and parietal endoderm. Visceral endoderm then differentiates 

into visceral yolk sac (VYS) which supports nutrient transport from maternal 

environment to the fetus. Therefore, the VYS, as the in vivo corresponding tissue for PE 

on EBs was examined for gene expression. VYS on E17 were collected previously by 

Drs Emma Lucas and Adam Watkins from Emb-LPD, NPD and LPD (LPD throughout 

gestation) diet fed mice. Western blotting was conducted and Gata6 and Dab2 

expression was normalized to Tubulin expression which was used in VYS protein study 

by Watkins et al. (2008). The analysis showed Gata6 protein in Emb-LPD VYS was 

significantly reduced compared with NPD VYS (Figure 6.7 B).  Although not 

significant, the LPD group was also lower than NPD.  

 

 

 

 

 

 

 

 

 



                                                                                      Emb-LPD affects EB endocytosis 

 

 

 

Figure 6.7: Reduced Gata6 protein in Emb-LPD passage 6 VYS. (A) Western blot 

analysis of Gata6 and tubulin protein expression in equally loaded lysates of VYS 
dissected from Emb-LPD (E-L), LPD (L) and NPD (N) E17 conceptuses. (B) 
Quantitative analysis of protein normalised to the expression of tubulin. N = 4 VYS of 
E17 embryos from 4 different mothers analysed per treatment. Values were presented 
as mean±SEM * p<0.05. 
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6.4 Discussion 

6.4.1 EB culture 

Currently, there are a variety of ways of inducing EB formation. The principle is to 

create a low adherent surface to prevent EB surface adhesion. With different protocols 

and methods, the rate of EB differentiation varies. The most traditional method is to use 

a bacterial culture dish. In this method, ES cells are in suspension in the absence of LIF. 

It is simple and efficient but EB formation is not synchronized such as that different 

sized EBs at different development stages will form in the same culture dish. The 

improved method which is not widely used is a hanging-drop method. With this 

method, ES cells are suspended in the LIF-free medium which is placed on the lid of a 

bacterial culture dish and then inverted upside down. In the single drop, only one EB 

can form. If large quantities of EBs are required at the same time, a spinning flask 

culture method is suitable (Kurosawa 2007). This method could provide homogeneous 

sized EBs. During the past 20 years, many new methods of culturing have been 

developed. Rotatory dish has been used to substitute for static bacterial dish culture. The 

homogeneity and numbers of EBs improved (Carpenedo et al. 2007). Nowadays, 96-

well plates are the most consistent and efficient way of culturing EBs. The most 

efficient 96-well culture could be by 2-methacryloyloxethyl coating (Koike et al. 2007). 

The homogeneity of EBs and proliferation ability are improved compared with hanging 

drop method and it is less laborious (Koike et al. 2007). Many more methods are now 

being developed, for example microwell array method (Choi et al. 2010).  

 

Figure 6.8: Schematic representation for EB culture methods, adapted from 
(Rungarunlert et al. 2009).  
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To establish high quality and quantity of EBs, we tried the commonly used suspension 

culture method. The bacteria-grade dish which is made from polystyrene provides a low 

attachment environment preventing ES cells attaching to the bottom. Therefore, ES cells 

could congregate and form EBs. This method is quick, easy and cheap. However, this 

method will give heterogeneously sized EBs indicating they are at different 

developmental stages (Wartenberg et al. 1998, Mogi et al. 2009) as shown in my culture 

(Figure 6.1).  Another method that uses hanging drop to provide an environment 

without surface attachment at the early stage of ES cell congregation will give more 

synchronized EBs without employing other expensive equipment. However, the 

disadvantage of this method is labour intensiveness because it requires drops to be put 

on the dish with only one EB forming in one drop. It will cause a problem for 

researchers who want large numbers of EBs. Researchers have shown that a constant 

flow of culture medium is helpful for EB culture. This kind of environment can enhance 

the viability of cells in the EB and also help EBs to develop at a normal pace and in a 

uniform manner (Carpenedo et al. 2007). The spinning flask culture has provided 

researchers with high quality as well as large numbers of EBs (Rungarunlert et al. 

2009). However, the spinning flask method seems unnecessary to researchers who only 

need one hundred or so EBs and there is a high cost of culture medium for each cell line 

used.  There is another method using 96-well plate made of polystyrene and coated with 

chemicals preventing attachment; this has been shown to be very efficient and able to 

produce uniform sized and high quality EBs (Koike et al. 2005). 2-methacryloyxuethyl 

phosphorylcholine (MPC) has been relative widely used in EB formation for both 

human and mouse ES cells (Koike et al. 2007, Yasuda et al. 2009). This coating 

material can produce a resemblance to cell membranes which prevents hydrophobic 

interaction between cells and the culture surface. 

Apart from traditional ways of EB culture, researchers have optimized the existing 

method. Rotatory suspension culture is a reiteration of the suspension culture producing 

uniformed EBs. Methylcellulose culture is a semi-solid medium in which EBs can be 

grown from single ES cells (Dang et al. 2002). Some new methods like polyethylene 

glycol (PEG) microwell array system provide EB culture with a high-throughput culture 

platform (Moeller et al. 2008, Choi et al. 2010).  
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Combining different factors together, I chose to use 96-well plate culture method in 

order to get good numbers of EBs and keep them uniform in size.  These will benefit my 

study to give a consistent system of studying EB development and phenotype.  

6.4.2 EB XEN identification 

Due to the paucity of embryo material recoverable from an in vivo study, we used ES 

cells that were derived from Emb-LPD and NPD blastocysts. Gata6 and Dab2 are both 

XEN lineage markers. Here, Gata6 protein could be detected in EBs by 

immunolabelling from day 4 and could be detected in EBs by western blotting at day 5. 

From a previous study, Gata6 is the first marker in XEN differentiation in embryos 

(Rossant et al. 2003). By RT-PCR, researchers have detected Gata6 mRNA as early as 

day3-EBs cultured in 96 well-plates when EBs have approximately diameter of 100 µm 

(Schneider et al. 2008). Comparison between human ES cells and EBs showed that 

GATA4, IGF and H19 mRNAs were all markedly up-regulated in EBs suggesting a 

rapid endodermal differentiation. Further, GATA6 protein was detected at day 7 in EBs 

(Cai et al. 2006). In our study, we found Gata6 protein expression in EBs on day 4. 

Dab2 protein expression was used to check the PE lineage in EBs. In embryogenesis, 

downstream of Gata6, Dab2 expression controls the correct position of PE forming on 

the outside layer of the ICM and localization of Megalin and E-cadherin (Yang et al. 

2006). In my study, Dab2 protein expression could be detected from day 4. So, this 

further confirms the PE is present on Day 5 EBs in my study.  

6.4.3 Effect of maternal diet on EB endocytosis, growth and differentiation 

In Chapter 4 we have found the endocytosis system is stimulated in TE cells of pre—

implantation embryo. Here by analyzing ES cell derived EBs which were derived from 

ICM of preimplantation embryos, we will be able to determine whether the ICM was 

also affected by maternal diet. The endocytosis in XEN in ES cell differentiated EBs 

was studied using BSA-BODIPY and Lyso-Tracker. XEN in embryos differentiates into 

visceral endoderm (VE) which transports nutrients from the maternal uterine 

environment into the fetal compartment, supporting its growth (see Introduction section 

1.4.2). So, here the XEN layer of EBs which mimics the VE in the embryo has a similar 

function of supporting EB development. The endocytosis ability of albumin represented 

by BSA-BODIPY vesicle volume and number per XEN cell was seen to be stimulated 
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in XEN layer of EBs from Emb-LPD group. However, neither the Lyso-Tracker vesicle 

number nor localization significantly changed. Lamp1 which is a lysosome marker was 

also measured in EB with Megalin and Clathrin by western blotting. Although, Lyso-

Tracker immunolabelling analysis did not indicate in Emb-LPD EBs. Lamp1 protein 

expression has been widely used in estimating lysosome quantities as it binds to 

lysosome membrane (Rohrer et al. 1996). Therefore, the insignificant result of Lyso-

Tracker in EBs may be caused by the limitation of VOLOCITY software (discussed in 

section 4.4.1). Watkins et al. (2008) showed Megalin was upregulated in VYS in E17 

conceptuses from LPD and Emb-LPD mothers. Western blotting of EBs showed a 

significant increase in Megalin protein which correlates with the effect found in E17 

VYS (Watkins et al. 2008a). Megalin mRNA level was not altered but cubilin was, 

similar to the effect observed with blastocysts (described in section 5.3.1). On day 5.5, 

the XEN layer on EBs is a PE-like structure and will differentiate into VYS if cultured 

for longer. Therefore, XEN of EB which derived in vitro maintained the same 

phenotype of compensatory nutrient absorption as in vivo derived VYS. This implies the 

reprogrammed endocytosis system is a heritable phenotype because VYS from Emb-

LPD group was exposed to NPD after E3.5 until E17. At the same time, the EB study 

further supported this due to standard culture environment of ES cells from both Emb-

LPD and NPD groups did not erase the cellular function to increase nutrient absorption. 

Therefore, combined with the data from Chapter 3, TE and ICM derived tissue both 

have enhanced endocytosis ability caused by maternal diet. This result also indicates 3.5 

days exposure of Emb-LPD not only alters function of TE layer but also influences that 

of the ICM. When these ICMs differentiate in vitro, their compensatory nutrient 

absorption was seen through XEN lineage on EB.  

Cell proliferation was studied by Kwong et al., (2000) and she found that in rat 

blastocysts, Emb-LPD has already caused reduced proliferation ability of pre-

implantation embryos resulting in less cell number in both TE and ICM (Kwong et al. 

2000). The apoptosis rate of ES cells derived from mouse ICMs exposed to maternal 

Emb-LPD is significantly increased (Andy Cox, PhD thesis, University of 

Southampton, 2013). The mechanism of how maternal diet affects ES cell proliferation 

and apoptosis is unclear but this seems to indicate maternal LPD influences both TE and 

ICM (origin of XEN) in blastocysts before implantation. To further understand this, 

growth of EBs was measured in terms of size to see if this is affected by maternal diet.  



Chapter 6 

140 

From the passage 13EB, we observed increased size of EBs from Emb-LPD group 

compared to NPD EB on the same day. However, the result was not significant. I also 

measured EB size with passage 6 EBs, the result showed the increase of Emb-LPD EB 

size was repeatable and the earlier passage showed statistically significant difference 

between diet groups. As described in Chapter 1 section 1.6, environment could trigger 

epigenetic changes during embryo early development, so the ES cells when cultured in 

different medium will maintain their epigenetic profile. However, the prolonged culture 

will also gradually erase the alteration the previous environmental exposure brought and 

establish a new one to adjust to current environment (McEwen et al. 2013). Therefore, 

compared with passage 13 ES cells, passage 5 ES cells still remained more 

characteristic of epigenetics from maternal low protein diet. In EB differentiation and 

ES cell culture, cells from both diets were maintained in the same standardized culture 

medium which contains appropriate nutrition. The larger size of EBs from Emb-LPD 

could possibly indicate compensatory growth that has been seen in in vivo mouse 

model. Emb-LPD offspring had increased body weight after week 5 (Watkins et al. 

2008a). Also, the endocytosis assay of EBs supported the compensatory growth as PE 

on EB, had stimulated endocytosis that can transport more nutrients for EB growth.  

In the study of XEN differentiation in EBs, Gata6 was reduced by Emb-LPD which 

indicated less proportion of Gata6 positive cells in single EBs. Because Gata6 is the 

lineage specific gene of XEN, less Gata6 suggests XEN differentiation was impaired in 

Emb-LPD EBs as Gata-6 knock-out embryo failed to generate VE (Koutsourakis et al. 

1999). At the same time, VYS collected from E17 embryo from LPD, Emb-LPD and 

NPD was examined for Gata6 and Dab2 expression. At the protein level, Gata6 was 

shown to be down-regulated but the downstream Dab2 again did not show any change.  

This discovery could support the reduced Gata6 expression in Emb-LPD EBs and also 

indicate the memory of Gata6 expression is heritable in both in vitro and in vivo studies. 

Further evidence supporting this is that Emb-LPD blastocyst outgrowths had 

significantly reduced Gata4/Oct4 ratio when autonomously forming ES clones in culture 

(Andy Cox, PhD thesis, University of Southampton, 2013).  Oct4 is a pluripotency gene 

that is expressed in undifferentiated ES cells. The reduced Gata4/Oct4 ratio indicates 

the less differentiated status of Emb-LPD ES cells. My result revealed the reduced 

differentiation towards XEN lineage in early embryo induced by Emb-LPD.  How this 

could affect embryo development is unclear.  



                                                                                      Emb-LPD affects EB endocytosis 

 

To further explore how Emb-LPD affects EB differentiation, Dab2 and E-cadherin were 

analysed. Xu’s group had extensively studied EB differentiation and found PE cells 

initially formed inside the EB spheres and then migrate to the surface The PE cell 

positioning was regulated by Dab2 and E-cadherin (Rula et al. 2007). In early XEN 

differentiation, Dab2 which plays the key role in regulation of XEN differentiation also 

mediates uptake through regulating Megalin in VYS (Maurer and Cooper 2005, Kim et 

al. 2012). Also, as Gata6 regulates Dab2 expression, its expression could be altered and 

reflected by altered endocytosis activity as a downstream consequence. Here E-cadherin 

was also included in the study because E-cadherin could be detected in the inner cells in 

the congregated ES cells (Moore et al. 2009). In embryogenesis, E-cadherin is essential 

for blastocyst morphogenesis and for TE to form a polarized epithelium through cell 

compaction (Larue et al. 1994). Recently, E-cadherin has been recognized as a 

contributor for the maintenance of pluripotency of mouse ES cells (Redmer et al. 2011). 

So E-cadherin, as it has a role in controlling many different functions especially in 

epithelia, was also looked at. In this study no significant changes of these genes could 

be seen at the protein expression level by western blotting. Therefore Emb-LPD 

affected EB differentiation only with Gata6 expression but not any other genes affecting 

PE lineage allocation 

It has been reported epigenetic regulation plays an important role in cell fate decision 

(Section 1.6.3). In our study, we found the alternation of XEN lineage specific gene 

Gata6 expression, which may indicate an epigenetic modulation, causes it. Also, our 

finding of similar phenotype of stimulated endocytosis observed both in Emb-LPD TE 

cells, E17 YSC and EB also implies there is an epigenetic modulation in early embryo 

caused by maternal low protein diet. Therefore, it is rational to suggest Emb-LPD 

induces epigenetic modification on Gata6 gene of ES cells.  
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Chapter 7 Effect of Emb-LPD on extraembryonic 

endoderm lineage differentiation 

7.1 Introduction 

Research in our group has found maternal malnutrition exposure for the pre-

implantation period alone is sufficient to alter embryo developmental potential (Fleming 

et al. 2004).  This phenomenon is understood to be caused by two characteristics: 1) 

Cells in early embryos have the potential to differentiate into all cell types of the 

organism. 2) The pre-implantation embryo experiences intense DNA de-methylation 

after fertilization and re-methylation around implantation (Lucas 2013). Therefore, any 

perturbation such as cellular stress during this period may cause a heritable epigenetic 

changes on the genome. In recent years, there was increasing interest in epigenetic 

mechanisms that mediate the effect of environmental signals on gene expression and 

phenotype (Feil and Fraga 2011). DNA methylation and histone modification are the 

two main epigenetic modifications under investigation. DNA methylation is established 

and maintained by DNA methyltransferases (DNMTs) while histone modifications are 

mediated by histone methyltransferases (KMTs), histone demethylases (KDMs), histone 

acetyltransferases (HATs), histone deacetylases (Hdacs), and other enzymes (Law and 

Jacobsen 2010, Bannister and Kouzarides 2011). During early cell lineage 

differentiation, histone markers on the promoter of genes play a crucial role in 

regulating epigenetic modifications (Section 1.6.1). So, these enzymes will have an 

impact on lineage differentiation.  

Even though limited, studies on histone modifications have already shown promise as 

important players in reprogramming embryo development. Histone acetylation and 

methylation are important regulators for gene expression as they control the association 

of histones with DNA, making the DNA more or less accessible to transcription factors 

(Struhl 1998). Histone acetylation and histone 3 lysine 4 methylation are recognised as 

markers of more active transcription while histone 3 lysine 9 and histone 3 lysine 27 

methylation are negative regulators of gene transcription (Bartova et al. 2008). It has 

been reported maternal LPD during gestation affects cyclin-dependent kinase inhibitor 

p16 and p21 promoters in offspring mammary gland reducing acetylation on H4 or H3 

respectably accompanied by increased di-methylation of H3 lysine4 (Zheng and Pan 
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2011, Zheng et al. 2012b). Similarly, in skeletal muscle, CCAAT/enhancer-binding 

protein (C/EBPβ) promoter exhibits increased acetylation on H4 and H3 (Zheng et al. 

2011a). However, the mechanism by which these histone modifications respond to 

maternal diet is still lacking. One of the direct factors that could result in histone 

modification is the enzymes that regulate histone methylation and acetylation.  

Histone deacetylase (Hdac) together with histone acetyltansferase (HAT) regulate 

histone modifications. They catalyse the addition and removal respectively, of acetyl 

groups on histone lysine residues resulting in remodelled epigenome (Carraro et al. 

2010). Hdacs have been reported to be relevant to cellular metabolism, growth as well 

as chronic disease. HDAC3 belongs to Class I HDACs, which also include HDAC1 and 

HDAC2. HDAC1 and HDAC2 functionally compensate each other while Hdac3 is 

independent (Pirraglia et al. 2006). Normally, Hdac3 shuttles between nuclei and 

cytoplasm (Zhang et al. 2005).  HDAC3 exists in a complex with NCOR/SMRT that 

maintains global gene histone acetylation levels (Bhaskara et al. 2010) (Figure7.1).  

HDAC3 was known to be related to metabolic disease risk such as diabetes and obesity 

due to its role in regulating the circadian rhythm, glucose and lipid metabolism. Also, 

HDAC3 is expressed from the oocyte stage and was reported to affect heart and bone 

tissue differentiation (Ma and Schultz 2008, Niebruegge et al. 2008, Singh et al. 2011, 

Claycombe et al. 2013). HDAC3 can protect cell growth by governing cell cycle 

progression, and it was also reported to be induced by diet (Sambucetti et al. 1999, Lv 

et al. 2012). So far, both fasting and high-fat diets were revealed to induce HDAC3 

expression in hypothalamus (Funato et al. 2011). Maternal high fat diet was reported to 

induce HDAC3 expression in offspring mammary gland (Zheng et al. 2012a). 

 

Figure 7.1 Diagram of SMRT/N-CoR-HDAC3 complexes which supress gene 

expression by removing acetyl group from histones (Karagianni and Wong 2007).  
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Based on the observation in Chapter 6, we investigated the lineage-specific genes Gata4 

and Gata6 for mRNA expression and promoter histone modifications and explored if 

maternal diet affects Hdac3 expression. 

 

7.2 Materials and Methods 

7.2.1 Quantitative Real-time PCR 

ES cell RNA was isolated and reverse transcribed as described in section 2.5. RNA 

concentration was measured by Nanodrop. RNA quality was assessed on a denaturing 1.5% 

agarose gel (Appendix II). Following reverse transcription, cDNAs were diluted to 5 ng/µl 

before being used as PCR template. Real-time PCR was performed with duplicates of 1 µl 

cDNA from each sample in a final volume of 20 µl. The thermo cycle was described in section 

2.6.1. 

Primers for mRNA quantification were designed using Roche Applied Science Universal Probe 

Library Design Centre and were all intron spanning primers (Table 7.1). Megalin and cubilin 

primers were listed in section 5.2.3. Oligonucleotides were synthesized by Invitrogen Customer 

Oligo service.   

For quantification, efficiency of primers was determined by series 1/10 dilution and Ct value. 

Efficiency was calculated as E=10
1/slope 

and qualified primer efficiency is between 0.9-1.1 

(Appendix II ii). Calculation of relative expression of target gene was (1+E)
Ct

 then divided by 

geomean of relative expression of reference gene pair. 

7.2.2 Chromatin Immunoprecipitation: 

Prepare cells for cross-linking 

EBs on day 5.5 were collected into a conical tube and centrifuged at 1000 rpm for 5 min. EBs 

were suspended with 5 ml PBS and centrifuged at 1000 rpm for 5 min. EBs were dissociated in 

2-3 ml trypsin EDTA and incubated at 37°C for 5 min. MEF medium was added to stop trypsin 

and cells passed through a 21G needle to ensure single cell suspension. The cells were 

centrifuged at 1000 rpm for 5 min, resuspended in differentiation medium, counted with a 

haemocytometer and resuspended to 1x10
6 
cells per ml.  

 

Crosslinking of cells for ChIP  

 

Formaldehyde solution (37%) [Sigma] was added to a final concentration of 0.4% and the 
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sample was placed on shaking platform for 10 min at RT. Then 1M 4°C glycine was added to a 

final concentration of 125 mM and the sample was inverted to mix. The sample was centrifuged 

at 1000 rpm for 5 min at 4°C and the supernatant discarded. The cross-linked cells were 

washed twice with 10 ml chilled PBS with proteinase inhibitor (Roche complete EDTA-

free proteinase inhibitor cocktail). Finally, the sample was centrifuged at 1000 rpm 5 

min 4°C and the supernatant from the second wash removed, then the sample was snap 

frozen and stored at -80°C.  

 

Sonication 

Frozen EB samples were thawed and suspended in IP buffer (200 µl per 10
6
 cells) (150 

mM NaCl, 50 mM Tris-HCl pH 7.5, 5 mM EDTA pH 8, 0.5% NP-40, 0.5% Triton-100) 

on ice for 5 mins. Nuclei were then centrifuges at 10,000 rpm for 3 min at 4°C. Nuclear 

pellet was resuspended with the same amount of IP buffer (200 µl per 10
6
 cells) and 

processed to sonication. 800 µl nuclei suspended were used for each sonication. DNA 

was sheared on ice with 6 µA output 30 s on/ 60 s off for 20 times followed by 7.5 µA 

10 s on/ 30 s off for 4 times (MSE Soniprep 150). Sheared DNA was centrifuged at 

10,000 rpm for 15 min at 4°C. Supernatant was aliquoted at 60 µl and snap frozen.  

Matrix immunoprecipitation 

ChIP (chromatin immunoprecipitation) was preformed according to a modified fast 

ChIP protocol from (Nelson et al. 2006). 96-well polypropylene PCR plates were 

treated with UV-C light for 3 days (kindly provided by Dr Oleg Denisenko, University 

of Washington, USA). Wells were incubated for 36 hours with 0.5 µg protein in 100 µl 

PBS per well at 4°C. On the day of use, wells were washed with 100 µl PBS then 

blocked with 200 µl blocking buffer (5% BSA, 100 µg/ml sheared salmon sperm DNA 

in IP buffer) for 30 min, RT. Antibody was mixed with blocking buffer and incubated in 

the wells (50 µl per well) for 2 h, RT. Chromatin equivalent to 5 µg DNA (optimization 

in Appendix II iiiii) was diluted to 50 µl in blocking buffer per well and pre-incubated 

on ice for 15 min. Antibody solution was aspirated and the chromatin mixture was 

incubated in wells on ice for 2.5 h. Then wells were washed 7 times with 100 µl ice cold 

IP buffer and twice with 100 µl ice cold TE buffer (pH 7.4-7.6) (10 mM Tris, 1 mM 

EDTA). Finally, elution buffer (25 mM Tris base, 1 mM EDTA, pH 10) was mixed with 

proteinase K (200 µg/ml) and 50 µl was added to each well. For the input well, 1/10 of 

sample was added to 50 µl elution buffer. The plate was incubated at 95°C for 15 min 

http://www.mseuk.co.uk/Products/UltrasonicDisintegrators/Soniprep_150_Plus/Default.aspx
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and 55°C for 15 min. The processed sample can be used for real-time PCR or stored at -

20°C. Antibodies used are listed below: H3Ac (Milipore 06-866), H3Ac (Milipore 06-

599), H3K4Me3 (Active motif 339916), H3K4Me2 (Active motif 339914), H3K9Me3 

(Abcam ab8898), H3K27Me3 (Abcam ab6002), RNA Polymerase II (Abcam ab5408). 

Each real-time PCR reaction used 2 µl immunoprecipitated DNA. The modified 

histones binding were expressed as fold enrichment ratio to IgG negative control. 

Standards and samples were simultaneously amplified in 10 µl reaction volume and 

primers were designed to amplify genomic sequences at the 5’UTR of Gata4, Gata6 and 

Gapdh genes (Table 6.1).   

Realtime-PCR condition 

In each reaction, 2 µl ChIP sample, 5 µl Mastermix (BioRad Sybr-Green), 0.6 µl primer 

and 2.4 µl water were added and mixed. Realtime-PCR was performed with ABI7900 

PCR machine 384-well reaction under the conditions: 95°C, 10min; 40-50 cycles of 

95°C for 15s followed by 60°C for 1 min and final extension step at 72°C for 10min. 

Melting curve were generated for each sample to confirm target specific amplification 

by fluorescence detection at 0.2°C steps between 60°C and 95°C.  
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Figure 7.2 Scheme showing Matrix ChIP procedure (from protocol provided by Dr 

Oleg Denisenko).  
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Optimization of sonication:  

800 µl chromatin sample was sonicated first for 10 cycles of 7.5 µA 10 s on/ 30 s off 

then 10 cycles and more at 6 µA 30 s on/ 60 s off (Figure7.3). The chromatin fragment 

size was between 200-500 bp which is the size of 1-2 chromosomes. The size of DNA 

was slightly smaller than ideal so the sonication times were reduced to 20 cycles of 30 s 

on/ 60 s off followed by 7.5 µA 4 cycles of 10 s on/ 30 s off. Sonication of all samples 

was carried out in a 800 µl volume for 20 cycles of 30 s on/ 60 s off followed by 7.5 µA 

4 cycles of 10 s on/ 30 s off (Figure 7.4). 

80 µl TE (pH 8.0) (10 mM Tris, 1 mM EDTA) buffer and 1 µl (10 mg/ml) RNaseA 

were added to 20 µl sonicated sample and incubated at 37°C for 30 min. 1 µl proteinase 

K (20 mg/ml) and 1.7 µl NaCl (5M) were added and the sample was incubated at 63°C  

for 2 hours. The sample (28 µl) and 7 µl 5x loading dye were run on 1.5% agarose gel.  

 

 

Figure 7.3 Optimization of DNA sonication efficiency. DNA gel loaded with sheared 

DNA fragmented tested over the range 20 to 32 sonications.  

 

Figure 7.4 DNA gel electrophoresis results from EB DNA sonication. Number 

represents individual EB cell clones. 
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ChIP promoter and Real-time primer design: 

Primers for ChIP promoter and cDNA real-time analysis were designed and prepared as 

described in Section 2.6.1.  

Table 7.1 Primers used in Real-time analysis. 

 

Primer name Forward primer (5’-3’) Reverse primer (5’-3’) assay 

Gata4 P1  gggctggtggaggttctc tcagtgcctagagacgcaag  

 

 

ChIP Q-PCR 

Gata4 P3 gccattctctgcattcatcc tcgctgagcatcaaggaac 

Gata4 P4 tctgagaggagccgataacc gaactaggcgacctctgtgc 

Gata6 P1 cctggtgtcccaacacacta tggccttgaattcactccat 

Gata6 P3 agaacctggactgcgcttt tttgctgctccctcaatgta 

Gata6 P5  catttggagggagcgactaa tccaaggacgctagtttggt 

Gapdh pmt gggttcctataaatacggactgc ctggcactgcacaagaagat 

 

Gata4 ggaagacaccccaatctcg catggccccacaattgac  

Q-PCR Gata6 ggtctctacagcaagatgaatgg tggcacaggacagtccaag 

Dab2 ccacctccacaaagtaccaaa caagcaagtcgtttgctgaa 

Hdac3 ctctggtgaagggtttggaa tgtccatgtctcatccctga 

 

Gapdh agcttgtcatcaacgggaag tttgatgttagtggggtctcg  

 

Reference gene 

Actin ctctcttccagccatctttcat tataggtggtttcgtggatgc 

Tbp gggagaatcatggaccagaa gatgggaattccaggagtca 

Ppib tcttcataaccacagtcaagacc accttccgtaccacatccat 

Hrtp cctcctcagaccgctttt cctggttcatcatcgctaatc 

Ppar ccttccctgtgaactgacg ccacagagcgctaagctgt 
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7.2.3 Western blotting 

100 EBs on day 5.5 were washed with PBS and lysed with 120 µl RIPA buffer (50 mM 

Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40,1% sodium 

deoxycholate, 1 mM Na3VO4, 50 mM NaF, cOmplete EDTA-free protease Inhibitor 

cocktail (Roche), 0.5 mM PMSF). Lysate was sonicated on ice. BCA (Pierce) assay 

was used to detect protein content. 20 µl protein were mixed with 4x SDS sample 

buffer and DTT and boiled for 5 min before electrophoresis. After electrophoresis, 

protein was transferred to polyvinylidene fluoride membrane (0.45 µm) using wet 

transfer protocol. This is followed by blocking with 5% milk in TBS and incubation 

with primary antibody overnight at 4°C. The next day membrane was washed with 

TBST and incubated with IRDye secondary antibody (Odyssey) (1:10,000) for 1 hour, 

washed and imaged with Licor western detection system. Band intensity was quantified 

with Licor software. Antibodies used: HDAC3 (Proteintech 16164-1, 1:100). 

7.2.4 Immunocytochemistry 

Blastocysts from NPD and Emb-LPD mothers were treated with acid Tyrode’s medium 

(Sigma) for 15–30 s to remove the zona pellucida, washed in H6+BSA and fixed in 4% 

paraformaldehyde in PBS for 20 min. Blastocysts were blocked and permeabilised with 

5% fetal bovine serum (Sigma) in 0.3% Triton-X-100 in PBS before antibody HDAC3 

(ProteinTech, 1:100) incubation overnight in PBS containing 1% BSA and 0.3% 

Tween-20. Blastocysts were subsequently washed and incubated in Alexa-488 

(Invitrogen; 1:300) in PBS-Tween for 1 h at room temperature. Blastocysts were 

washed and stained by DAPI (0.2 µg/ml) for 30 min in PBS-Tween as required.  

Embryos were mounted onto slides with Vector-shield (H-10) and viewed with a Leica 

SP5 confocal microscope.  Images were acquired by accumulation of z-series of whole 

embryos (~70 x 1 µm spaced xy-sections). Antibody intensity was analyzed with 

VOLOCITY software. 

7.2.5 Statistical data analysis  

Statistical analysis was performed in SPSS. Mean expression values of ChIP assay and 

Real-time PCR were compared between dietary treatments using a student’s t-test.  
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7.3 Results 

7.3.1 Gata4 and Gata6 mRNA expression 

As the protein level of Gata6 in EBs was found to be altered in Section 6.3.3 by 

maternal Emb-LPD, the mRNA level of Gata6 was also examined. First, the reference 

genes for Q-PCR assay in EBs between treatment groups (NPD and Emb-LPD) were 

determined for the following gene expression analysis. Expression stability of the 

selected reference genes was determined using the geNorm and Norm Finder method 

(Appendix II iii). geNorm calculates the average pairwise variation of each gene with all 

the other reference genes examined. It will generate the stability parameter M value. 

Those genes exhibiting lower M value have a low variation between different treatment 

groups; therefore, the lowest M value pair of genes can be used as reference gene pairs. 

NormFinder combines the calculation of the overall expression variation of each 

candidate gene, the variation between and within sample groups. Both methods will 

give a ranking of candidate genes.  Then the two best candidates could be selected 

according to the lease variation between samples. Therefore, the most stable pair of 

genes is the combination of Gapdh and Ppib (Table 7.2) and the most stable single gene 

is Tbp (Table 7.2) with Actin the most unstable gene.  

Table 7.2 Ranking of gene stability (from high to low) determined by both Genorm 

and Norm finder method using EBs from Emb-LPD and NPD treated ES cell lines. 

 

  

 GeNorm Normfinder 

Embryoid Body Gapdh-ppib Tbp 

 Tbp Ppib 

 Hrpt Gapdh 

 Ppar Hrpt 

 Actin Ppar 

  actin 
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Gata6 mRNA was reduced in Emb-LPD EBs 

The western blotting result shows Gata6 protein was significantly reduced in passage 6 

EBs and E17 VYS. We examined if it is transcription or translation that altered the 

Gata6 expression. Gata6, Gata4 and Dab2 were all examined at the mRNA level and 

normalized to reference gene pairs. For EBs, reference genes were selected by GeNorm 

(see above) and for VYS reference genes were Hrpt1 and Tbp (Lucas et al. 2011). In 

EBs, all 3 target genes were down regulated in Emb-LPD but only Gata6 showed a 

significant difference (Figure 7.5 A). However, in VYS, even though a reduction at the 

protein level were seen, the target mRNAs of Emb-LPD did not have a significant 

difference from NPD VYS (Figure 7.5 B). 

  

 

 

Figure 7.5 Reduced Gata6 mRNA expression in Emb-LPD EBs but not in VYS. (A) 

Quantitative analysis of target mRNA levels in EBs normalized to Gapdh and Ppib 
Values represent the fold change of Emb-LPD  compared with NPD controls from two 
experiments. (B) Quantitative analysis mRNA level in E17 VYS normalised to Hprt1 
and Tbp. For VYS, values represent the fold change from at least 5 mothers from two 
experiments. For ES cell lines values are means for 6 cell lines from each diet group, 
with standard errors represented by vertical bars * p<0.05. 
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7.3.2 Gata4 and Gata6 gene promoter histone modification 

It was described in Section 1.6.3 that epigenetic events could regulate cell 

differentiation. As Gata6 but not Gata4 gene transcription was seen decreased in Emb-

LPD EBs, we examined the histone modification of Gata6 promoters in EBs to see if it 

is different between diet groups. At the same time, we also checked Gata4 promoter. In 

ovarian cancer as well as embryogenesis studies, Gata4 and Gata6 gene expression were 

seen closely related with histone acetylation and methylation status on their promoter. 

With active histone marks such as acetylation, Gata4 and Gata6 expression would be 

expected to be increased and vice versa. Histone modification may be more important 

than DNA methylation for these two genes (Caslini et al. 2006, Cai et al. 2009). For 

embryogenesis, this histone modification of Gata4 and Gata6 promoters was reported to 

affect cardiomyocyte differentiation (Kawamura et al. 2005). Here, Emb-LPD and NPD 

EBs were analysed with ChIP on Gata4 and Gata6 promoters. 

To determine whether alteration of Gata4 and Gata6 expression was associated with 

changes in histone modifications, fast ChIP assay was used. Antibody will attach to 

specific histone proteins and pull down the connecting DNA fragment. The target 

sequence will be amplified by specific primers. With real-time PCR analysis, the 

abundance of certain protein on this target DNA could be acquired. In this study, primer 

pairs were designed for 3 different positions upstream of Gata4 and Gata6 genes (Figure 

7.7A and Figure 7.6A) to cover their promoters which were designed according to the 

study of Caslini (2006) (Caslini et al. 2006). Human and mouse Gata4 and Gata6 gene 

promoter sequences were compared and they are highly homologous. Example of 

alignment of G4P1 and G6P5 positions in mouse and human were shown Appendix II 

iiii. A panel of antibodies against various modified forms of histones were used, 

including active histone marks, acetylated histones H3 and H4, H3K4Me3 and 

H3K4Me2 and repressive histone marks H3K9Me3 and H3K27Me3.  

On Gata6 promoter, the position amplified by G6P5 showed the most significant 

difference between diet groups. G6P5 is the closest position compared with two other 

regions being amplified. Emb-LPD EB exhibited significant reduction of acetylated 

Histone H3 and H4 and a decrease of abundance of histone marker H3K4Me3 (Figure 

7.6 D). At the same time, RNA polymerase II which promotes transcription initiation 

was less abundant at the G6P5 amplified region in Emb-LPD EBs (Figure 7.6 B) 
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compared to NPD EBs. The region G6P1 and G6P3 amplified did not show any 

difference between diet groups (Figure 7.6 C-D). Gata4 promoter showed similar 

pattern to that of Gata6 but differences have not reached significance level. G4P1 which 

amplifies the region closest to the gene body had slight reduced H3Ac, H4Ac, 

H3K4Me2, H3K4Me3 and RNA polymerase II in Emb-LPD EBs. However, these 

differences were not statistically significant and H3K9Me3 was significantly more in 

Emb-LPD.  On other positions upstream of Gata4 promoters, there was no differences 

between the diet groups except H3K4Me3 of G4P3 (Figure 7.7 B).  Other histone 

markers showed no differences between Emb-LPD and NPD EBs (Figure 7.7 C-D). 

Gapdh is a house keeping gene and was used as a positive control. The different histone 

markers were not altered at the Gapdh promoter between the two diet groups and 

confirm the result of ChIP in this study is convincing (Figure 7.8). 
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Figure 7.6 ChIP of histone modifications for Gata6 promoter domains. (A) The 
Gata6 gene 5’ region is illustrated and three regions amplified by G6P5, G6P3 and 
G6P1 (B-D) The ChIP assay was performed using antibodies H3Ac, H4Ac, H3K4Me3, 
H3K4Me2, H3K9Me3 and H3K27Me3.  The ChIP assay was quantitatively determined 
by real-time PCR amplyfying 3 regions of Gata6 promoter and the results are 
presented as the fold enrichment.  Duplicates of ChIP experiments were carried out to 
verify these representative results. Values are means for 6 cell lines from each diet 
group, with standard errors represented by vertical bars, * p<0.05, #<0.1. 
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Figure 7.7 ChIP of histone modifications of Gata4 promoter domains. (A) The 
Gata4 gene 5’ region is illustrated and three regions 5’ of exon 1 amplified by G4P1, 
G4P3 and G4P5. (B-D) The ChIP assay was performed using antibodies H3Ac, H4Ac, 
H3K4Me3, H3K4Me2, H3K9Me3 and H3K27Me3.  The ChIP assay was quantitatively 
determined by real-time PCR amplifying Gata4 promoters and the results are 
presented as the fold enrichment.  Duplicates of ChIP experiments were carried out to 
verify these representative results. Values are means for 6 cell lines from each diet 
group, with standard errors represented by vertical bars,  * p<0.05, #<0.1. 

 

 

 

Figure 7.8 ChIP of Gapdh gene as control. The ChIP assay was performed using 

antibodies H3Ac, H4Ac, H3K4Me3, H3K4Me2, H3K9Me3 and H3K27Me3.  The ChIP 
assay was quantitatively determined by real-time PCR amplyfying Gapdh promoters 
and the results are presented as the fold enrichment.  Duplicates of ChIP experiments 
were carried out to verify these representative results. Values are means for 6 cell lines 
from each diet group, with standard errors represented by vertical bars, * p<0.05, 
#<0.1. 
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7.3.3 Hdac3 expression in EB and blastocysts 

HDAC3 controls a series of cellular functions including proliferation and lipid 

metabolism (Sun et al. 2012). From the previous experiments we saw EB growth was 

altered by maternal Emb-LPD and this coincided with histone hypoacetylation on the 

Gata6 promoter. Since HDAC3 has regulation ability of Akt/mTOR activity, it could be 

the regulator of the dietary change (Bradley et al. 2013, Zeng et al. 2013). To 

investigate the mechanism that leads to Gata6 promoter hypoacetylation, Hdac3 

expression was first examined in Day 5.5 EBs and E3.5 blastocysts.  At first, Hdac3 

protein was detected by immunocytochemistry staining of whole blastocysts. Analysis 

of signal intensity showed significantly less Hdac3 protein intensity in Emb-LPD 

blastocysts compared to controls (Figure 7.9). We can see clear nuclei staining of Hdac3 

in blastocysts. The quantification of Hdac3 signal intensity per cell showed Hdac3 

protein was reduced in Emb-LPD blastocysts (Figure 7.9).  In EBs, Hdac3 protein was 

revealed to be increased in the Emb-LPD group by Western blotting (Figure7.10).   
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Figure 7.9 Hdac3 protein is reduced in Emb-LPD blastocysts. (A) NPD and Emb-

LPD blastocysts stained for HDAC3 (green) and nuclei (DAPI, red). Transection of the 
blastocyst showing HDAC3 in the nucleus; scale bar = 20 µm. (B) quantification of 
HDAC3 staining intensity (voxels) shows it is reduced in Emb-LPD blastocysts. Values 
are represented by mean±SEM. # p<0.1; N = 6 mothers and 17 blastocysts per 
treatment. 
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Figure 7.10 Hdac3 protein is increased in Emb-LPD EBs. (A) Western blot analysis 
of Hdac3 in NPD (N) and Emb-LPD (E-L) EBs in relation to  E-cad (E-cadherin). (B) 
Quantitative analysis of protein level normalised to E-cadherin loading control. Values 
represent the fold change of Emb-LPD  compared with NPD controls from 6 cell lines 
from each diet group, with standard errors represented by vertical bars, * p<0.05. 

 

In order to test if Hdac3 expression was altered at the mRNA level, Hdac3 mRNA was 

measured.  At the same time p21 was also examined. p21, also known as cyclin-

dependent kinase inhibitor 1, is highly dependent upon hisone modification in the 

promoter and coding area for expression. p21 expression was reported to be induced by 

hyperacetylation of H3 and H4 in promotor and coding areas in gastric carcinoma. 

Inhibition of class 1 Hdacs in cells was reported to induce p21 expression 

(Blagosklonny et al. 2002, Mitani et al. 2005). Therefore, it could be a good indicator of 

activity of Hdacs in cells. In a microarray assay, Emb-LPD blastocysts had less p21 

compared with NPD group (T.P. Fleming, unpublished).  Real time PCR of Hdac3 and 

p21 genes within EBs and blastocysts was determined. The result showed a decrease of 

Hdac3 mRNA in Emb-LPD female blastocysts but not male (Figure 7.11A, B). In 

contrast, in EB, Hdac3 mRNA was increased in Emb-LPD EBs (Figure 7.11 D). 

However, p21 was not seen to be different between diet groups in either EBs or 

blastocysts. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Hdac3

E
x
p
re

s
s
io

n
 n

o
rm

a
liz

e
d
 t

o
 

T
u
b
u
lin

 
NPD

Emb-LPD

* 
B 



Chapter 7 

162 

 

 

 

Figure 7.11 Hdac3 mRNA is downregulated in Emb-LPD female blastocysts but 

upregulated in Emb-LPD EBs. (A-C) Real-time PCR analysis of Hdac3 and p21 in 

blastocysts. (A) and (B) shows relative gene expression in female and male blastocysts 
after genda seperation. (C) shows result of gene expression with both genders togther. 
Gene of interest were normalized to Ppib and Tbp. (D) Real-time PCR analysis of 
Hdac3 and p21 mRNA in EBs. Gene of interest was normalized to Ppib and Gapdh for 
EBs. Values represent the fold change; Values are fold change over reference gene 
pair Ppib and Tbp for blastocyst; Gapdh and Ppib for EB.  At least 7 blastocysts per 
treatment; at least 6 cell lines formed EB from each diet group, with standard errors 
represented by vertical bars, * p<0.05, #<0.1. 
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7.4 Discussion 

7.4.1 Epigenetic modification of Gata4 and Gata6 

The regulation of GATA4 and 6 could be categorized in three ways. First is by a co-

activator whose activity could affect the binding ability of GATA to certain genes. 

Nkx2.5 and p300 interact with GATA 4 and 6, both activating their transcription and 

build into a complex to bind the target gene (Wada et al. 2000, Dai and Markham 

2001). The second level is transcription which is possibly regulated by histone 

modification instead of DNA methylation. In the study of ovarian cancer, GATA4 and 

GATA6 expression was correlated with histone H3 and H4 acetylation and H3 lysine 

K4 methylation in cancer cells (Caslini et al. 2006). The third way is by post 

transcriptional modification. Studies have shown Ser-105 and Ser-126 are two sites 

which may be phosphorylated by ERK1/2 and MAPK, while Ser-126 may be 

phosphorylated by RSK downstream of ERK pathway (Li et al. 2012). 

Reduced Gata6 protein was seen in Emb-LPD E17 VYS, EBs. Also, reduced Gata4 

positive cell numbers (inducing the same lineage with Gata6) were seen in blastocyst 

out-growth in Emb-LPD group (Andy Cox, PhD thesis, University of Southampton, 

2013). With real-time analysis, Gata6 mRNA was found to be reduced in the Emb-LPD 

group. Gata6 reduced expression in Emb-LPD could be by epigenetic modification. In 

this study, we examined potential role of histone modifications in programming Gata4/6 

gene expression by maternal diet. Active histone marks, including lysine acetylation, 

H3K4Me2 and H3K4Me3, open chromatin structure and facilitate gene transcription, 

whereas repression marks, such as trimethylation of H3K9 and K3K27 close chromatin 

for transcription (Bartova et al. 2008). Three different positions were chosen according 

to Caslini’s comprehensive study of GATA4 and GATA6 gene promoter modification 

(Caslini et al. 2006).  Caslini’s study was in human; human and mouse Gata6 promoter 

regions were reported to have substantial similarity (Brewer et al. 1999). The 5’ 

upstream of Gata4 and Gata6 transcription start site was aligned and we found their 

sequences were highly conserved between the two species.  

In this study, acetylated Histone3 (H3Ac) and Histone4 (H4Ac) were examined first. 

ChIP analysis revealed decreased acetylation of both histones within the promoter of the 

Gata6 gene in Emb-LPD compared to NPD EBs. Hypoacetylation on the Gata6 
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promoter in Emb-LPD parallels reduced mRNA expression. There was not a significant 

difference between diet groups of H3Ac and H4Ac on Gata4 gene promoter. 

Consistently, RNA polymerase II density was higher at the Gata6 promoter in NPD 

samples. These observations indicate that transcription control was involved as RNA 

polymerase II initiates transcription (Butler and Kadonaga 2002). Furthermore, 

H3K4Me3, which is another marker of active transcription, was also reduced at the 

Emb-LPD Gata6 promoter. The correlation of changes in H3K4Me3 and histone 

acetylation levels at induced Gata6 gene was also found in colon cancer cell line 

(Caslini et al. 2006).  These findings suggest that epigenetic changes are associated with 

reduced expression of Gata6 gene in Emb-LPD EBs. Also the result shows the position 

of histone modification correlated well with Caslini’s study as the location closest to 

Exon 1 tends to have histone modification that are relevant to RNA expression level. In 

contrast, the up-stream position of the promoter does not show difference of histone 

modification except G4P3 which had more H3K4Me3 binding. This significant result 

could be experimental error. Also, the histone modification pattern is similar between 

diet groups on the Gapdh promoter. Gapdh is a house-keeping gene and it was detected 

to be expressed at a similar level across diet groups. Therefore, unaltered histone 

modification on Gapdh confirms the reliability of ChIP assay and indicates the histone 

modification is gene specific rather than global up-regulation.   

The Gata4 and Gata6 promoter histone modification data, although showing distinct 

active histone marker patterns between Emb-LPD and NPD EBs, the repressive histone 

markers seem not to be altered. The Encode human genome project has described in the 

human genome that active acetylation marks (H3K27ac and H3K9ac) are as informative 

as active methylation marks (H3K4me3 and H3K4me2) but repressive markers 

(H3K27me3 H3K9me3) are less related to predict gene expression (Consortium et al. 

2012). The antibodies used in this study were against all histone acetylation markers; 

therefore the information gathered shows all the histone acetylation but lacking 

individual histone residual acetylation information. The reduced mRNA expression of 

Gata6 is likely due to less abundance of histone active markers.  

The hypoacetylated histone on Gata4 and Gata6 promoter may lead to a relatively 

closed structure, stopping transcription factors binding therefore stopping mRNA 

transcription. Epigenetic modification is a heritable effect and may be maintained in 

cells even after proliferation and differentiation. This could be the foundation for how 
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maternal diet during early embryo development may induce later adult disease. The 

interest in Gata4 and Gata6 gene is also due to its function in cardiomyocyte 

differentiation. The effect of different GATA activity may therefore be related with 

cardiomyocyte function. GATA4 and GATA6 could promote cardiomyocyte 

proliferation, thus GATA mutation could cause alteration of muscular wall thickness. 

This has been experimentally proved by activation of GATA4 resulting in thick 

muscular wall and hypertrophy. In this model, GATA4 was reported to upregulate 

VEGF in adult heart promoting coronary flow reserve and perfusion-dependent cardiac 

contractility (Heineke et al. 2007). However, Gata4 and Gata6 loss of function mutation 

may suppress myocyte proliferation which will damage the cardiovascular system 

function. As Gata4 and Gata6 may substitute for each other, only Gata4 or Gata6 

deficiency will not cause obvious phenotype in cardiomyocytes (Xin et al. 2006). It was 

suggested that it is the threshold amount of both Gata4 and Gata6 protein together that 

will control cardiomyocyte differentiation. If both of these two proteins were not 

expressed enough to reach the threshold, embryonic cardiomyocyte development would 

be abnormal. Gata6 gene expression was reduced and histone modified, this effect could 

lead to alteration in XEN and cardiomyocyte differentiation. Hypertension in adults is a 

common developmental programming failure taking place due to suboptimal maternal 

diet. Along with hypertension, vascular defects are usually also observed in 

epidemiological surveys or animal experiments (reviewed by Langley-Evans, 2001).  In 

rat, relaxation induced by vasodilators was reduced significantly in LPD male offspring 

(Brawley et al. 2003). In mouse, both Emb-LPD and LPD males showed similar results 

at 22 weeks old (Watkins et al. 2010).  So, abnormal expression of Gata6 could possibly 

participate in the reprogramming process in adaptive responses to maternal diet and 

regulate the cardiovascular system function. 

7.4.2 Emb-LPD affects histone deacetylase expression 

In order to understand what might cause Gata6 hypoacetylation in Emb-LPD EBs, 

several enzymes that regulate histone acetylation were considered. Acetylation of 

histone is regulated by histone acetyltransferase (HAT) and histone deacetylases 

(Hdacs). They catalyse the addition and removal respectively, of acetyl groups on 

histone lysine residues resulting in a remodelled epigenome (Carraro et al. 2010). Hdacs 

have been reported to be relevant to cellular metabolism, growth as well as chronic 
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disease. Inhibition of Hdacs improved the development rate of pig embryos and 

increased cell number in blastocysts. Hdac expression seems to be affected by diet. 

High fat maternal diet modulated fetal liver Hdac1 expression. Hdac2 level were seen to 

correlate with chronic pulmonary disease (Lee et al. 2008). High fat diet could increase 

Hdac3 expression in skeletal muscle and liver inducing metabolic syndrome by being 

recruited to the promoter of lipogenic genes (Moresi et al. 2012, Sun et al. 2012). 

Among three Hdacs, Hdac3 was reported to regulate Akt activity and subsequently 

affects the size of tissues and organs (Sikalidis and Stipanuk 2010).  

Hdac3 was finally selected to be studied because Emb-LPD EBs were seen to be bigger 

than NPD EBs which indicates a change of ES cell proliferation. Hdac3 reduces insulin 

sensitivity and increases adipose tissue expansion (Sun et al. 2012). Emb-LPD offspring 

had increased body weight at 20 weeks (Watkins et al. 2008a). Also, microarray data 

(T.P. Fleming, unpublished) of Emb-LPD blastocysts in our group shows p21 which is 

regulated by Hdac3 (Wilson et al., 2006) to be altered in Emb-LPD. Thirdly, 

pinocytosis was found to be upregulated in Emb-LPD blastocysts. PI3K can regulate 

pinocytosis and Hdac3 acts as an important regulator of the PI3K pathway (Lv et al. 

2012). Most importantly, Hdac3 has been reported to supress gene expression by 

histone deaceylation function (Karagianni and Wong 2007).  

With wholemount immunocytochemistry, Hdac3 was observed to be localized mainly in 

blastocyst nuclei. However, some cytoplasmic staining can still be seen (Figure 7.8A). 

The result showed reduction of Hdac3 staining intensity in Emb-LPD blastocysts. 

Because the quantification of intensity was with VOLOCITY software which operates 

by setting a background threshold and only includes signals above the threshold, it is 

possible the cytoplasmic staining which is not as bright as nuclei staining is not 

included in the final intensity measurement. Hdac3 has both cytoplasmic and nuclei 

localization, therefore, the reduction of intensity in Emb-LPD may be caused by more 

cytoplasmic localization. At the mRNA level, Hdac3 was shown to be reduced in 

female but not male blastocysts, which could indicate Hdac3 reduction in Emb-LPD 

blastocysts is gender dependent. Maternal diet dependent gender effects have been seen 

in many studies of a variety of species, a recent study of glucose and lipid metabolism 

with respect to mouse maternal low protein diet treatment has shown increased impact 

on female offspring (van Straten et al. 2012) as has our own Emb-LPD model (Watkins 

refs). 
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Nevertheless, when Hdac3 protein and mRNA were measured in EBs, both were 

increased in response to Emb-LPD. The ES cell lines used in the current study were all 

male cell lines (Andy Cox, PhD thesis, University of Southampton). Consequently, the 

difference in Hdac3 expression between EBs and blastocysts could be caused by 

different genders. An alternative explanation could be that ES cells were cultured in 

standardized culture medium but the in vivo Emb-LPD environment might have 

supressed Hdac3 expression but when it is exposed to a nutrient sufficient environment 

it becomes over-expressed. Or the different result of Hdac3 expression between embryo 

and EBs could be caused by gender dependent effect as it was discovered the maternal 

low protein diet has different effects on male and female offspring (Watkins et al. 

2008a, Watkins et al. 2010). ES cell lines were identified by formal PhD student Andy 

Cox and he showed they were all male cell lines in both Emb-LPD and NPD groups 

(Andy Cox, PhD thesis, University of Southampton, 2013). However, in blastocysts 

analysis, there are both female and male blastocysts. Therefore, the male 

preimplantation embryos might have more Hdac3 in Emb-LPD group and in female 

group is the opposite. This needs to be studied further.  

Hdac3 regulates cell cycle progression. As previously observed, Emb-LPD EBs had 

increased size (Section 6.3.3) and this could be due to enhanced levels of Hdac3 

coinciding with a faster cell cycle and quicker cell proliferation. Hdac3 function is not 

restricted to deacetylating histones, it also can deacetylate cyclin A which promotes S 

phase progression and G2/M transition. Acetylated cyclin A will be ubiquitinated, 

therefore enhanced Hdac3 levels in cells could stabilize cyclin A and accelerate cell 

proliferation (Vidal-Laliena et al. 2013).  

Another connection between Hdac3 and observed alteration of phenotype is supressed 

mTORC1 in Emb-LPD blastocysts (Eckert et al. 2012). Recently, it was reported, 

Hdac3 supresses expression of leucine-rich repeat protein phosphatase (Phlpp) which 

could dephosphorylate Akt Ser-473. Phosphorylated Akt was reported to activate 

mTOR pathway (Bradley et al., 2013). Therefore, the Emb-LPD environment, which 

reduced Hdac3 expression in blastocysts, also supressed Akt/mTOR pathway in these 

blastocysts. This effect could coordinate with deficient amino acid induced mTOR 

pathway suppression. We can speculate that once the Emb-LPD embryo or offspring is 

exposed to a nutrient sufficient environment, Hdac3 could be enhanced and mTOR 

pathway can be activated resulting from a more active endocytosis system of cells 
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taking in more nutrients than NPD treated embryos. As Hdac3 promotes growth of 

tissue and organs through PI3K/Akt pathway, the enhanced expression of Hdac3 in 

Emb-LPD EBs could further increase offspring growth as seen in Emb-LPD offspring 

(Watkins et al. 2008a, Lv et al. 2012).  

Although microarray data showed reduced p21 mRNA expression in Emb-LPD 

blastocysts, real-time PCR displayed no difference in p21 mRNA expression in either 

blastocysts or EBs. Hdac3 was reported to supress p21 expression in colon cancer but 

the data was only shown for p21 mRNA and protein (Wilson et al. 2006, Spurling et al. 

2008). A recent study shows p53 can antagonize trichostatin A (TSA) ability inducing 

mRNA expression (Sachweh et al. 2013). Therefore, p53 level may be regulated by 

Emb-LPD therefore reducing p21 expression (Sachweh et al. 2013).  

However, till now, there is no published study of how amino acid or insulin could 

regulate Hdac3 expression. We suggest that over-expression of Hdac3 contributes to 

hypoacetylation of Gata6 gene promoter reducing its expression in Emb-LPD treated 

EBs. However, as Hdac3 was not in concert between blastocyst and EB models, the 

result is not conclusive. More studies need to be done to test our hypothesis..  
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Chapter 8 General Discussion 

The metabolic syndrome is a combination of metabolic disturbance which contains a 

group of cardiovascular risk factors and can predict developing diabetes, includes 

diabetes and pre-diabetes, abdominal obesity, high cholesterol and high blood pressure 

which could induce heart attack. Due to western diet and lifestyle, over one quarter of 

the world’s adult population have metabolic syndrome and will have higher risk of 

death from heart disease (Alberti et al. 2006). The pathology of metabolic syndrome is 

complicated and is still not entirely clear. In 1985, Professor David Baker proposed 

what became known as the DOHaD hypothesis as one explanation of the increasing 

metabolic syndrome population worldwide. Given the economic improvements in the 

past 50 years relative to previous periods, people born are especially at risk of pre-natal 

and post-natal environment mismatch when life condition and availability of food are 

concerned (Berg and Austin 1984).  

Our group discovered that maternal malnutrition restricted exclusively to the pre-

implantation period was sufficient to predispose offspring to cardiovascular and 

behavioural diseases (Watkins et al. 2008a).  Early embryos exhibit developmental 

plasticity and therefore are very sensitive to environment such that suboptimal maternal 

diet during this period was found to cause long-term disease risk (reviewed by (Fleming 

et al. 2004)). In embryo development, extraembryonic lineages which include 

extraembryonic endoderm (XEN), extraembryonic ectoderm and extraembryonic 

mesoderm, provide support for embryo growth and differentiation. The trophectoderm 

(TE) (part of extraembryonic ectoderm) and primary endoderm (PE) (part of 

extraembryonic endoderm) contribute most to regulating embryo growth by transport of 

nutrients from maternal environment to developing embryo therefore controlling 

nutrient availability. Before implantation, TE starts to form with the cavitation of the 

morula and PE differentiation starts from E3.5. PE later becomes the visceral yolk sac 

(VYS) surrounding the fetus, a barrier between maternal uterine environment and fetus. 

Many receptors for nutrients (e.g. protein, lipid) were found in both TE and PE 

mediating early gestation endocytosis. In conclusion, TE at the preimplantation stage 

and yolk sac at the postimplantation stage both can mediate nutrient delivery and that of 

other materials, transporting to inner cell mass or fetus. My study is to explore how 

extraembryonic lineages respond to maternal low protein diet during preimplantation 
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stage and to discover the mechanisms involved. Previous studies have showed that in 

response to maternal low protein diet during the pre-implantation stage (Emb-LPD), TE 

cell numbers decreased in a rat study but in the mouse, TE showed enhanced ability of 

proliferation (Kwong et al. 2000, Eckert et al. 2012). Mouse Emb-LPD and LPD yolk 

sacs also had increased Megalin receptors present on cell membrane (Watkins et al. 

2008a).  

In this study, I used E3.5 blastocysts to study TE lineage behavior responding to 

maternal Emb-LPD. For the XEN lineage, PE was differentiated in vitro from mouse ES 

cells derived from embryos exposed to Emb-LPD.   Here are three hypothesis that are 

integrative and not mutually exclusive for the role XEN and TE may play in DOHaD: 1) 

Maternal environment perturbation is first detected by TE which signals into the 

developing ICM directing its differentiation and development; 2) TE and XEN may 

develop a compensatory mechanism responding to maternal environment perturbation 

to strengthen the nutrition absorption ability supporting the development of the fetus; 3) 

The modification of TE and XEN function has long-lasting effects even when 

environmental nutrition is sufficient, which may reflect epigenetic modification in TE 

and XEN. 

8.1 Endocytosis system responding to maternal environment  

Protein restricted diet during pregnancy has been reported to cause stable changes in 

gene transcription persisting into adulthood leading to diabetes, cardiovascular disease 

and even osteoporosis (Karen et al., 2009, Mehta et al., 2002).  The maternal nutrition 

intake could influence the constitution of uterine fluid (Hoet and Hanson, 1999; Eckert 

et al., 2012). During the period of pregnancy or even just the period of preimplantation 

development, it has been reported that embryos are susceptible to surrounding 

environmental change which may influence adult health. Although several changes have 

been observed, the pathway by which these occur is still unclear. The endocytosis 

system of embryos which serves as almost the first contact between embryo and 

maternal environment after fertilization was suggested by Fleming et al. (2004) to be an 

important signal receiver and responder for the embryo during the preimplantation 

period. Since the endocytic system begins to function almost as early as fertilization and 

become fully functioned after the 8-cell stage (Fleming and Goodall, 1986), studying it 
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helps to understand how the embryo as a whole senses and adapts to the intrauterine 

environment.  

In this study, different markers of the endocytosis system were used including Megalin 

receptor expression, Lyso-Tracker and BSA-BODIPY. First of all, I measured the 

endocytosis of blastocysts freshly flushed following maternal dietary treatment and 

collected at E3.5. The results showed that changes in endocytosis have already taken 

place from as early as the preimplantation stage in embryos in both Clathrin pathway 

and independent pathway. The data I collected and analysed were numbers and volume 

of those endocyosed vesicles labelled. To rule out the possibility of the confocal 

microscope missing information between individual scans passing through the 

specimen, I used two different scanning methods, first was the ‘fine’ scan, to scan every 

slice along a short z-axis of the TE layer and another was to scan half the embryo but 

with a 0.9 µm gap between each scan of the z-series. The results from both methods of 

scanning were consistent. From both results the number and volume of these 

endocytosed vesicles increased in Emb-LPD embryos. Although the significance of the 

number of vesicles was somewhat different from the two scan methods, this could be 

due to the recognition of vesicles by the Volocity software. If they were very close to 

each other, then two or more vesicles could be regarded as one by the software. So the 

results from both scans confirm and supplement each other. The lysosome vesicles 

labelled by Lyso-Tracker dye reflected the lysosome number and volume which 

increased in Emb-LPD blastocyst TE cells . The result from BSA-BODIPY showed the 

BSA endocytotic vesicle number and volume also increased in Emb-LPD blastocyst TE 

cells, confirming stimulated albumin uptake from the external environment.  This could 

be due to a compensatory response in embryos caused by lack of maternal nutrition. So 

the sub-optimal maternal diet effect on blastocysts could be interpreted as endocytosis 

system activation to promote nutrient uptake to support embryo growth.  

Stimulated endocytosis was also found in VYS of Emb-LPD (Watkins et al. 2008a) 

which derives from the PE lineage. To investigate if compensatory endocytosis occurs 

in PE, the embryoid body model was used. The PE cell lineage was first identified in 

EBs by lineage markers Gata6 and Dab2. Then the endocytosis assay was conducted in 

EBs formed from ES cells derived from Emb-LPD and NPD maternal diets. In Chapter 

6, the results showed the endocytosis system mediated protein uptake more actively in 

Emb-LPD than NPD EBs. BSA-BODIPY vesicle number and volume were both 
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increased significantly in PE from Emb-LPD EBs. The Lyso-Tracker vesicle number 

and volume did not show a significant increase but had a trend of increase. Although the 

ES cells after isolation from the embryo ICM had already been passaged and cultured in 

standard culture medium for 6 passages, the phenotype of stimulated endocytosis still 

remained from the time of Emb-LPD exposure. This could indicate a heritable 

characteristic of compensatory nutrient absorption.  

The next step was to explore the possible signals that induced the compensatory 

endocytosis mechanism following Emb-LPD. We created different nutrient deficient 

environments in vitro to compare the endocytosis of blastocysts. We cultured the 

embryos from 2-cell stage to blastocyst in culture medium contain 1 mg/ml BSA, 

2mg/ml or 4 mg/ml BSA. Then we performed endocytosis assay on them. The result 

showed by the confocal microscope, vesicle number and volume of both BSA-BODIPY 

and Lyso-Tracker were increased as well as the FITC-dextran vesicles in blastocysts 

cultured in 1 mg/ml culture medium. Switching culture conditions from 4 mg/ml BSA 

to 1 mg/ml BSA and 1 mg/ml BSA to 4 mg/ml BSA showed stimulated endocytosis 

occurred rapidly when environmental BSA was reduced. However, for embryos 

switched from low to high BSA at the blastocyst stage, a stimulated rate of endocytosis 

was maintained indicating a stabilised condition. This effect was shown previously in 

short term culture of blastocysts in different concentrations of BSA (Dunglison and 

Kaye 1995). We can confirm that reduced environmental BSA is able to induce both 

albumin uptake and fluid phase endocytosis of embryo preimplantation development. 

As Eckert et al. (2012) reported, depleted leucine, valine and isoleucine were found in 

Emb-LPD uterine fluid at E3.5 developmental stage (Eckert et al. 2012). Accordingly, 

we designed branched chain amino acid (BCAA) culture with different amount of these 

three BCAAs to mimic the in vivo environment using KSOM medium containing 

normal, 50% or 0% BCAAs in a background of NPD uterine fluid amino acid 

concentration and found depleted BCAA stimulated FITC-dextran endocytosis. 

Deficient amino acid environment could supress mTORC1 complex and activate GCN 

(general control nonderepressible protein 2) (Kilberg et al. 2005). Normally, studies of 

amino acid and mTOR pathway are conducted with amino acid levels completely 

removed. The subtle change of amino acid environment over a protracted period has not 

been studied previously in mTOR regulation. Because amino acids have a range of 

targets, it is possible the result we obtained in the current study was contributed by 
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different single pathway interactions. Also, insulin and other growth factors may also 

influence mTOR pathway activity but these factors were not considered in this study.  

Therefore how this compensatory endocytosis was induced still need to be explored. 

Since stimulated endocytosis might be caused by reduced amino acids in uterine fluid, 

we tried to identify which pathway was affected by reduced environmental BCAA 

exposure. We examined the Megalin receptor first since it has been reported to be 

increased in Emb-LPD E17 VYS at the protein level (Watkins et al. 2008a). Using 

immunocytochemistry and western blotting, Megalin receptor was found to be 

upregulated at the protein level in Emb-LPD EBs and E3.5 blastocysts. This could 

partly explain the stimulated BSA-BODIPY uptake. However, Megalin mRNA levels 

were not changed between diet groups. Although Megalin expression could be 

epigenetically regulated, as mRNA levels were not altered, the mechanism of how 

Megalin maintained its expression during development was unknown (Marzolo and 

Farfan 2011). However, when we examined cubilin mRNA, we found it increased in 

EBs and female blastocysts. From Ct value of cubilin (Ct = 30) and Megalin (Ct = 24), 

we know cubilin was far less expressed than Megalin. This might indicate cubilin as a 

limiting factor for Megalin-Cubilin complex formation and contributory to the 

stimulated endocytosis seen following Emb-LPD. The effect of Megalin and cubilin 

may be due to compensatory expression of the membrane receptor. A similar effect was 

found previously for the amino acid receptor SNAT2 which was shown to be 

upregulated on apical membranes of amino acid starved cells (Hundal and Taylor 2009). 

The overexpression of Megalin could be due to a similar mechanism. No further studies 

have been conducted on Megalin in embryos concerning dietary effects. Although we 

saw increased Megalin protein and cubilin mRNA, their trafficking might be more 

important than their quantity. As their invagination is mediated by Clathrin coated pit 

formation, we measure the quantity of Clathrin protein in both Emb-LPD blastocysts 

and EBs. With immunocytochemistry, we saw a significant increase in Clathrin protein 

fluorescent signal but western blotting did not confirm this, only showing a slight 

increase and the localization of Clathrin did not change. The antibody used here was 

Clathrin heavy chain antibody; it might be possible that the light chain played a more 

important role in this or Clathrin did not contribute to the increased endocytosis in Emb-

LPD. In Eckert et al. (2012), BCAAs were depleted in Emb-LPD uterine fluid on E3.5 

and suppressed mTOC1 activity was found in Emb-LPD blastocysts (Eckert et al. 
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2012). The mTOR pathway is stimulated by cellular energy level, amino acids and 

growth factors (Mahlknecht et al. 2008). The suppressed mTOR activates autophagy 

which was found in muscle cells inducing more lysosomes to process protein turnover 

for recycling cellular proteins (Dodd and Tee 2012). However, in my study, autophagy 

was not seen to be activated despite suppressed mTORC1. The induction of active 

endocytosis system must be through other pathways. At the same time, as no other 

nutrients were measured in Emb-LPD uterine fluid, we cannot conclude amino acid 

changes are the only induction of altered phenotype in Emb-LPD blastocysts. 

We know the upregulated endocytosis following Emb-LPD was not associated with 

recycling cellular material caused by autophagy. Autophagy can indicate mTORC1 

activity. However, the alternation of endocytosis we have seen could still be related to 

the mTOR pathway but just not affecting autophagy. This is because PI3K/AKT which 

regulates, which plays important role in mTOR pathway activation, regulates 

pinocytosis and may induce Megalin mRNA expression (Lindmo and Stenmark 2006, 

Riley and Moley 2006). Akt acts at downstream of insulin growth factor and amino acid 

transportor SNAT2 (Dodd and Tee 2012). At the same time, PKB/Akt could activate the 

rapamycin (mTOR) signaling pathway (Martelli et al. 2009). However, in our study, 

evidence did not support the hypothesis of stimulated PI3K/Akt pathway in Emb-LPD 

as Megalin mRNA was not altered and mTORC1 was supressed in Emb-LPD. Also, 

Akt phosphorylation was tested in Emb-LPD ES cells and shown not to be altered 

(Andy Cox, PhD thesis, University of Southampton, 2013). To further confirm, Dab2 

protein was examined because Akt interacts with Dab2 and it regulates Megalin’s 

function of inducing invagination along with other proteins at the cell membrane (Koral 

and Erkan 2012). As Dab2 only appears in E 4.5 blastocysts, Dab2 was tested in EBs 

and E17 VYS. We saw Dab2 was not altered at either mRNA or protein levels. Another 

effector of amino acid concentration mTORC2 was considered with a focus placed on 

the mTORC2/Rho-GTPase pathway. We tested freshly collected Emb-LPD and NPD 

blastocysts using the immunocytochemistry and top layer scan. We found increased 

RhoA and actin intensity in TE of Emb-LPD blastocysts along with stimulated 

(increased volume) FD uptake. However, no real-time or western blotting evidence of 

enhanced actin level was found in Emb-LPD EBs. This could due to the mixture of 

other cell lineages in EBs because the diet effect is subtle and alteration could be 

masked. However, in the experiment to determine reference genes, actin expression was 



  General Discussion 

 

shown to be highly unstable between the two diets.  Since RhoA could regulate actin 

polymerization and actin could in turn regulate fluid phase endocytosis, we inhibited 

RhoA-GTPase with C3 transferase. The C3 transferase could affect the actin 

cytoskeleton and this was observed as the blastocyst cavity collapsed.  We found RhoA 

inhibition reduced FD uptake in TE after 2 hours in both Emb-LPD and NPD groups. 

This caused FD uptake to reach the same level within Emb-LPD and NPD groups. It is 

known mTORC2 could regulate Akt activity, but Akt activity was not found altered in 

Emb-LPD ES cells, it is possible this effect is cell type specific. Therefore, it might only 

take place in epithelial cells like PE and TE.  

 

8.2 XEN differentiation and development  

As a parallel study we used mouse ES cells isolated from blastocysts after Emb-LPD or 

NPD exposure. As an in vitro culture system, ES cells have been studied under different 

environmental stresses such as oxidative stress (Saretzki et al. 2004, Chaudhary et al. 

2006). However, the ES cell culture system which serves as another source of detecting 

how ES cells react to environmental challenges has not been widely used in DOHaD 

studies. Here the maternal LPD was regarded as a source of stress for embryonic cells. 

With the in vitro system we can accomplish more mechanistic studies. Using the 

endocytosis assay of EBs, we have seen increased endocytosis in Emb-LPD EBs. In 

visceral endoderm, Dab2 is an adaptor protein between Megalin and myosin mediating 

endocytosis (Zhou et al. 2005).  The phosphotyrosine interaction domain of Dab2 was 

found to interact with Megalin cytoplasmic tail, NPxY, motif while another end is 

connected with myosin (Oleinikov et al. 2000, Maurer and Cooper 2005). When testing 

Dab2 expression in order to see if it contributes to upregulated endocytosis, E-cadherin 

and Gata6 were also tested as they participate in regulating epithelial function partially 

due to Gata6’s binding ability of the promoter of Dab2. Dab2 helps to build the 

polarized distribution of surface protein through coupling endocytic cargos to myosin 

VI motor which trafficks the protein to specific areas. The distribution of E-cadherin 

and Megalin were both reported to be regulated by Dab2 (Morrisey et al. 2000, Yang et 

al. 2006). Surprisingly, Dab2 expression was not altered at both mRNA and protein 

levels but Gata6 did.  
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Studies were then conducted on Gata6 expression and distribution. First of all, passage 

13 ES cell derived EBs did not show a significant change of Gata6 protein expression 

but a trend was found. This could be caused by insufficient western blotting sensitivity 

or that EBs have been cultured in the same medium for a long time and some of their 

epigenetic modification changed during this time. When Gata6 was examined with 

passage 6 ES cell derived EBs, significant differences was found at both protein and 

mRNA levels. In both passage 6 and 13 EBs, Gata4 mRNA level did not show a 

significant difference between diets. At the same time, as Emb-LPD ES cells showed 

more cell death than NPD cells (Andy Cox, PhD thesis, University of Southampton, 

2013), I measured the size of passage 13 EBs (by diameter) at different days following 

PE formation which did not show a significant difference. However,  using passage 6 

EBs the size of Emb-LPD EBs was significant larger than in NPD which may be due to 

a compensatory growth mechanism as seen in development of Emb-LPD offspring. But 

how it could relate to reduced Gata6 expression is not known.   

The reduced expression of Gata6 could be caused by many different factors. Western 

blotting of E17 Emb-LPD VYS showing reduced Gata6 protein suggests the expression 

regulation of Emb-LPD is heritable and this could be caused by epigenetic modification. 

In the rat LPD model, H19 methylation was altered (Kwong et al. 2006) but studies 

from Pan’s group suggested histone modification rather than DNA methylation might 

be more important in epigenetic reprogramming. Studies of Gata4 and Gata6 genes have 

shown their promoters are actively modified via histone modifications and these may 

regulate their expression. According to a comprehensive study of GATA4 and GATA6 

promoter modification in ovarian cancer cell lines, we designed the three pairs of 

primers to examine these two genes’ promoter modifications.  In the Gata4 promoter, 

the three loci are about 1k, 2k and 3k bp upstream of exon 1. On the Gata6 promoter, 

the three loci are about 4k, 10k and 14k bp upstream of exon 1. We performed fast ChIP 

on EBs with antibodies against acetylated histone H3 and H4, H3K4Me2, H3K4Me3, 

H3K9Me3 and H3K9Me3. The positive control of ChIP is Gapdh promoter. The result 

was very similar to the expression and histone modification pattern recorded by 

Caslini’s study, with the promoter closest to exon 1 showing the most significant 

changes. On the Gata4 promoter (G4P1) H3Ac, H4Ac, H3K4Me3, H3K9Me3, 

H3K27Me3 all increased. Except from H3K9Me3, these increases are not significant. 

On the Gata6 promoter (G6P5), H3Ac, H4Ac, H3K4Me3 were all increased 
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significantly. H3Ac, H4Ac, H3K4Me3 and H3K9Me3 are all active histone markers 

that lose histone condensation and activate gene expression. These are in concert with 

mRNA expression of Gata4 which showed a non-significant increase. However, 

H3K9Me and H3K27Me3 are significantly more on the Gata4 promoter. This might be 

due to experimental error. Also, RNA Polymerase II indicative of transcription initiation 

activity was significantly more abundant on the Emb-LPD Gata6 promoter which again 

confirmed the active transcription status of Gata6. H2K4Me3 which is also an active 

marker showed a trend of increase (p<0.1) on Gata6 promoter. However, the other 

positions amplified did not change significantly except on G4P3, H3K4Me3 was more 

abundant in Emb-LPD EBs. The ChIP experiments could result in a lot of variation and 

due to the varied result of negative control IgG, we decided to use fold enrichment 

rather percentage of input to process data. The first step of ChIP was cross-link and 

sonication. This step could determine the quality of chromatin lysate. We control the 

quality of chromatin sonication by running a DNA gel and ensuring the products were 

all at the right size. However, as the equipment used was a probe sonicator rather than 

bioraptor which can process sample uniformly, the quality variation of my sheared 

chromatin cannot be ignorned. All ChIP experiments were repeated twice and each PCR 

was done as duplicate. In addition, the Gapdh promoter was used as a positive control in 

all ChIP experiments as it is a house keeping gene and its expression was not altered 

between diet treatments, all antibodies we tested in ChIP did not show any difference, 

which suggested the ChIP experiments are reliable.  We therefore conclude that the 

reduction of Gata6 mRNA likely resulted from promoter hypoacetylation. 

Histone modifications could be regulated by histone deacetylases or histone acetylases. 

Here, we chose to investigate histone deacetylase 3 (Hdac3) as it has been linked to cell 

metabolism (Sun et al. 2012). We examined Emb-LPD blastocysts first by 

immunocytochemistry of HDAC3. We found reduced Hdac3 intensity per nucleus in 

Emb-LPD blastocysts. Then we examined Hdac3 protein and mRNA in EBs and found 

the result was opposite. Hdac3 could remove acetyl groups from histone therefore 

increased HDAC3 found in Emb-LPD EBs could explain the hypoacetylation of Gata6 

promoter. However, why Hdac3 was increased in Emb-LPD blastocysts is not known. 

Normally, high fat diet could induce Hdac3 expression (Zheng et al. 2012a). In our 

experiments, the LPD diet was isocaloric, therefore the protein was replaced by 

carbohydrate in diet. It has not been reported if carbohydrate will affect HDAC3 
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expression in cells. The immunocytochemistry result of the blastocyst if real could 

reflect low lipid metabolism and this might be reversed due to the result of 

compensatory growth as cells try to absorb more nutrients including lipid. However, 

when we examined p21 expression a gene that is regulated by Hdac3 expression, we 

found p21 mRNA was not altered in EBs. Also, the amino acid depletion and Hdac3 

expression were not studied before, therefore, the result is not conclusive. However, 

overall, our result may suggest Hdac3 contributes to reduced Gata6 expression in Emb-

LPD EBs.  The different expression in blastocysts and EB could reflect an effect 

induced by diet. Hdac3 expression was suppressed in LPD environment but may be then 

induced in a normal protein environment whether in offspring or medium cultured cells 

or embryos. The induced expression of Hdac3 is more than the amount that is present in 

a constant normal protein environment. This Hdac3 could induce activated Akt together 

with amino acid-induced mTOR activation further amplifying the activation. This effect 

could lead to compensatory growth resulting from stimulated endocytosis and adiposity 

storage (Bradley et al. 2013).   

Therefore the proposed mechanism by which Emb-LPD induces compensatory growth 

and ultimately conditions seen in the metabolic syndrome may be through suppressing 

mTOR pathway and Hdac3. These responses have made embryos sensitive to external 

nutrition and when such embryos or offspring are exposed to sufficient nutrients, it may 

stimulate the PI3K/Akt/mTOR pathway, inducing the compensatory effect. At the same 

time, this compensatory reaction also brings about Hdac3 over-expression, supressing 

the expression of proteins that negatively regulate Akt activation (e.g. Phlpp) (Section 

7.4.2) and at the same time inducing hypoacetylation of certain genes. Together, a 

switched nutrient environment may induce a hyperactive AKT and mTORC2 and lead 

to a higher rate of migration in Emb-LPD TE cells and enhanced endocytosis ability. At 

the same time, Gata6 expression could be suppressed due to Hdac3 induced promoter 

hypoacetylation (Figure 8.1). 
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Figure 8.1 Schematic diagram showing processes of how nutrient deficient 
environment during embryo development stimulate compensatory nutrient 

uptake in TE and PE cells. (Left) in the normal nutrient environment, amino acid and 

insulin could send signals through PI3K/Akt pathway to activate protein synthesis. At 
the same time, Phlpp1 expression will normally inhibit Akt activity. (Right) If cells were 
exposed to maternal low protein diet and then switched to normal protein diet, the 
reaction of mTOR pathway will be more sensitive and increased expression of Hdac3 
will suppress Phlpp expression lifting the inhibition of Phlpp1 to mTOR pathway. At the 
same time, more Hdac3 causes H3H4 hypoacetylation inhibiting Gata4 and Gata6 
expression.  
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8.3 Future Direction  

In the perspective of sensing external nutrients, mTOR pathway and amino acid sensing 

pathway are well related to respond to external nutrients especially amino acid 

concentration. Up to now, the amino acid responding pathway has not been fully studied 

in terms of regulating endocytosis and compensatory growth. This pathway could affect 

epigenetic modifications as the acid sensing pathway was found to be reprogrammed at 

the epigenetic level by maternal low protein diet (as reported by Pan’s group). 

Therefore, amino acid responding pathway could be another target for future 

investigation. Amino acid deprivation produces many free tRNAs in cytoplasm and this 

will activate general control non-derepressible protein  (GCN) which will phosphorylate 

the eIF-2α and lead to global suppression of translation but stimulate specific gene 

transcription. The specific genes activated by GCN might contribute to compensatory 

activation of mTOR pathway (Kilberg et al., 2005). Therefore, realtime PCR and 

western blotting could be done on the genes involved in this pathway in blastocysts 

from Emb-LPD and NPD groups.  

As we have already found the endocytosis system was stimulated by maternal LPD in 

blastocysts, more study could be done on the relationship between these two pathways 

and the endocytosis system of developing embryos. Although I have found the 

stimulated endocytosis could be induced by RhoA-actin interactions, there are still 

many questions concerning the upstream regulation of mTORC2 as well as interactions 

with the amino acid responding pathways.  The potential candidates to study are PI3K, 

Akt, TSC2 activity in Emb-LPD blastocysts and Emb-LPD late embryos. Also, amino 

acid transporters could be examined to see their expression in response to Emb-LPD in 

blastocysts. At the same time, how the cytoskeleton could contribute to this process 

could be studied with real-time microscope. Due to the high cost of embryos and 

confocal microscopy, a quicker assay and in vitro models of endocytosis assay could be 

developed to test the different combination of amino acids and growth factors and test 

their effect on the endocytosis system. Also, in order to see if the compensatory 

mechanism of nutrient absorbing in offspring still involves endocytosis, endocytosis 

assays could be done in offspring organs. Or studies could be done on neuron system to 

study the eating habit of Emb-LPD offspring. 
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With ES cells, We have identified reduced Gata6 expression which might contribute to 

offspring heart disease and its histone modifications. Because of the positive result of 

epigenetic modifications, it is encouraging to explore if epigenetic events happen during 

pre-implantation stage induced by maternal diet.   For epigenetic studies, between Emb-

LPD and NPD  blastocysts, more targets of organ or cell lineage-specific genes may be 

tested with ChIP sequencing to compare the histone modifications of a good number of 

genes with higher efficiency and the clusters can be made to see if there is any relations 

with disease associated gene expression. Also, this could help to see other components 

of genes that could alter epigenetic memories, for example, gene enhancers. As 

epigenetic studies induce heritable expression of genes, Emb-LPD offspring organs, for 

example heart, could be studied to analyse if these genes maintained the gene 

expression profile as in Emb-LPD blastocysts or new-borns. Also, EBs can be 

differentiated further into muscle or heart to be examined.  In our study, we saw altered 

Hdac3 expression, but the relationship with Hdac3 and Gata6 promoter acetylation is 

not clear yet. Hdac3 siRNA and ChIP of Hdac3 can be done to identify if HDAC3 

associates with Gata6 promoter and if knock-down of Hdac3 can up-regulate Gata6 

expression. As Hdac1 shares some similar functions with Hdac3, its expression could 

also be investigated. Also, in vitro models of different nutrient environment could be 

used to study the reaction of histone deacetylase to see how this enzyme could be 

induced. 

Although, Emb-LPD mouse was found to have enhanced risk of metabolic syndrome, 

other risks have not been assessed. More and more studies indicate a developmental 

origin of cancers. Mammary cancer risk was reported to be increased by LPD because 

p21 and p16 genes controlling cell cycles were both repressed by reduced acetylation of 

histone H3 and histone H4 separately. The dimethylation of H3 was found in p16 

promoter (Zheng and et al., 2006; Zheng and Pan, 2011). Therefore, the epigenetically 

related cancer risk could be studied in the DOHaD field.  

 

 

 

 



Chapter 8 

182 

 



  Appendices 

 

 





  Appendix I 

 

Appendix I 

Composition of synthetic casein diet in g per kg of diet (Langley and Jackson, 

1994) 

 18% casein 9% casein 

Casein 180 90 

Corn starch 425 485 

Fibre 50 50 

Sucrose 213 243 

Choline chloride 2 2 

DL-Methionine 5 5 

AIN-76 mineral mix 20 20 

AIN-76 vitamin mix 5 5 

Corn oil 100 100 

 

Embryo Culture Medium 
 Solution F (per 100ml,osmolarity, 2555+/-20mOsm)        

Sodium chloride                                                                       4.720g 

Potassium chloride                                                                  0.11g 

Sodium dihydrogen orthophosphate 0.06g 

Magnesium chloride                                                          0.1g 

D-glucose 1.0g 

DL-lactic acid (60%) 3.4ml 

  Solution G (per 10ml,osmolarity, 60+/-10mOsm) 

 pyruvic   0.03g 

penicillin               0.06g 

Streptomycin              0.05g 

  Solution B (per 10ml,osmolarity, 444+/-

20mOsm) 

 Sodium hydrogen carbone                                           0.2106g 
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Solution H (per10ml, osmolarity 415+/-20mOsm) 

 Calcium chloride 2-hydate 0.26g 

  Solution E (per50ml, osmolarity 354+/-20mOsm) 

 Hepes 2.9785g 

Need to pH to 7.4 with 5M NaOH before checking mOsm 

Phenolred           6mg/ml 

Sodium chloride 20% 

  

H6BSA(100ml) 
 

Sotck 
 

H2O       78ml 

F     10ml 

B  1.6ml 

G 1.0ml 

H 1.0ml 

E 8.4ml 

BSA(Bovine Serum Albumin) 0.400g 

20%NaCl 0.600ml 

KSOM Medium 
 

2X stock 
 

NaCl 190ml 

KCl   5.0mM 

KH2PO4  0.7mM 

MgSO4.7H2O   0.4mM 

Sodium Pyruvate   20mM 

Lactic Acid 0.4mM 

Glucose  0.4mM 

NaHCO3 50mM 

Penicillin 
 

Strep Sulphate (Stock=0.100g/ml-make up with 

sterile H2O)  

1ml 

stock 

EDTA  (0.5mM) 4ml 

To make 1X KSOM 
 

CaCl2  100µl 

NEAA 50µl 

Essential AA 100µl 

L-Glutamine 50µl 

Sterile H2O 4.75µl 

BSA  0.040g 

Filter and adjust osmolarity to 255+/-5mOsm 
 

 

Aicd Tyrode’s solution (per100ml, pH2.3) 

 NaCl   0.8g 

KCl  0.02g 0.02g 
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CaCl2.2H2O  0.0265g 0.0265g 

MgCl2.2H2O 0.01g 

D-glucose 0.1g 

PVP 0.4g or CaCl2 0.02g 

 

   

                                              Western blotting and IHC 

5X SDS loading buffer:  

Transfer Buffer for Western 

blotting(2L) 

250mM Tris-HCl  PH 6.8 25mM Tris(6.06g) 

10% SDS 150mM Glycine 

30% Glycerol 20% Methanol 

5% β-mercapitalehanol Distilled water 

0.02% bromophenol blue 0.1% SDS 

Water 

 0.1%(w/v) Ponceau S Staining Solution TBS:  

1g Ponceau S  20 mMTris  

50ml acetic acid 150mM NaCl 

Make up to 1L with ddH2O 

 DAB Solution 

 DAB Stock: 5g of DAB in 200 ml of 

distilled water. 

 Working solution: 

 20µl DAB stock  

 1ml PBS 

 0.5ul H2O2 
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Appendix II. i. (A) Example of sexing DNA gel of PCR product of mouse single 

blastocyst DNA. F=Female, M=Male. (B)  RNA gel electrophoresis results from EB 

RNA extraction with the label of numbers representing individual ES colonies.   

 

  



Appendix II 

190 

 
 

Appendix II ii. Example of Primer Efficiency calculation of Gata4 primer, E=10
1/3.3
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Appendix II. iii. Result of stability values of candidates of reference gene expression in 

EB from different maternal diet group from Norm finder (A) and GeNorm methods 

(B,C). 
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Gata6 
18              CGTATATCACTGCTGCTGCCTGGGACAAGCA-----GTGCGCGACTTGCTGCTGACAGAT 529 

ENST00000269216 CATATATCACGGCTCCTGCAGCGGACGAGCCTGCGGCCGCGCGAGTTGCCGCTGACAGAT 623 

                *.******** *** ****.  ****.***.       ****** **** ********** 

 

18              CGGCACTGATAACCCCGCCAGTGTTCATTTCCAGTCC--TTGGCCCGCTAAGAACCGTAT 587 

ENST00000269216 CGGCGCTGATAACCCCGCG-ACGTTCATTTCCAGTCCCTTTTGCCCGCTAGGGACCGTAT 682 

                ****.*************  . ***************  ** ********.*.******* 

 

18              CAGTTTGTACACAGTTGTGATAACCATTTGGAGGGAGCGACTAAGGGGTGTGTGTGAGA- 646 

ENST00000269216 CAGTTTGTACAGAGTTGTGATAACTGTTTGGAGGGAGCGAAGAGGGGGTGTGTATATGAA 742 

                *********** ************ .**************. *.*********.*.:**  

 

18              -TTGGGGGTGGAGAAATGGTATTTCTTTCTGGGTCCAGGGAAGGTACCCCG-CTCCTTCT 704 

ENST00000269216 CGTGGGGGTGGGGAAGCAGCATTTAGCGCTGGGTCCAGGGAAGGTGACACCCCCTCTTCG 802 

                  *********.***. .* ****.   *****************..*.*  *  ****  

 

18              CAACGCGTTATCTTTGATTGACCTGAAGT---CCAGAGAAAGCTCAGAGTGAA---CGCG 758 

ENST00000269216 CAGTGACTTATCTGTGACTTACCTGAAACTCTCCAGGGAAATATCAGAAACTCTCCAGGG 862 

                **. *. ****** *** * *******.    ****.**** .*****.: :.   .* * 

 

18              ACAACC-----AAACTAGCGTCCTTGGACACCGCAGTGTTTTTCATTCAAGACGGTCCCC 813 

ENST00000269216 ACATCAAAAGTTGGAGAGCGTCCTCGGACACGACTGATGTGGAAGCCCTTTTCCATTCTG 922 

                ***:*.     :... ******** ****** .*:*:  *  :..  *:: :* .* *   

 

18              AGCACCTCATAGTTTCAACCTTCCCATACACCAC--------------AACCGAAAGGTT 859 

ENST00000269216 CGTACCCCATA--GACTACCTTTCCGTACATGACGACCCGAGTTAAAGTTCCCAAAGGTC 980 

                .* *** ****   :*:***** **.****  **              ::** ******  

 

Gata4 

chromosome_GRCh37_8_11551713_1      TGCAGAGCCGCCGCAGGCTGCAGAAAAAAGGGGGAAAGATTAGAAGAGA- 

335 

chromosome_GRCm38_14_63245249_      ACCCCAGTCGGTGAGGGCTACAG---------GGAGTGATGAGAAGGGAC 

338 

                                      *  ** **  *  **** ***         ***  *** ***** **  

 

chromosome_GRCh37_8_11551713_1      -GGAGGCCACAGGAGATGG--GAAGTGTCGCCAGGAAGGGATGCAGATT- 

381 

chromosome_GRCm38_14_63245249_      GGGAGACCGCAGGAGTGGGAAGAAGTGTCGGCGGCGAGGGGTGCGCGTTT 

388 

                                     **** ** ******  **  ********* * *  **** ***   **  

 

chromosome_GRCh37_8_11551713_1      -GCATAAATACATAAAATTG-AGGCTG----AGGC-CTGGGCTCCCGACC 

424 

chromosome_GRCm38_14_63245249_      TGTATAAATACATAAACTCCTGGGCTGGTGGAGGTTCTCGGCGCCTTGCA 

438 

                                     * ************* *    *****    ***  ** *** **   *  

 

chromosome_GRCh37_8_11551713_1      ATCTCCCTGGGATTTTGGGAAGGCAAAAGGGAGGCTTCGGTCTCTACGCT 

474 

chromosome_GRCm38_14_63245249_      GTCTCCACCGGCTCGTGGGAAGGAGAAAAGAGCGCTTGCGTCTCTAGGCA 

488 

                                     *****   ** *  ********  *** *   ****  ******* **  

 

chromosome_GRCh37_8_11551713_1      CTGATTTTAGGAGGCAGTCTGGGT------GTCTCCTGAACCTCCAAGGA 

518 

chromosome_GRCm38_14_63245249_      CTGACCTTAAGGGCCAGTTCAGGTTTTAGTGCCTCCTGACCCTCTCCCGA 

538 

                                    ****  *** * * ****   ***      * ******* ****    ** 

 

chromosome_GRCh37_8_11551713_1      ATCCGGGGCTGGGAGGATCCCCACTACCCCTGCCCAGGAACTAGCATCCA 

568 

chromosome_GRCm38_14_63245249_      GCTCA---CTTCAAGGGCCCCG--TAGATCTG---AGG--CTAGCA---- 

574 

                                       *    **   ***  ***   **   ***   ***  ******     

 

Mouse 

Human 

 

Human 

Mouse 
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chromosome_GRCh37_8_11551713_1      GCCGGGCACCCCGGGTGACCCAGTGCCCCACACAAGATCGAGAGTTGAGC 

618 

chromosome_GRCm38_14_63245249_      ---AGGCATCCCGGGTGACCCAGTGCCCCACCGGCGACCATGAGCCCAGT 

621 

                                        **** **********************    ** *  ***   **  

chromosome_GRCh37_8_11551713_1      CCAAGAGGTCACCTTCTTCTCTACTGGCCCCGCCCCTCGCCCGCCGCTGC 

668 

chromosome_GRCm38_14_63245249_      GTGCGAGGTCACCTTCTCCTCTACCAGCCCCGCCCCTTGAACAGGGC-GC 

670 

                                        ************* ******  *********** *  *   ** ** 

 

chromosome_GRCh37_8_11551713_1      GGGATGAGGACCACAGGAAGGGGGGGCGGGGAGGGAGAAAGGGAACTCAT 

718 

chromosome_GRCm38_14_63245249_      TGGACGTGGACCACTGAGAGTAGGGA---GGAAAGAGAAGGAGAA----- 

712 

                                     *** * ******* *  **  ***    ***  ***** * ***      

 

 

Appendix II. iiii. Example of alignment of human and mouse Gata4 and Gata6 gene 

promoter regions (G6P5 and G4P1). Yellow shows the primer used in Caslini’s paper 

and Geen shows the primer pair designed in this study.   

 

 

 

 

 

 

 

 

 



Appendix II 

194 

 

 

 

Appendix II. iiiii. Optimization of amount of chromotin (equivalent to DNA) loaded 

into each well.    
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