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Abstract 

Human embryos for embryonic stem cell (ESC) derivation have often been cryopreserved for 

5-10 years prior to their donation for research purposes. Many of these embryos will have 

been cultured in media conditions now known to be perturbing to embryo viability and which 

support only low levels of blastocyst development, necessitating that cleavage stage transfers 

be utilised for the majority of IVF cycles performed. As such, embryos for hESC derivation are 

often donated at the cleavage stage and require further culture to the blastocyst stage before 

hESC derivation can be attempted. These embryos are normally of poor quality and the 

efficiency of hESC derivation is low. This thesis investigated the hypothesis that the culture of 

cleavage stage embryos to the blastocyst stage represents a window of opportunity during 

which embryo culture conditions can be optimised to produce blastocysts with a greater 

potential to give rise to ESCs. 

Using a mouse model it was demonstrated that the culture of embryos in simple medium, 

which models the aforementioned historic conditions, perturbs their development and 

reduces the number of ESC progenitor epiblast cells within the blastocyst. Furthermore, the 

transfer of embryos exposed to simple medium during the cleavage stage in a modern 

complex medium purpose designed to support embryo development from the 8-cell stage was 

insufficient to restore these embryos, despite improving epiblast cell number somewhat. As 

such, it was shown that additional interventions are necessary to fully utilise the 8-cell to 

blastocyst period of culture. 

The growth factor insulin, despite having previously been shown to increase inner cell mass 

(ICM) cell number and improve embryo viability, is not routinely included in the majority of 

embryo culture media commercially available for the culture of human embryos.  It was 

demonstrated in this thesis that supplementation of culture medium from the 8-cell to 

blastocyst stage with 1.7ρM insulin is able to increase the epiblast cell number (as shown by 

OCT4 and Nanog co-expression) as well as the proportion of the ICM which is made up of 

epiblast cells. The molecular mechanism of this effect was investigated using small molecule 

inhibitors, and it was shown that insulin increased epiblast cell number via the activation of 

phosphoinositide-3-kinase, which subsequently inactivates glycogen synthase kinase 3 and 

p53, which, when active, inhibit the transcription of pluripotency supporting transcription 

factor Nanog through direct and indirect means. 
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Culture in the presence of insulin was shown to increase the number of OCT4 and Nanog 

positive cells in blastocysts on days 4 and five as well as day 6. However, OCT4 and Nanog co-

expression was only restricted to the epiblast on day 6. Prior culture of embryos with insulin 

had no effect on the number of epiblast cells in outgrowths when blastocysts were plated on 

days 4 or 5. However, when blastocysts where plated on day 6 blastocysts which had been 

cultured with insulin from the cleavage stage gave rise to outgrowths with more epiblast cells 

compared with blastocysts cultured in control conditions. Efficiency of attachment and the 

percent of outgrowths which contained an epiblast were also improved by prior culture with 

insulin for blastocysts plated on day 6. When blastocysts cultured in control conditions were 

plated day 6 they were shown to give rise to outgrowths with increased numbers of epiblast 

cells compared with day 4 and day 5; demonstrating that, as with humans, the optimal time 

for plating mouse blastocysts is after lineage restriction has occurred. 

The culture of embryos from the cleavage stage to the blastocyst stage in the presence of 

insulin was validated as a strategy for improving their capacity to give rise to ESCs by 

generating primary ESC colonies from day 6 plated outgrowths and confirming their 

pluripotency by OCT4 and Nanog staining. Embryos cultured with insulin had a two fold 

increase in their probability of successfully giving rise to an ESC colony. As embryos were 

cultured individually embryo morphological development was able to be tracked and 

compared to ESC generation success. Interestingly, which markers most successfully predicted 

ESC generation success differed for control and insulin cultured embryos. The most predicative 

morphological marker of future ESC generation was cavitation on day 4 for blastocysts 

cultured in control conditions, while for blastocysts cultured with insulin the most predictive 

marker was being hatched on day 6. The capacity of the model system used to support the 

derivation of a genuine ESC line was validated by generating a line from a blastocyst cultured 

in the presence of insulin and characterising it for pluripotency and self renewal by directed 

differentiation and karyotyping after multiple passages. 

These results show that culture of embryos from the cleavage stage with insulin to day 6 

increases the epiblast cell number of blastocysts, a property which is conserved through the 

outgrowth stage and results in an increased capacity to give rise to ESCs which can be serially 

passaged without losing their pluripotency or self renewal. As such, culture of embryos with 

insulin may represent a potentially useful strategy to exploit the opportunity created by the 

donation of human embryos at the cleavage stage for hESC derivation. 
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1.1  Introduction 
 

Since human embryonic stem cells (hESCs) were first derived in 1998 by the Thomson 

laboratory [1] work has been ongoing to improve the quality of lines, as well as the efficiency 

of derivation. Maximising the derivation efficiency of hESC lines is a matter of practical and 

ethical necessity due to the relative scarcity of human embryos available for hESC derivation, 

as well as the controversial nature of their use for research. To date, the majority of this effort 

has focused on improving the conditions of initial derivation and subsequent culture i.e. 

optimising ESC culture medium and culture surface. In comparison little attention has been 

paid to the embryos from which the hESCs are derived. These are typically embryos at the 

precompaction stage, created by assisted reproduction technologies (ART), which have been 

donated due to the limitations many governments place on the time that embryos can be 

stored [2,3]  following culture in differing conditions and prolonged cryopreservation [4], or 

fresh cultured embryos identified as possessing such poor morphology during culture that 

they possess no reasonable chance of reproductive success [5,6]. Embryos from either source 

are generally of poor or reduced quality, which is disadvantageous for ESC research as ESC 

derivation efficiency is significantly improved by the use of high quality embryos [7].  

As mentioned, these embryos are typically donated at the precompaction stage. In the case of 

cryopreserved embryos this is often because the culture systems used at the time of their 

initial generation did not support development to the blastocyst stage [8,9], while for rejected 

embryos this is likely the result of developmental retardation [5,6]. However, hESCs are 

primarily derived from blastocyst stage embryos, which necessitates that embryos donated for 

hESC derivation be cultured for a period prior to the derivation attempt, to allow them to 

develop to the suitable stage. I propose that this period of culture could be utilised as a 

window of opportunity during which embryo culture could be improved, with the aim of 

obtaining better quality blastocysts with greater capacity to give rise to hESC lines of a good 

standard. This outcome would be of benefit to the fields of drug discovery, toxicology, 

developmental biology and regenerative medicine where hESCs hold great promise to affect 

significant advances. 
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1.2  Embryonic stem cells 
 

1.2.1  Definition of an embryonic stem cell 
 

The blastocyst is the final stage of preimplantation embryonic development. It consists of an 

epithelial monolayer of cells which form an outer sphere, the trophectoderm, with a fluid filled 

blastocyst cavity and an inner cell mass (ICM), with the ICM containing two subpopulations, 

the primitive endoderm and the epiblast.  

 

 

FIG. 1.1. Schematic of a blastocyst; the zona pellucida is a glycoprotein membrane that 

surrounds the blastocyst, the trophectoderm is a monolayer of cells that forms a sphere 

around the fluid filled blastocyst cavity and the ICM, the ICM is a group of cells attached to the 

inner surface of the trophectoderm which is made up of primitive endoderm and epiblast cells. 

 

If the blastocyst implants trophectoderm cells give rise to the diploid trophoblast of the 

placenta as well as the endoreduplicative trophoblast giant cells [10], primitive endoderm cells 

give rise to visceral and paratial endoderm of the yolk sack [11], while epiblast cells give rise to 

the fetus as well as extra-embryonic tissues such as the amnion and extra embryonic 

mesoderm and ectoderm [12,13]. It is these epiblast cells that can be cultured in vitro as 

embryonic stem cells (ESCs) [14-16]. 
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 ESCs are defined by their ability to differentiate to form all cell types of the adult body; a 

property termed pluripotency (section 1.2.1.1), as well as the theoretical ability to undergo an 

unlimited number of cell divisions without changing state through differentiation or the 

acquisition of karyotypic abnormalities; a property termed self renewal [17] (section 1.2.1.2) 

The history of pluripotent stem cells begins with embryonic carcinoma cells which are isolated 

from teratocarcinomas, which are tumours that contain a mixture of cells from the three germ 

layers (mesoderm, endoderm and ectoderm). These pluripotent cells were discovered in the 

mouse in 1964 [18], but being cancer stem cells and possessing abnormal karyotypes [19] their 

therapeutic use was limited. Embryonic carcinoma cells were of use for studying 

developmental biology as well as toxicology and drug discovery studies, however, again due to 

their abnormal karyotypes, their use as a model was limited. In 1981 the first ESC lines were 

derived from the mouse when Evans and Kaufman showed that cells with a similar 

morphology to embryonic carcinoma cells could be cultured from the ICM cells of blastocysts 

produced from the mating of 129SvE mice [16]. These cells were maintained for over thirty 

passages, could differentiate to form embryoid bodies and, if injected into immunodeficient 

mice, could differentiate to form teratomas [16]. The first non-human primate ESC line was 

established in 1995 from a rhesus monkey blastocyst. It was able to be passaged for more than 

a year without losing expression of markers of pluripotency or acquiring an abnormal 

karyotype, and formed teratomas when injected into immunodeficient mice [20]. In 1998 the 

first hESC lines were established from blastocysts produced from fresh or frozen embryos 

donated at the cleavage stage after production by ART [1]. These lines were maintained in 

culture for 4-5 months, expressed markers of pluripotency and could be differentiated to the 

three germ layers as evidenced by teratoma and embryoid body formation [1].  

 

 

FIG 1.2. Timeline depicting the first derivation of ESCs from various species. By species sources 

were mouse [16], hamster [21], mink [22], pig [23], monkey [20], chicken [24], human [1], cow 

[25], rat [26], and canine [27]. 
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1.2.1.1 Pluripotency 
 

Pluripotency is an easily compromised cell state requiring a multitude of factors to maintain, 

which allows ESCs to give rise to any cell type found in the adult body. Pluripotent cell types 

are distinguished from other cell types by characteristics such as a high ratio of nucleus to 

cytoplasm, prominent nucleoli, and forming colonies with a smooth morphology [28,29]. The 

loss of this morphology indicates that a cell line has begun differentiating and is not 

pluripotent. However, the possession of this morphology is not a guarantee of pluripotency. 

 

 

FIG. 1.3. Pluripotent epiblast cells can be cultured and retain their pluripotency as ESCs, which 

can differentiate to the three cell types of the germ layer, ectoderm, endoderm and 

mesoderm, and give rise to all cell types found in the adult body 

 

Pluripotent cells express a range of molecular markers that are unique to undifferentiated 

cells. Amongst the most commonly used of these markers are the stage-specific embryonic 

antigen (SSEA) family of cell surface markers. SSEAs are cell surface glycolipid antigens with 
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globoseries carbohydrate core structures which were discovered and characterised in 

embryonic carcinoma cells but have the same patterns of expression in ESCs [30-33]. However, 

there are species specific differences in the expression of these markers; for example, mouse 

and human ESCs express SSEAs in opposing ways. Mouse ESCs (mESCs) express SSEA1 and not 

SSEA3 or 4 while pluripotent, but switch expression upon differentiating, while hESCs express 

SSEA3 and 4 and not SSEA1 while pluripotent, but switch expression when they differentiate 

[30,33-37].  In the preimplantation mouse blastocyst the ICM and trophectoderm express 

SSEA1, but not SSEA3 or 4. While in the human blastocyst the ICM expresses SSEA3 and 4 and 

not SSEA1, while the trophectoderm expresses SSEA1 but not SSEA3 or 4 [30].  

Interestingly hESCs have several characteristics in common with a class of mouse pluripotent 

stem cells termed epiblast stem cells (EpiSCs). EpiSCs are derived from post-implantation 

mouse embryos at day 5.5-7.5. Although EpiSCs express Oct4, Nanog and Sox2 and are able to 

form teratomas when injected into immunocompromised mice,  EpiScs do not contribute 

efficiently to chimeras when injected into blastocysts. EpiSCs, like hESCs have flat colony 

morphology, are dependent on bFGF, MAPK and TGFβ/Activin/Nodal pathway activity for self 

renewal and are independent of LIF [38]. As a result mESCs are categorised as naive 

pluripotent stem cells, while hESCs and EpiSCs are categorised as primed pluripotent stem 

cells [39]. 

Two key markers of pluripotency are nuclear transcription factors OCT4 and Nanog, which are 

expressed in the same pattern in the mouse as human. OCT4 (octamer binding transcription 

factor) is a POU (PIT/OCT/UNC) homeodomain transcription factor encoded by the gene 

Pou5f1. OCT4 homodimers bind to palindromic Oct regulation elements – extensively 

characterised regulatory sequences located in many promoters and enhancers– on target 

genes to cis activate expression [40-42].  OCT4 was first identified in extracts of embryonic 

carcinoma cells and ESCs as a new protein with octamer binding activity [43-45]. OCT4 is 

known to activate genes required to maintain ESC self renewal and pluripotency, as well as 

repress genes whose expression is necessary for differentiation [46-48]. OCT4 is expressed in 

the ICM, ESCs, and embryonic carcinoma cells [49-51], – which are all pluripotent or contain 

pluripotent cells. The deletion of Oct4 by the repression of Oct4 coding transgenes in an ESC 

cell line in which Pou5f1 has been deleted results in cell differentiation [52], however, the over 

expression of Oct4 by the induction of Oct4 coding transgenes in ESC lines in which Pou5f1 has 

not been deleted, results in differentiation to a cell lineage expressing trophectoderm cell 

markers [52]. Further, OCT4 is known to be an activator of Nanog transcription in ESCs by 
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forming hetrodimers with molecules including SOX2 [46] and β-CATENIN [53], thereby forming 

a genetic regulatory network for pluripotency. 

Nanog is a divergent homeodomain protein [54], it has three domains with the homeodomain 

between the 96 amino acids of the serine rich N-terminal and the 150 amino acids of the C-

terminal [17]. Nanog was functionally identified by two groups as important for pluripotency 

and ESC self renewal [17]. In [55] Nanog was identified as specifically expressed in mouse ESCs 

and the preimplantation embryo, and resulting in the differentiation of ESCs to extra-

embryonic endoderm when deleted. While in [56], Nanog was shown to be present in all 

mouse and human ESC lines, and that when over expressed by insertion of an inducible Nanog 

transgene in mouse ESCs it was sufficient to maintain ESCs in an undifferentiated state 

independently of the LIF/STAT3  signalling pathway, which is normally necessary for 

undifferentiated mESCs to proliferate [57]. In human cells more than 400 promoter regions 

have been identified as bound by both OCT4 and Nanog [48], and common downstream 

targets of the products of the genes affected by OCT4 and Nanog prevent ESC differentiation 

[58]. As such, evidence suggests the two factors (along with a third, SOX2 [48]) form a 

regulatory system involving auto regulatory and feed forward loops that support the 

pluripotent ESC state.  

For many years it was believed that Nanog was an absolute requirement for ESCs to maintain 

their pluripotent state due to the differentiation observed upon its deletion or knock down 

[59]. However, it has now been shown that ESCs in which Nanog has been deleted can 

continue proliferation in an undifferentiated state, albeit with an increased susceptibility to 

differentiation, while maintaining the capacity to contribute to all somatic cell types [59]. This 

was done using ESCs in which a Nanog transgene with inducible deletion was the only source 

of Nanog due to prior deletion of wildtype Nanog genes via homologous recombination. It has 

also been shown that even within robustly propagating ESC lines there are Nanog negative 

cells present [59,60]. These Nanog negative cells retain OCT4 expression and are 

phenotypically indistinguishable from Nanog positive cells [59,60]. Interestingly, Nanog 

negative cells are capable of regaining Nanog expression over time, and while the mechanism 

of the recovery of Nanog expression is not known, the process is mirrored in vivo when Nanog 

is re-expressed at the posterior of the egg cylinder [61] following down regulation in the 

embryo at implantation [56].  

Induced pluripotent stem cells (iPSCs) are somatic cells which have been reprogrammed back 

to pluripotency. These are created by the transfection of the somatic cells with four select 
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transcription factors. Oct4 is one of these transcription factors, however to the surprise of 

man Nanog is not (the remaining factors are Sox2, C-Myc and Klf4) [60]. In (section 1.3.5) iPSCs 

are examined in greater detail. It appears that the loss of Nanog creates a differentiation 

permissive state and that its expression protects against spontaneous differentiation. 

Therefore while Nanog is not a key factor in the maintenance of pluripotency it can be 

considered a practical necessity in most situations, demonstrating an element of redundancy 

in the regulatory network of pluripotency.  

While a lack of OCT4 and Nanog expression serves well to exclude candidate lines as being 

pluripotent, expression of these markers does not provide definitive proof. ESCs which are 

pluripotent are capable of differentiation to form all cell types under a variety of conditions 

both in vivo and in vitro.  

 

1.2.1.1.1 In vitro differentiation 
 

It is common to differentiate ESCs to the 3 germ layers; ectoderm, endoderm and mesoderm 

to demonstrate the line’s capacity to generate the different cell types, providing  evidence of 

pluripotency.  In vitro, pluripotent ESCs are differentiated by two key methods; directed 

differentiation or spontaneous differentiation from embryoid body formation. During directed 

differentiation the pluripotent cells are cultured under different conditions to induce 

differentiation to a specific cell fate such as neuroectoderm [62,63], definitive endoderm 

[64,65] or mesoderm [64]. If ESCs are able to differentiate to cells from the three germ layers 

it is evidence that they can differentiate to any cell type found in the adult body. 

Additionally, cells can be differentiated by embryoid body formation.  With this method ESCs 

are cultured in suspension, which causes them to aggregate, form spheres and spontaneously 

differentiate to form embryoid bodies will contain a mixture of cells representative of the 

three germ layers. Using Embryoid bodies contain a wide variety of cell types which gives a 

broader picture of the line’s capacity to differentiate than directed differentiation. As a result 

embryoid body formation can be used as an early model of germline development [74], which 

is discussed in greater detail (section 1.3.3). 
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1.2.1.1.2  In vivo differentiation 
 

To examine the capacity of cells to differentiate to any adult cell type in vivo, as a key 

determination of pluripotency, either teratoma formation or chimera generation (the gold 

standard for pluripotency) can be used. Teratomas, like teratocarcinomas, are tumors that 

contain a mixture of cell types derived from the three germ layers. However, unlike 

teratocarcinomas they are not malignant. This assay involves injecting the ESCs cells into an 

immunodeficient animal, and examining any resultant tumors to determine if cells from the 

three germ layers have formed [66-68]. Chimeras are animals which incorporate cells from 

two or more different animals. These are made by injecting the ESCs into a host blastocyst 

where they can be incorporated into the ICM which develops into the fetus and ultimately a 

mature animal [67]. This is made possible by the similarities between ESCs and the epiblast 

cells of the ICM from which the fetus is derived (the epiblast is discussed in detail in section 

1.5). Generally morphological differences between animals (such as coat colour) can be used 

to determine whether chimerism has occurred as well as its extent. Definitive proof of 

pluripotency is obtained if mating the chimeric animal results in an offspring descended from 

the introduced cells. This property is termed germline transmission and is extremely useful for 

the generation of transgenic animals. For ethical reasons chimeras cannot be made from 

hESCs. 

 

1.2.1.2 Self renewal 
 

An essential characteristic of ESCs is the capacity for self-renewal which is the property of 

undergoing proliferation without losing pluripotency or changing karyotype [69,70]. Self 

renewal is  therefore assessed by passaging the cell line, which is the mechanism where cell 

colonies are reduced to either to cell clumps or single cells then replated so that they will 

grow, then examining it for pluripotency as discussed above (section 1.2.1.1), as well as 

assessing karyotype by cytogenetic imaging [69-71]. To have “self renewal” a cell line should 

be able to be passaged an indefinite number of times. However, as this is an impossible 

property to demonstrate, researchers will specify an arbitrary number of passages, usually in 

the range of seven [72,73] to twenty [74,75], before testing for pluripotency.  

9 
 



  1.0 Literature review 

A further marker of self renewal is telomerase activity [1,69,70,76]. The level of telomerase 

activity is important to self renewal as telomerase is a ribonucleotide protein that adds 

telomere repeats (TTAGGG) to the end of chromosomes in order to maintain telomere length 

after replication. As such, telomerase and is vital for maintaining replicative lifespan [77,78]. 

As chromosome shortening leads to a loss of self renewal, high levels of telomerase activity 

correlates with self renewal in ESCs [79], making it an informative  marker..  

 

1.2.2  Derivation of an ESC line 
 

As discussed above (section 1.2.1) ESCs are derived from the epiblast cells of the ICM of the 

blastocyst. There are several methods in use for isolating these cells for the derivation of ESC 

lines, but in general, isolation can be accomplished in two ways; attachment and outgrowth, 

or immunosurgery. In obtaining the ICM by attachment and outgrowth the usual method is to 

culture the blastocyst on a mitotically inactivated fibroblast feeder layer. The fibroblasts 

condition the medium which supports the embryonic cells, and provide an extracellular matrix 

on which the trophectoderm is able to attach and spread, leaving the ICM exposed as a mass 

of cells known as the outgrowth (Fig. 1.4) [80]. 
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FIG. 1.4. Brightfield image of a mouse outgrowth attached to a gelatin coated dish. The black 

arrow indicates the ICM outgrowth, surrounding cells are trophectoderm. Scale bar is 50μm. 

 

In the human however, it is considered difficult to visualize the ICM, this makes the next step, 

removing the outgrowth by careful pipetting, technically challenging and introduces the 

likelihood that trophectoderm will be removed also, introducing contaminating cells [67]. This 

difficulty can be overcome by using the second method, immunosurgery. In this method the 

ICM is directly isolated by incubating the blastocyst in the presence of an antibody, then 

transferring the blastocyst to compliment which binds to the antibody on the outer 

trophectoderm cells, resulting in the destruction of the trophectoderm around the ICM, which 

will then be plated to allow it grow to an outgrowth [67].  

Whichever method of isolation is used, once the outgrowth is obtained it is usually trypsinised 

to disaggregate the cells. This disaggregation gives each cell of the ICM the opportunity to 

form a clonal colony, with epiblast cells having the potential to give rise to ESC colonies (Fig. 

1.5).  
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FIG. 1.5. Diagram of the derivation of an ESC line from a blastocyst. Pluripotent epiblast/ESCs 

are shown in green, differentiated primitive endoderm cells are shown in red: The blastocyst is 

outgrown to isolate ICM cells, the outgrowth is then collected and trypsinised to disaggregate 

its cells so that when they are replated the epiblast cells are able to form clonal primary ESC 

colonies, which in turn can be collected, disaggregated, and propagated to an ESC line.  

 

For this to be possible, however, several factors must be present in order to support ESC 

derivation and growth. These factors differ slightly between the mouse and human. In both 

cases an extracellular matrix must be provided in order for the cell lines to proliferate, and cell 

lines from both mouse and human can be maintained on MEFs [67]. Activation of the 

LIF/STAT3 signalling pathway with the growth factor leukaemia inhibitory factor (LIF), whether 

via media supplementation or MEF secretion, is necessary to support undifferentiated growth 

of mESCs, with BMP4 acting synergistically with LIF to support self renewal [81]. However, LIF 

does not support undifferentiated growth in hESCs as it does mESCs [82] and BMP4, causes 

hESCs to differentiate [83].  

An additional source of human embryos for hESC derivation are embryos which have been 

identified as carriers of genetic disorders by preimplantation genetic diagnosis (PGD). PGD is 

performed at the 8-cell or blastocyst stage when a single cell biopsy is taken from the embryo 

[84]. The blastomere is then analyzed using fluorescence in situ hybridization (FISH) which 
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allows the analysis of the chromosomes. If an abnormality is found the embryo is unsuitable 

for reproductive purposes and is either discarded or donated for research. If donated for 

research the embryo can be used for hESC derivation. The hESC lines derived from PGD 

embryos can be very useful as if they carry the mutation which was identified during PGD 

(which is not guaranteed [85]), they can be used to model the genetic disorder including 

during the in vitro trialing of potential therapies, and may provide new insights on 

developmentally regulated events. Additionally, it has been shown that the single cell biopsy 

can be cultured prior to FISH analysis as such the PGD process has the potential to  allow the 

derivation of genetically normal hESCs, without necessitating the destruction of a human 

embryo [86]. 

If successfully derived and cultured, however, ESCs have numerous potential applications. 

 

1.3  Applications of embryonic stem cells 
 

The fields of toxicity study, drug development, developmental biology and regenerative 

medicine are the main areas where hESCs can be put to practical use [87-89]. However, lines 

used must be easily and reliably expandable, have similar epigenetic status (no imprinting 

errors or changes in differentiation status), not have been exposed to animal cells or other 

products, and possess similar characteristics for successful outcomes to be obtained [87-89]. 

 

1.3.1  Toxicity  
 

One of the most problematic stages in bringing a drug to market is when it enters human 

testing. Many years and much money will have been spent in ensuring that there is the 

minimum probability of the drug having an unintended toxic side effect when it is 

administered to humans. However, extensive animal testing has historically proven to be 

insufficient to ensure that potential therapies do not have a harmful effect on human subjects, 

with 30% of medicines entering clinical trials being  eliminated due to safety concerns, while 

an additional 30% are removed due to lack of efficacy [90]. What this shows is that the 

interspecies variation that exists between humans and the animal models used in pre-clinical 

trials is often too great to produce sufficiently reliable and accurate results.  As such, it is 
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desirable that human cells be exposed to potential medical products in vitro, prior to in vivo 

testing [91]. As well as reducing financial and ethical burdens by eliminating ineffective and 

harmful treatments prior  to clinical trials, unnecessary animal trials could also be prevented 

by early elimination of candidate treatments. Of particular note, the testing of cosmetic 

products and ingredients on animals will be banned in the EU by 2013 (as will be the 

marketing of products so tested), creating within the industry a pressing need for in vitro tests 

which can better approximate the human situation [92]. Currently, non ESC human cells are 

used for the in vitro testing of medicines, however, they are either primary cells obtained by 

taking samples from patients, or transformed cells derived from tumors or otherwise 

immortalised. Unfortunately primary cells have only limited expandability, may not be 

harvestable in sufficient quantities, are difficult to standardise and not all cell types are 

obtainable, and although transformed cells  have unlimited expandability, their abnormal 

genetic status can cause them to react in ways not representative of the system they are 

intended to model [93,94].These are significant problems and can prevent primary and 

transformed cell lines performing as satisfactory models [93,94]. 

Due to hESC’s proliferative potential they are a bountiful source of in vitro human material 

which researchers could use to assess toxicity. Furthermore, due to their pluripotency the 

effect of the drugs on specific cell types can be examined. Additionally, disease specific cell 

lines can be created from cells obtained during PGD (prenatal genetic diagnosis) [95] or cells 

which have been genetically modified to carry the disease of interest [96].  As such, hESCs 

represent a far more efficient and ethical way of carrying out in vitro human toxicity trials.  

A specific area where the utilisation of hESCs has been identified as being likely to improve 

testing is the EST (Embryonic Stem cell Test) which currently evaluates a drug’s cytotoxicity 

and the effect it has on the differentiation of mESCs induced to form embryoid bodies [97] to 

functional contractile cardiomyocytes. This test aims to evaluate a compound’s embryotoxicity 

using the formation of embryoid bodies from mESCs as a model for embryogenesis. This test 

has been effective, though not perfect, in identifying embryotoxic compounds –with 100% 

efficiency for detecting strong embryotoxic compounds and 70% efficiency for weakly 

embryotoxic compounds out of a panel of 20 compounds [98]. Documented interspecies 

variations in reaction to some drugs tested [98,99] likely reduce the efficacy of the test, which 

increases the risk when drugs are later trialled in humans in vivo. As such, work has been 

begun which aims to establish protocols which will allow this test to be performed routinely 

using hESCs [100,101]. Another area which hESCs have shown significant promise is the 
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creation of skin derivatives [102,103] which could be used to predict effects such as 

sensitization, irritation and genotoxicity [88]. 

Challenges exist, however, for hESCs to be employed to maximum effect in toxicity screening. 

Existing hESC lines vary widely with regards to quality and characteristics, as such with some 

lines testing may not produce consistent and useful results (section 1.4.1). This creates an 

ongoing need for the derivation of more hESCs from high quality embryos, utilising best 

principle practices to create lines which will ensure reproducibility, relevance and acceptance 

of tests [88,92,104]. 

 

1.3.2  Drug discovery 
 

For the purpose of drug discovery, hESCs have the potential to enable high throughput in vitro 

screening of small-molecule libraries with high human relevance by providing an unlimited 

consistent source of human cells of any type [89,105]. This is a significant advantage over the 

human cells currently available –transformed and primary cells – which are inadequate for the 

process; transformed cells will often have lost important aspects of their native function – 

such as the inability of many immortalised pancreatic beta cells to respond to physiological 

levels of insulin [106]  due to permanent changes to their phenotype, and primary cells are 

difficult to standardise and/or obtain in sufficient quantities as cells must be derived fresh for 

each trial and can be difficult and/or dangerous to obtain. While mESCs can be and are used in 

high throughput studies [107], trans-species differences  which exist between mouse and 

human, such as differences in telomere damage signalling [108], have the potential to produce 

significant confounding effects.  

High throughput screening using hESCs which possess a disease specific background, such as 

Lesch-Nyhan syndrome (created via homologous recombination) [96] or Fragile-X syndrome 

(created from embryos with the disease genotype) [109], could allow researchers to search for 

compounds which act on the disease phenotype. To date, no drug screens have been 

performed using disease specific hESCs [110]. Research is limited by the difficulty of 

recapitulating disease phenotypes in cultured cells, as well as the small number of diseases for 

which appropriate lines exist [110]. As such, when embryos with the appropriate backgrounds 

(as indicated by PGD) become available for hESC derivation, it is critical that they be utilised 

with maximum efficiency.  
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Additionally, it has been recognised that natural wound healing occurs via adult stem cells that 

exist within the body, and that high throughput screens can be used to search for compounds 

which affect the proliferation or differentiation of these cells, in order to identify novel 

therapeutic strategies [89]. In cases where a drug has already been identified, hESCs can be 

used to optimise the drug by screening an array of modified versions of the molecule in 

structure-activity relationship studies designed to improve properties such as potency and 

specificity [111,112]. Alternatively, where a good candidate drug has already been found 

hESCs can be used to examine its effectiveness and dosage on human cells.  

Use of hESCs has significant promise to improve the speed of drug discovery while reducing 

the likelihood that initially promising compounds will prove to be unsuitable due to a lack of 

action in the human system, potentially dramatically reducing the cost to market of new 

drugs. Discovering a new drug and bringing it to market is currently estimated to cost around 

$900 million US dollars and take 10-15 years [90]. Pharmaceutical companies have already 

declared their intentions to use hESCs for drug screening [89]. Several studies have provided 

proof of concept. In one, 1040 compounds were screened using a hESC based assay to identify 

molecules with an effect on hESC survival and differentiation, resulting in the identification of 

17 compounds which promoted differentiation and 5 that promoted survival [107]. Currently 

high throughput screening using hESCs are generally an attempt to identify compounds that 

promote survival, self renewal or differentiation [105], but could be expanded to search for 

therapeutic compounds. 

Currently, the divergent nature and quality of different hESC lines (section 1.4.1) confounds 

the applicability of tests which themselves will require standardisation to improve 

reproducibility, relevance and acceptance [52,64,65]. This makes the derivation of new hESC 

lines utilising best practice techniques a necessity. As human embryos are available for hESC 

derivation in limited numbers, it will be important that they be utilised with the minimum 

possible wastage. 

 

1.3.3  Developmental biology 
 

ESCs facilitate the study of developmental biology because they allow the in vitro replication 

of differentiation events, which would otherwise only be observed during fetal development in 

vivo. This is of particular value for the study of human developmental biology, where ethical 
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considerations prevent in vivo experimentation. When pluripotent hESCs are induced to a fully 

differentiated adult cell lineage, observation and study of the process can yield important 

fundamental knowledge with regards to the cellular mechanism of human development. 

Examples hESCs being used for the study of human developmental biology are the 

characterisation of Polycomb group proteins, including OCT4 (section 1.2.1.1) as targeting 

genes responsible for the maintenance of pluripotency in [113], and the process of hESC 

directed differentiation (section 1.2.1.1.1) to functional hepatic cells in [114]. 

Furthermore, when ESCs are used to form embryoid bodies, this can be used as an early model 

of germline development where the first differentiation events are observed [115]. 

Treatments can be applied during this process to affect the proportions at which different cell 

types are formed, to investigate the mechanisms by which the process is controlled. For 

instance, in [116] hESCs with a constitutively expressed Nodal transgene formed embryoid 

bodies which consisted of an outer layer of visceral endoderm-like cells and an inner layer of 

epiblast-like cells, suggesting an inhibitory role for Nodal in differentiation.  

Additionally,  as discussed above (section 1.3.2) hESCs can be generated from cells known to 

carry a mutation in order to create in vitro models of the disease, which can be used to study 

its effect on early development with the aim of identifying the mechanism which results in the 

disease phenotype [95,117], current examples of this are Huntington’s disease [118] and cystic 

fibrosis [117]. Alternatively, hESC lines can be subjected to transgenesis via gene insertion, 

deletion or mutation, to create undifferentiated cells with a wide variety of disease genotypes 

to enable similar experiments, or others which study genes whose mutation produces no 

known clinically relevant phenotype, but are nonetheless of interest to developmental 

biologists. Examples include the insertion of nonisogenic DNA into the HPRT gene via 

homologous recombination to mutate hESCs to create a model of Lesch-Nyhan syndrome [96], 

and the retroviral insertion of HOXB4 into hESCs to cause the gene’s overexpression and 

investigate its influence on haematopoiesis at the earliest stages of development [119].  

 

1.3.4  Regenerative medicine 
 

Although to date there have been no clinical outcomes, the greatest interest shown to hESCs is 

due to their potential application in the field of regenerative medicine. Regenerative medicine 

can succinctly be defined as “regenerative medicine replaces or regenerates human cells, 
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tissue or organs, to restore or establish normal function.” [120]. While adult stem cells have 

wide spread use in regenerative medicine, with haematopoietic stem cell transplantation for 

the treatment of diseases including severe combined immunodeficiency [121] and sickle cell 

anaemia [122],  being the most common examples [123,124], the potential of hESCs has so far 

been largely unrealised. The property of self renewal means hESCs can be expanded in vitro to 

generate the high quantities of identical cells necessary for cell therapies, and as they are 

pluripotent they can be directed to differentiate into large numbers of a specific cell types. 

Consequently hESCs are of immense potential value for the treatment of a large number of 

different disease types.  

Currently, application of this therapeutic regime is limited by our incomplete knowledge of 

how to effect complete differentiation in vitro, as such hESC’s ability to proliferate could result 

in teratocarcinoma formation, and the ability to differentiate could result in undesirable cell 

types being generated in vivo. Furthermore, hESCs suffer from the same problems as all other 

donor tissues and cells – immune rejection. Even where a suitable match could be found, the 

patient would have to take immunosuppressants. However, despite these issues, research into 

the clinical utility of hESCs continues, and has yielded numerous promising results. For 

example: cardiomyocytes have been derived from hESCs and injected into damaged heart 

muscle in rats, resulting in an improvement in health [125]. Epithelial cells derived from hESCs 

and injected into nude mice were able to increase blood oxygen levels following the induction 

of a model of pulmonary fibrosis by inhalation of silica, demonstrating restoration of lung 

function [126]. Dopaminergic neurons derived from hESCs have been transplanted to rat 

models of Parkinson’s disease, and partially ameliorated the symptoms [127]. Finally, injection 

of hESCs differentiated to oligodendrocyte progenitor cells into a rat model of spinal cord 

injury results in improved motor function [128]. This last study is especially interesting as its 

results were part of the basis by which the first clinical trial to be approved by the food and 

drug administration of the USA that utilises cells derived from hESCs was launched by the 

biotechnology company Geron Corp [129].  

Furthermore, one of the key current challenges is that cells to be introduced to a human must 

have been cultured in an entirely xeno-free environment. Culture of hESCs on animal cells or in 

the presence of other animal products (such as serum) can result in the hESCs acquiring the 

expression of xeno-antigens, as shown in [130], where human cells cultured on MEFs were 

shown to have mouse cell surface antigens on their plasma membrane. Additionally, use of 

animal products during culture of human cells for transplantation creates the risk of the 
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transmission of animal pathogens to the patient. Currently, work to develop alternative xeno-

free culture systems  [66,131] has generated reports that such conditions reduce cell line 

quality [132], and many existing lines which have been exposed to animal products are 

innapropriate for clinical use. As such, there is an ongoing need for the derrivation of new 

hESCs as advances are made that allow the derivation of uncompromised hESC lines. 

 

1.3.5  Comparison of embryonic stem cells and induced pluripotent stem 
cells 
 

To date ESCs are the gold standard of pluripotent cells [133], being the most thoroughly 

characterised and worked with pluripotent cell type in regards to the applications discussed 

above (sections 1.3.1,1.3.2. 1.3.3, and 1.3.4). However, iPSCs, discussed (section 1.2.1.1) can 

be created in a patient and disease specific manner from any tissue; giving them an apparent 

advantage over ESCs, which by definition cannot be created from a patient’s own cells, and are 

derived from material  which is extremely limited (human embryos). However, for iPSCs to 

directly replace ESCs in these areas, they must be demonstrated to be ESCs equivalents, and 

evidence suggests they are not. Numerous studies in both mouse and human have shown 

iPSCs to exist in an altered epigenetic state compared with ESCs [134-137]. These differences 

have been shown to be due to both epigenetic memory of somatic cell lineage, such as iPSCs 

created from pancreatic β-cells maintaining an open chromatin structure at key β-cell genes 

and differentiating more readily to insulin producing cells [138],  as well as iPSC specific 

differences in DNA methylation which exist independent of cell lineage [139]. These 

differences can have an effect on the pluripotency of the cell lines. In [134] dermal fibroblast 

derived iPSCs were demonstrated to retain DNA methylation at the Nanog gene, resulting in 

reduced Nanog transcription. Differences in DNA methylation status between iPSCs and ESCs 

have been demonstrated to be retained through differentiation [136], and although 

continuous passaging has been shown to attenuate the differences between iPSCs and ESCs by 

reducing aberrant DNA methylation, numerous aberrant sites are retained and iPSCs do not 

become identical to ESCs [137]. These differences have prompted calls for caution in the 

development of iPSCs for regenerative medicine [133] and have prevented the immediate 

application of iPSCs to toxicity, drug discovery and developmental biology studies due to the 

demonstrated propensity of iPSCs to respond to differentiation protocols differently to ESCs 
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[134,135,138]. As such, iPSCs cannot replace ESCs in most studies, and the derivation of new 

hESCs remains a research priority. 

ESCs can also be derived from parthenotes. Parthenogenesis is the growth and development 

of embryos that have not been fertilised by a male, and can be induced in vitro in human 

embryos. Methods to parthogenetically activate mammalian oocytes include electrical 

stimulation, exposure to Ca2+-Mg2+ free medium, exposure to medium containing 

hyaluronidase,  exposure to ethanol, exposure to Ca2+ ionophores or chelators and exposure 

to protein synthesis inhibitors [140]. Human ESCs can be derived from parthenotes - making 

parthnenogenetic ESCs (pESCs) - bypassing the ethical concerns of destroying a valid human 

embryo (parthenotes cannot develop into a viable fetus), and creating pluripotent stem cell 

lines with reduced cell immunogenicity (HLA homozygous pESCs can be made which are 

histocompatible with significant proportions of the population [141]. However, concerns exist 

due to pESCs potential for aberrant genomic imprinting and paternal gene expression which, if 

human pESCs  were used for regenerative medicine, could result in pathologies including 

cancer [142]. 

1.4  Current limitations of embryonic stem cells 
 

Above I have discussed the potential applications and benefits of hESCs, however, a recurring 

theme is that there are too few lines of the necessary quality – easily expandable, no 

epigenetic perturbations, reproducible behaviour between lines, no exposure to xenogenic 

products, and that there is therefore an ongoing need to derive new ESCs. 

 

1.4.1  Cell line quality 
 

Many hESC lines cannot be passaged enzymatically (as opposed to mechanically) either stably 

or at all [76,143-146], making their expansion to generate enough cells for use impractical. 

Furthermore, hESCs grow at a slow rate compared with mESCs (with a population doubling 

time of 36h compared to 12h [147] with some lines growing more slowly than others [148]. 

Cell lines will often spontaneously differentiate after prolonged (20-60)  passages or lose their 

normal karyotype thus limiting their expandability and interfering with the development of 

standardised reproducible tests for toxicity testing and drug discovery, as well as the 
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generation of the high numbers of hESCs necessary for regenerative medicine [69,132,149-

151].  

Further, the quality of hESC lines can vary widely from line to line likely as a result of 

perturbations during embryo culture and hESC derivation. A direct outcome of this is that 

different lines can respond differently to in vitro differentiation protocols, both directed, as 

shown by [148] where different hESC lines subjected to the same neural directed 

differentiation protocol responded with different efficiencies of differentiation,  and 

spontaneous, as shown by [132,148] where hESCs induced to form embryoid bodies under the 

same conditions did so with different efficiencies [132] and produced embryoid bodies with 

different growth rates [148] and patterns of gene expression [132,148]. Furthermore, 

teratomas formed by injection of different hESC lines into immunodeficient mice have 

different structures and patterns of differentiation [149,152].  Application of hESCs to 

toxicology, drug screening and regenerative medicine is made significantly more complicated 

by the fact that lines respond differently to differentiation inducing stimuli. Cultured hESCs 

adapt to the conditions to which they are exposed. Having been derived and cultured in 

different conditions means that they will have consequently undergone different adaptations 

to culture [150,153], likely resulting in the differing characteristics discussed above. 

These differences in response to induction of differentiation can be explained by hESC lines 

having undergone some degree of partial differentiation. This is supported by studies which 

have shown that different hESC lines express variable levels of gene expression for markers of 

pluripotency such as OCT4 [148,154], Nanog [148,154] and undifferentiated transcription 

factor 1(UTF1) [148]  and have different colony morphologies i.e. differences in density of cell 

compaction and border definition  [148]. Additionally, some lines are more difficult to 

maintain in an undifferentiated state due to an increased tendency to differentiate [148], 

which suggests an existing level of differentiation. Furthermore, some female lines show X 

chromosome inactivation, while others do not [152]; a characteristic which has been linked to 

increased likelihood of spontaneous differentiation in mESCs, which suggests different lines 

have already undergone some level of differentiation as an adaptation to culture [155,156]. 

Other hESC characteristics, such as gene expression [76,148,152,154,157] and epigenetic 

differences [152]  have been shown to vary between lines with no apparent effect on their 

“stemness”.  

Variation between hESC lines is by all accounts widespread and results in the reduction of 

many lines’ capacity to proliferate without differentiation and then respond predictably to 
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standardised methods of differentiation. This impairs the application of hESCs to the fields of 

toxicity, drug and developmental studies as well as regenerative medicine (section 1.3). One 

factor which is likely responsible are the different conditions in which hESCs have been derived 

and cultured. Another potential source of variability is the initial quality of the embryos from 

which hESC lines are derived – many of which will have been perturbed by the culture 

conditions to which they were exposed prior to donation (discussed further in section 1.5.2). 

As such, it will be important to maximise the quality of embryos used for future hESC 

derivation.  

 

1.4.2  Comparison of mouse and human ESCs 
 

More hESC lines must be derived for them to be put to the uses discussed in (section 1.3), 

however, the destruction of human embryos for their derivation is a controversial practice and 

only limited numbers of human embryos are available; as such, they must be used as 

efficiently as possible.  

hESCs divide more slowly [158] and are usually more difficult to passage [143] than mESCs. 

Additionally, the derivation rate reported for mESCs (38-66%) [159-161] is generally higher 

than the derivation rate reported for hESCs (1-7%) [73,162]. It may be that a contributing 

factor to this observation is the difference in how the embryos are generated between the 

species; human embryos for hESC derivation are created and cultured in vitro as a result of 

ART, while mouse embryos for mESC derivation are primarily created from blastocysts that are 

developed in vivo. In [160] it was shown in the mouse that embryos which develop in vivo give 

rise to mESCs with greater efficiency compared with in vitro cultured embryos. Furthermore, 

in vitro cultured embryos are well established as having lower reproductive viability compared 

to in vivo embryos [163]. Additionally, embryos donated for hESC derivation are often of 

reduced quality [5,6,73,162,164] for two main reasons. Firstly, when embryos are donated 

fresh without having been cryopreserved, in the majority of cases this will be because they are 

ART embryos of such low quality as to have no realistic reproductive potential, which 

consequently prompts couples to discard them [5,6]. Secondly, ART techniques often create 

more embryos than are required for transfer (especially in clinics which practice single embryo 

transfer to avoid twining). These surplus embryos are cryopreserved for use in potential future 

transfers. However, for a variety of reasons these cryopreserved embryos may never be 
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needed and are donated for hESC derivation [73]. Many countries set an upper limit on the 

period that embryos can be cryopreserved, 5-10 years in Australia [2], 10 years in the United 

Kingdom [3] (cryopreservation in the USA can continue indefinitely  [165,166]). A large number 

of embryos available for hESC derivation are donated when embryos are scheduled to be 

discarded. Consequently, many years may have passed between the culture of embryos and 

their donation. As a result of this many embryos donated for hESC derivation will have been 

cultured in a range of conditions which may contribute to differences in embryo development 

(section 1.5.1). Interestingly, in part due to the reduced quality of these embryos, they will 

often be made available during the cleavage stage of their development [167-169]. For fresh 

donated poor quality embryos this may be because one of the characteristics which marked 

them as lacking reproductive viability was retarded development, although many clinics do not 

culture embryos past the cleavage stage in any case [169,170]. For cryopreserved embryos this 

is likely to be because many of the culture systems used 10 years ago did not support in vitro 

development of human embryos to the blastocyst stage, resulting in routine transfer or 

cryopreservation during the pre-compaction stage [8,9,167,168]. Consequently, laboratories 

attempting hESC derivation must often culture cleavage stage human embryos to the 

blastocyst stage prior to attempting hESC derivation. 

The relevance of this is that the efficiency of derivation of hESC lines is highly dependent on 

the quality of embryos used, with higher quality embryos giving rise to hESC lines at a greater 

rate [5,6,73]. Therefore, a key window of opportunity to improve hESC quality and derivation 

efficiency appears to be in improvements to the culture of the preimplantation embryo to 

improve the quality of the embryo and resultantly ameliorate the perturbations its cells have 

suffered and improve its ESC generation competence.  

Further key differences exist between hESCs and mESCs including hESCs not requiring LIF to 

maintain pluripotency while mESCs do, hESCs expressing SSEA3 and 4 when pluripotent and 

switching to SSEA1 when differentiated while mESCs express SSEA1 when pluripotent and lose 

expression when differentiated, and hESCs forming flat colonies with individual cells being 

distinguishable while mESCs form rounded masses in which single cells are difficult to identify 

[171]. In part due to hESCs having much in common with mouse epiblast stem cells (section 

1.2.1.1) they are considered more differentiated than mESCs and are termed “primed” stem 

cells whereas mESCs are considered to be “naive.” Due to these differences caution must be 

shown in extrapolating findings in mESCs to hESCs. 
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1.5  The preimplantation embryo 
 

The preimplantation embryo is formed when the haploid oocyte is fertilised by the haploid 

spermatozoa forming the diploid zygote. The zygote, which is surrounded by a glycoprotein 

membrane, the zona pellucida, divides several times by a process called reductive cleavage, 

whereby each division results in smaller cells (termed blastomeres) without changing the 

overall total size of the embryo. Protein synthesis in the early zygote at first relies on maternal 

mRNAs as the embryonic genome is inactive. In the mouse genome activation begins between 

the 1-cell and 2-cell stage [172], while the human embryonic genome begins activation 

between the 4 and 8-cell stage [173]. In the mouse, after three rounds of cleavage the now 8-

cell embryo usually begins the process of compaction. Until compaction blastomeres have very 

little intracellular adhesion, and require the zona pellucida to prevent dissociation. 

Compacting embryos increase their intracellular adhesion and flatten against one another, 

causing an increase in cell-cell contact and a loss of easily discernable cell-cell boundaries. In 

the human, compaction is more likely to occur around the 10 cell stage [174]. Prior to 

compaction blastomeres are non-polar. But, with the increase in cell adhesion all cells become 

polar with cell nuclei [175], endosomes [176], microtubules [177], microvilli [178], and 

membrane proteins [179-182] segregating apically or basolaterally.  

The compacted embryo, or morula, undergoes further cleavage divisions until it reaches the 

32-cell stage.  From the zygote to the 8-cell stage all blastomeres are outside cells with areas 

of their cell surface having no contact with any other cells. However, by the 32-cell stage there 

are a significant number of inside cells which are completely engulfed by the other cells of the 

embryo. The polar cells of the compacted embryo can divide one of two ways: horizontally i.e. 

perpendicular to its axis of polarity which will produce two new outside cells, or vertically 

which will produce an inside and an outside cell. If a blastomere cleaves horizontally then 

polarity is conserved and the two daughter cells will be essentially the same, however, if the 

blastomere divides vertically then the outside cell will retain polarity, but the inside cell will be 

apolar [183,184]. As such, at the 32-cell stage two populations of cells exist, polar outside cells 

and apolar inside cells. Which population a cell belongs to will determine the cell fate it 

acquires on the first differentiation event that occurs in the embryo, however, at this point all 

cells are still totipotent as a cell which is artificially moved, whether inside to outside or vice 

versa, will change its polarity and its cell fate [185-187]. 

24 
 



  1.0 Literature review 

The next stage in the development of the preimplantation embryo is cavitation. This occurs 

when water begins to enter the embryo as a result of the accumulated of Na+ on the inside of 

the embryo by Na+/K+ATPases [188,189]. The influx of water to the embryo causes a fluid filled 

cavity, termed the blastocoel, to begin to form within the embryo. The blastocoel is supported 

by the maintenance of this osmotic gradient as well as the formation of tight junctions which 

prevent water leakage [190,191]. At this point the embryo is termed a blastocyst and the 

outside cells have differentiated to trophectoderm and the inside cells are the ICM. Blastocyst 

cells will begin to herniate from the zona pellucida, in a process termed hatching, eventually 

escaping it entirely, creating a hatched blastocyst (Fig. 1.6). 

  

25 
 



  1.0 Literature review 

 

 

FIG. 1.6. Diagram depicting the morphological stages of embryo development from 

fertilisation to the hatched blastocyst stage. The zygote is formed by the fertilisation of the 

oocyte by the spermatozoa. The embryo then begins to divide by reductive cleavage creating 

the 2-cell, 4-cell and then 8-cell embryo. After this compaction begins to occur (8-cell for 

mouse, 10-cell for human) and cells polarise and flatten to maximise cell contacts, creating the 

morula. Fluid is secreted internally to form the blastocoel and the early blastocyst. The 

blastocoel continues to expand to form the blastocyst which can begin to herniate from the 

zona pellucida by hatching, ultimately creating the hatched blastocyst. 

 

ICM cells are marked by OCT4 and Nanog, [192,193] , whose relationship with pluripotency 

was discussed above (section 1.2.1.1), while trophectoderm cells can be distinguished by 

expression of the transcription factor caudal type homeobox 2 (CDX2), which is required for 

trophectoderm development [192-195].  OCT4 and Nanog restriction – to the ICM and 

epiblast, respectively –  begins after cavitation [55,196] (and after CDX2 restriction to 
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trophectoderm [192,196]), and occurs relatively slowly with trophectoderm cells positive for 

Nanog being observable long after cavitation has been completed [192] for in vitro and in vivo 

cultured embryos.  

At this point the blastocyst possesses no totipotent cells. Trophectoderm cells will ultimately 

form the fetal contribution to the placenta, while the ICM, which must undergo further 

preimplantation differentiation, is pluripotent and will form the fetus as well as extra-

embryonic tissue such as the yolk sack [12,197]. 

Whether an ICM cell ultimately contributes to the fetus or extra-embryonic tissue is 

determined by whether it differentiates to form primitive endoderm or epiblast. In the mouse, 

these two cell types can be distinguished by their expression of transcription factors. While all 

ICM cells express OCT4 [198], primitive endoderm specification is controlled by the 

transcription factor GATA6 [192], whose over expression in ESCs causes differentiation to 

primitive endoderm [199]. The epiblast is marked by the transcription factor Nanog [55,198] 

(Fig 1.7).  

As the blastocyst begins to cavitate the cells of the ICM will not have differentiated to one 

lineage or the other and will co-express Nanog and GATA6 [200]. However, as ICM 

differentiation continues Nanog and GATA6 expression becomes mutually exclusive, with 

almost no cells co-expressing both factors [192,200]. At this point, in the 32-64 cell early 

blastocyst (in vivo developed), cell fate has largely been determined [200]; GATA6 positive 

cells will give rise to primitive endoderm, and Nanog positive cells will give rise to epiblast, 

while a few blastomeres will retain the capacity to give rise to either cell fate [198,201]. 

Interestingly, although in the late in vivo blastocyst primitive endoderm and epiblast are 

segregated, a cell’s position within the ICM does not control whether it gives rise to primitive 

endoderm or epiblast [192,200,201]. Cells express Nanog and GATA6, seemingly at random in 

a mixed, ‘salt and pepper’ pattern [192]. This is followed by the primitive endoderm cells 

moving to the surface of the ICM, while epiblast cells move from the outside to the inside, 

resulting in the formation of a monolayer of primitive endoderm over the top of the epiblast 

[200,201]. Studies report that primitive endoderm cells which are unable to move to the 

outside surface of the ICM undergo apoptosis [200]. 

The late in vivo blastocyst, immediately before implantation, consists of three cell types, the 

outer layer of CDX2 positive trophectoderm cells, the morphologically distinct ICM monolayer 

of GATA6 positive primitive endoderm cells and the Nanog positive epiblast cells [200]. Above 
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I have discussed both OCT4 and Nanog as markers of pluripotency in ESCs (section 1.2.1.1). In 

the late blastocyst Nanog is restricted to the epiblast of the ICM except for a few Nanog 

positive cells of the trophectoderm [192]. OCT4, however, is expressed in all cells of the ICM, 

but no cells of the trophectoderm [193]. As such the expression of the two factors, OCT4 and 

Nanog, can be used to distinguish, primitive endoderm (OCT4 positive, Nanog negative), 

epiblast (OCT4 positive, Nanog positive) and trophectoderm (OCT4 negative). 

 

 

FIG. 1.7. A hatching blastocyst, immunocytochemically stained to differentiate epiblast, 

primitive endoderm and trophectoderm nuclei, imaged by confocal microscopy and 

reconstructed as a 3D image using Z-stack. Yellow nuclei are epiblast cells, they have been 

stained for OCT4 (red), which is restricted to the ICM and Nanog (green), which is restricted to 

the epiblast (and occasional trophectoderm cells), they have also been counter stained with 

Dapi (blue). Primitive endoderm cells are stained pink (red+blue), as they do not express 

Nanog, while trophectoderm cells are stained blue as they do not express OCT4, and in this 

case none express Nanog. 
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The above discussion focuses almost solely on the development of the mouse preimplantation 

embryo, specifically in vivo development. This is because although the morphological 

development of the human embryo is well characterised as a result of observations of human 

embryos cultured in vitro for ART, the study of the molecular mechanics of the lineage 

segregation of the primitive endoderm and epiblast, as well as the trophectoderm, has been 

restricted by the relative scarcity of human material for studying, as well as ethical concerns. 

Although differences are known to exist between the embryos of the two species, such as 

CDX2 expression which is not expressed in human embryos until the blastocyst has already 

formed [202], the mouse remains a good model of human embryology [203] as it can be 

cultured under similar conditions, under goes the same pattern of morphological 

development, and the late blastocyst has the same trophectoderm/primitive 

endoderm/epiblast structure [204] as the human embryo .  

  

1.5.1  In vitro fertilisation 
 

In vitro culture of preimplantation embryos was first achieved when in vivo fertilised 8-cell 

mouse embryos were grown to the blastocyst stage  in 1956 [205]. Human embryos were first 

fertilised in vitro in 1969 [206], but it was not until 1978 that the first human, Louise Brown, 

was born as a result of in vitro fertilisation and culture [207]. Since then the in vitro 

fertilisation and culture of human embryos for reproductive purposes has continued such that 

currently 3.1% of all children born in Australia are a result of ART [208].  

IVF technology in general involves a women’s ovaries being hyper stimulated to produce 

multiple follicles by injection of follicle stimulating hormone (FSH). Oocyte maturation in vivo 

is induced by human chorionic gonadotropin (hCG).  Oocytes are aspirated 32-36h after 

injection of hCG [209] with a needle that, guided by ultrasound, pierces the vaginal wall and 

aspirates the follicles. Cumulus-enclosed oocyte complexes are collected from the follicular 

fluid. Spermatozoa are typically collected either via ejaculation or by surgical retrieval. Oocytes 

are either fertilized by co-incubation with sperm overnight or by injecting a single 

spermatozoa directly into the oocyte via intracytoplasmic sperm injection (ICSI) to achieve 

fertilisation; reasons for utilising this technique can include especially low sperm motility or 

numbers. 
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If fertilisation is successful a zygote is created. This embryo is cultured in vitro usually for 

either 1-6 days discussed below (section 1.5.2) prior to transfer back to the mother to allow 

implantation to occur.  

 

1.5.2  Embryo Culture  
 

Historically in vitro culture of mammalian embryos has been performed in either simple salt 

solutions (such as Earle’s, T6 and HTF [210-212]) or complex tissue culture media (such as 

Ham’s F-10, MEM or TCM-199 [213,214]) [215-218]. Simple media systems were typically 

composed of balanced salt solutions supplemented with the women’s own serum (or fetal 

cord serum) and with the carbohydrates glucose, pyruvate and lactate [203,211,212,219]. The 

tissue culture media used were normally developed to support the growth of immortal cell 

lines, and were supplemented with carbohydrates, amino acids, vitamins, nucleotides and 

metal ions [213,214].  As knowledge of the requirements of the preimplantation embryo has 

increased, it has been discovered that components of these culture systems, such as high 

glucose, divalent metal ions and some growth factors [203], can be harmful to the 

development and viability of embryos, and specialised embryo culture media systems have 

been developed which attempt to minimise the perturbation of in vitro cultured embryos and 

preserve reproductive viability. 

These culture media usually contain carbohydrates, amino acids, vitamins, chelators, and 

macromolecules provided in gradients via the utilisation of sequential media systems. 

Additionally, as part of the culture system specific oxygen tension, temperature, pH and 

osmolality must be maintained, to minimise perturbation of embryos. Interestingly, as the 

embryo develops its requirements change with its morphology, as such, conditions which are 

beneficial at one stage can be harmful at another, creating challenges not encountered with 

most forms of cell culture. Below is a discussion of the different components of in vitro 

embryo culture systems, and how they relate to present attempts at hESC derivation. 
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1.5.2.1  Carbohydrates 
 

The early embryo divides repeatedly, but by reductive cleavage. As such it achieves no actual 

growth. Furthermore, until the embryonic genome is activated the embryo predominantly 

utilises maternal mRNA, resulting in little metabolic or biosynthetic activity [220-222].  The 

first cleavage division, from zygote to 2-cell can only be supported by pyruvate [223]. However 

over the course of the reductive cleavage stage both pyruvate and lactate, which have been 

shown to be necessary for the 2-cell embryo to reach the blastocyst stage (either suffices, but 

the presence of both improves yield) [224,225], are the primary metabolic substrates. 

Glucose is taken up at low levels during reductive cleavage [226,227], but despite this, high 

concentrations of glucose have been shown to cause the developmental retardation and 

arrest of cleavage stage embryos when included in culture media at this stage [228,229]. 

However, as the embryo compacts metabolic and biosynthetic activity increase greatly, while 

at genomic activation, discussed above (section 1.5), the embryo’s preference in metabolic 

substrate shifts and glucose becomes the nutrient of choice [226,227], as a result a lack of 

glucose post-compaction reduces blastocyst development and viability [230,231]. 

Interestingly, there is a difference in the way ICM and trophectoderm cells metabolise glucose. 

ICM cells almost exclusively utilise glycolysis and have very low levels of oxidative metabolism, 

while trophectoderm cells primarily metabolise glucose via oxidative metabolism [232,233]. 

The results of [230] show that the absence of glucose perturbs the ICM, as demonstrated by 

increased fetal loss after implantation. As ESCs are derived from the epiblast of the ICM, this 

suggests that the presence of glucose in post-compaction culture medium is likely to be 

necessary to generate blastocysts able to efficiently give rise to high quality ESC lines.  

The changing metabolic requirements of the developing embryo can be predicted by the 

environment it would be exposed to if it was developing in vivo. At the pre-compaction stage 

the embryo is still within the oviduct and is immersed in an environment with a high 

concentration of pyruvate and lactate, while the concentration of glucose is relatively low. In 

the uterus, which the embryo enters later in its development, the concentration of glucose is 

high, while the concentrations of pyruvate and lactate are lower [234-237]. 

Such changes in embryo metabolic requirements mean that culture media which support pre-

compaction embryo development can be inappropriate for later development, and vice versa. 

Exposure of embryos to sub-optimal concentrations of carbohydrates can have significant 
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detrimental effects such as retarded embryo development and fetal loss [228-230]. Little, 

however, is known of the effect that the carbohydrate concentrations of historic embryo 

culture medium may have on ESC derivation, an issue of current relevance due to likely delay 

between embryo culture and donation for ESC derivation. 

 

 

1.5.2.2  Amino acids 
 

Amino acids are known to fulfil various roles in the culture of the preimplantation embryo. As 

well as serving as biosynthetic precursors [238] specific amino acids can be metabolised for 

energy [239]. Further, amino acids can act as osmolytes [240] and are able to regulate 

intracellular pH [241], as well as act as chelators [242], anti-oxidants [243], and regulate 

metabolism and differentiation [244]. 

The absolute necessity of amino acids for the healthy development of embryos is shown by 

the reduced development and blastocyst cell number in embryos with even brief exposure to 

medium lacking amino acids [230]. That inclusion of amino acids in culture medium improves 

both blastocyst development and viability has been demonstrated in mouse [230,245-247] as 

well as human [248,249]. Other species where improvements to blastocyst development have 

been shown include rabbit [250], hamster [251], rat [252], ovine [253,254], porcine [255] and 

bovine [256,257]. This beneficial effect is only seen for non-essential amino acids (with 

glutamine). Initially, if essential amino acids are included in the culture medium of pre-

compaction embryos then development is reduced [246]. However, if essential amino acids 

are added to culture media after compaction, they improve ICM development and blastocyst 

viability [247]. As such, for optimal results, embryos should be cultured from the zygote to 

compacting stage in medium containing non-essential amino acids, followed by culture with 

both non-essential and essential amino acids to the blastocyst stage. When this is done in 

vitro, cultured blastocysts can achieve an implantation rate equivalent to that of in vivo 

cultured embryos [258]. Interestingly, non essential amino acids are present at much higher 

levels in the oviduct than essential amino acids, which is in keeping with the demonstrated 

requirements of the precompaction embryo in vitro; this observation has been shown in 

mouse [259], rabbit [259-262], porcine [259], ovine [259], equine [263] and bovine [259].  
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In mESCs the essential amino acid threonine has been shown to promote self renewal and 

proliferation when included in culture medium [264,265]. Its inclusion in ESC culture media 

promotes the activation of the Akt/ PI3K (phosphoinositol-3-kinase) pathway which is known 

to promote pluripotency in ESCs [266], and increases Oct4 and Nanog transcription [265]. 

Furthermore, the inhibition of threonine catabolism in mESCs via competitive inhibition with 

threonine analogue 3-hydroxynorvaline (which produces glycine and propinyl-CoA instead of 

glycine and acetyl-CoA when catabolised by threonine dehydrogenase [267]) was 

demonstrated to not only inhibit ESC growth and pluripotency, it also impaired blastocyst 

formation by preventing cavitation [264]. As such, the ICM cells of the embryo are critically 

dependent on threonine catabolism, therefore, as ESCs are derived from the pluripotent 

epiblast cells of the ICM, this suggests that the inclusion of threonine in post-compaction 

embryo culture medium may be beneficial for epiblast growth and the efficient generation of 

ESCs. 

 

1.5.2.3  Vitamins 
 

Culture of embryos in vitro has the potential to induce stress in the embryo, resulting in 

perturbation of glycolytic activity and oxidative capacity as well as reduced viability. The 

addition of vitamins to media has been shown to have a synergistic effect with amino acids in 

restoring in vivo levels of glycolysis, oxidation, and blastocyst viability [268]. Elevated glycolytic 

activity in in vitro cultured embryos has been shown to be associated with embryos failing to 

develop through the two cell block and reduced fetal development [258,269,270]. This synergy 

suggests that amino acids and vitamins regulate embryo viability and metabolism and prevent 

increases in glycolysis through different mechanisms. Complex tissue culture media which 

have in the past been used for the in vitro culture of preimplantation embryos contained the 

vitamin nicotinamide which has been shown to perturb the development of cleavage stage 

embryos and their subsequent viability [271]. One potential mechanism of this effect is that 

nicotimamide inhibits Sirtuin1 (SIRT1) [272], which, when active, has the function of 

deacetylating and inactivating the pro-apoptotic protein  p53 [272], which also binds to the 

Nanog promoter region to prevent transcription [273]. The benefits of vitamins to embryo 

culture have been predominantly demonstrated post-compaction [268,274]. Although it has 

been shown that the inhibitory effects of high glucose discussed above (section 1.5.1.1) can be 

alleviated by the presence of vitamins [203]. 
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As a lack of vitamins in embryo culture medium for the post-compaction embryo results in a 

loss of embryo metabolic control and developmental competence, it is important that post-

compaction embryos cultured in vitro be maintained in the presence of vitamins, this is likely 

to be particularly vital if embryos were exposed to a perturbing environment during 

precompaction culture, as embryos donated for hESC derivation are likely to have been. 

 

1.5.2.4  Chelators 
 

Chelators are ligands which form two or more bonds with a single central metal atom. In a 

biological system this has the effect of preventing the metal ion interfering with cellular 

functions. The presence of metals in in vitro embryo culture medium is detrimental to 

development and can cause embryos to arrest at the cleavage stage [275]. This is believed to 

be due to the capacity of divalent metal ions to catalyse the Haber-Weis reaction which results 

in the generation of hydroxy free radicals (OH.) from the reactive oxygen species hydrogen 

peroxide (H2O2) [219,276]. The presence of free radicals results in oxidative stress, which 

damages embryos by causing peroxidation of membrane phospholipids and altering the bonds 

of lipids, proteins and nucleic acids [277,278]. This damage can result in mitochondrial 

alterations, adenosine triposphate deletion, and apoptosis [279-281] and is well characterised 

as negatively affecting the development of the embryo in vitro [219,275,282,283]. In vitro 

cultured embryos have been shown to have increased production of reactive oxygen species 

[284].  Induction of oxidative stress in mESCs by exposure to H2O2 has been shown to impair 

proliferation [285], increase lipid peroxide formation [286], increase DNA fragmentation [286], 

induce cell arrest [285] and cause apoptosis [285]. However, the effect appears to be only 

transitory and to not affect pluripotency, as demonstrated by the removal of H2O2 resulting in 

the restoration of cellular proliferation and pluripotency markers – OCT4, Nanog, SOX2 and 

alkaline phosphatase activity – to the levels seen for control mESCs not exposed to H2O2 [285]. 

Further, ESCs exposed to H2O2 retained the capacity to form embryoid bodies [285]. 

Chelators can be used to minimise the damage to embryos by sequestering metal ions and 

preventing them catalysing the reactions which produce free radicals. A trial of different 

chelators found that the chelator EDTA (Ethylenediaminetetaacetic acid) was the most 

effective at promoting preimplantation development during the pre-compaction stage, where 

cleaving cells are prone to arrest [219]. Critically, in inbred mouse strains EDTA has been 

34 
 



  1.0 Literature review 

shown to be an important component of media for overcoming the “two-cell block” 

[219,230,287]. Chelator activity has been demonstrated to exist in the oviductal fluid where 

precompaction embryos develop [288].  Interestingly, the beneficial effects of culture of 

embryos with EDTA are only seen during pre-compaction development, post-compaction the 

presence of EDTA becomes inhibitory and results in reduced ICM development and decreased 

viability [219,230,289]. It is hypothesised that this is a result of EDTA inhibiting the glycolytic 

pathway [287]. While precompaction embryos uptake and utilise little glucose [226,227], 

glycolysis is the main method of energy production in the ICM and is critical for development 

[232]. Further, the inhibition of the glycolytic pathway during the pre-compaction stage has 

been shown to be beneficial as it prevents premature utilisation of glucose and resultant 

metabolic perturbations [287]. Further, EDTA has been shown to inhibit the glycolytic enzyme 

3-phosphoglycerate kinase which requires metal ions to catalyse its activity. As inhibition of 

this enzyme by a different inhibitor reproduced EDTA’s ability to overcome the 2-cell block, 

this suggests that inhibition of glycolysis is the primary mechanism by which EDTA stimulates 

cleavage [287]. Abnormally high rates of glycolysis, as discussed above (section 1.5.2.1), are 

known to cause reduced viability [258,269,270]. 

As such, while the inclusion of EDTA in pre-compaction embryo culture media is beneficial, 

with its absence resulting in extensive oxidative stress and impaired development, the culture 

of human embryos to the blastocyst stage after donation pre-compaction for hESC derivation 

should be undertaken in a culture medium without EDTA. Furthermore, the absence of EDTA is 

one of the stresses to which many embryos donated for hESC derivation at the cleavage stage 

may have been exposed. 

 

1.5.2.5  Macromolecules 
 

Although it is possible to culture human embryos in a protein free environment [290,291], in 

vitro embryo culture is most often undertaken in media supplemented with a source of 

protein. This is largely because protein acts as a surfactant and facilitates embryo 

manipulation in vitro [292] while also assisting in the chelation of toxins [293]. Additionally, it 

has been hypothesised that protein can act as a source of fixed nitrogen [294].  In the past the 

most commonly used protein source has been serum [203,217], usually the patient’s own 

serum, but also often fetal cord serum. While these protein sources are attractive by virtue of 
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their availability, significant drawbacks exist with their use.  Human blood products must be 

tested for the presence of viruses, additionally collection and preparation of serum take 

considerable time and is expensive[217]. Furthermore, serum is undefined and highly variable; 

it contains metal ions and pyrogens [295] and has been shown to be detrimental to 

mammalian embryo development in vitro, as it can induce alterations in metabolism, 

ultrastructure, methylation of imprinted genes, and fetal outgrowth [296]. Furthermore, in the 

human, the presence of serum in in vitro culture medium has been shown to reduce 

fertilisation, embryo quality and pregnancy success rates [217]. 

This has led to the replacement of serum as a source of protein with human serum albumin 

(HSA). Although HSA can be highly variable [290,297,298], compared to serum it is 

comparatively pure, and its inclusion in culture medium significantly increases the rate of 

successful outcomes in clinical IVF [217]. Additionally, recombinant HSA is available which 

eliminates the problems associated with blood derived products and allows embryo culture 

media to be standardised [299]. 

Serum, once a standard component of in vitro embryo culture, has been shown to be 

perturbing to embryo development – as discussed above – with batch variation resulting in 

some lots being more perturbing than others. Importantly, in vivo cultured embryos are not 

exposed to serum [292]. Oviduct and uterine fluids are not comparable to serum; serum is a 

pathological fluid containing an uncontrolled host of growth factors and other factors shown 

to be undesirable (i.e. metal ions) to which embryos should never be exposed. However, 

although human embryos created by ART are now routinely cultured in serum albumin as 

opposed to serum [203], embryos donated for hESC derivation can have been cryopreserved 

for up to ten years, and are more likely to have been perturbed by exposure to this condition.  

 

1.5.2.6  Oxygen tension 
 

In vitro cultured embryos must be maintained in a highly controlled environment due to the 

sensitivity of preimplantation embryo cellular physiology to perturbation [300]. One element 

of this environment is the gas phase. Oxygen concentration both in oviduct and uterine fluid 

(approximately 8% in the oviduct, approximately 1.5% in the uterus [203]) is considerably 

lower than atmospheric oxygen (approximately 20%). Numerous studies have found that in 

vitro culture of preimplantation embryos at physiological concentrations of oxygen, 
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significantly improves embryo development rate and cell number and viability [230,301-304].  

Culture of preimplantation embryos in the presence of high concentrations of oxygen is 

believed to perturb development due to increased generation of reactive oxygen species, 

resulting in increased generation of free radicals and oxidative damage. Reduction in oxygen 

tension has been shown to act cooperatively with chelators to improve embryo development 

[219]. Interestingly, despite the well characterised negative effects of oxidative damage on the 

preimplantation embryo, some studies have shown that the benefits of reduced oxygen 

tension appear to be predominantly evident when embryos are cultured to the blastocyst 

stage, as when development has been assessed pre-compaction, no difference has been 

observed [302]. Further, in human studies where embryos were transferred to patients at the 

cleavage stage reduced oxygen failed to increase pregnancy outcomes [305-308]. This has lead 

to the hypotheses that low oxygen is not necessary for pre-compaction culture, or that 

damage by high oxygen is progressive and requires a long period to take effect. However, 

other studies show that transiently high oxygen at the beginning of culture has a significant 

negative effect on embryo development [230,309]. Interestingly, the oviduct, where the 

precompaction embryo resides, has a much higher concentration of oxygen than the uterus 

(8% compared to 1.7%) [203,310-312]. Furthermore, mouse blastocysts cultured in a low 

oxygen environment had larger ICMs [313], and were more likely to outgrow and produce 

primary mESC colonies which stained positive for the pluripotency marker alkaline 

phosphatase [314]. Low oxygen conditions support the long term proliferation of hESCs by 

safeguarding pluripotency and self renewal, as demonstrated by reduced rates of spontaneous 

differentiation, chromosomal abnormalities and apoptosis.[315-317]. As such, although 

reports are conflicting as to whether culture in high oxygen is likely to have perturbed 

embryos donated for hESC derivation pre-compaction, the available literature suggests culture 

in low oxygen to the blastocyst stage should improve blastocyst quality, with a concomitant 

increase in hESC derivation efficiency and quality.  

 

1.5.2.7  pH 
 

Another parameter of the in vitro embryo culture environment which must be closely 

controlled is the pH of the media [300]. The external pH of in vitro culture medium is the result 

of the CO2 concentration of the gas phase of the incubator, which dissolves in the media and 

37 
 



  1.0 Literature review 

produces carbonic acid, which reaches equilibrium with the dissolved bicarbonate buffer 

[300,318].  

Intracellular pH is primarily regulated by the   Na+/H+ antiporter, which regulates against acid 

loads, and the HCO3
-/Cl- exchanger, which regulates against alkaline loads,  in order to 

maintain an optimum pH [319-323]; typically 7.2-7.3 [319,323-325], which is important for 

cellular processes such as enzyme activity, protein synthesis, cell division and cell-cell 

communication [319,322]. 

 Both the sodium dependent HCO3
-/Cl- exchanger and the Na+/H+ antiporter are active in 

human embryos [326], but the post-compaction embryo is known to be less sensitive to 

extracellular pH due to the formation of tight junctions [241,327]. The recently fertilised 

zygote does not appear to have any means of regulating intracellular pH [325,328]. 

Culture of embryos in conditions which alter its intracellular pH by ≤ 0.3 pH units can 

irreversibly disrupt the localisation of mitochondrial and actin microfilaments [329], increase 

embryo glycolysis, decrease oxidative metabolism [327,330], and cause embryo 

developmental arrest or delay [327,329].  Short term exposure to reduced pH (<0.2 pH units) 

has been shown to  significantly decrease ICM cell number, fetal weight as well as crown rump 

length, while longer term exposure decreased not only these factors but implantation as well 

[331]. These results demonstrate that exposure of embryos to conditions which alter 

intracellular pH can significantly perturb the ICM, and that the effect is still evident in epiblast 

descended cells (the fetus). As such, culture of embryos in conditions which alter embryo 

intracellular pH could reduce ESC derivation efficiency and have long term consequences on 

ESC quality. 

It is essential, therefore, that the external pH of the embryo be maintained at a level which will 

not result in any alterations to internal pH. Further, it has been hypothesised that even when 

external pH is not sufficiently aberrant to result in any alterations in internal pH, the stress and 

resulting adaptations induced in the embryo as it works to maintain its internal pH could be 

detrimental to future development [318].  This is supported by the findings in [300] where it is 

shown that culture of embryos in a 6% CO2 incubator as opposed to a 5% CO2 incubator 

significantly improved blastocyst cell number as well as fetal implantation and development 

rates, despite a difference in external pH of just 0.1 units from 7.3 to 7.4.  [300,318].  

Recognition of the importance of pH to embryo health and viability as well as the narrow 

optimal range has been comparatively recent, with some early embryo culture media having 
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inadequate or no buffering systems [332,333]. Further, due to the vulnerability of the 

parameter to incubator maintenance and time period embryos are exposed to atmospheric 

CO2, embryos are especially vulnerable to the standards, practices and competence of clinics 

and individuals. As such, many embryos donated for hESC derivation may have had their 

quality perturbed by culture in media with an aberrant pH. 

 

1.5.2.8  Cryopreservation  
 

Human embryos donated for hESC derivation will frequently have been subjected to a 

prolonged period of cryopreservation, which can have a significant impact on their quality. 

Two primary methods exist for the initial freezing of embryos which are to be cryopreserved; 

slow freezing and vitrification. In both cases frozen embryos are then stored in liquid nitrogen 

until thawing.  Slow freezing utilises low concentrations of cryoprotectants and a slow rate of 

cooling to dehydrate the cell during freezing and prevent the formation of intracellular crystals 

[334-336]. These crystals would otherwise damage cellular membranes and organelles and are 

believed to cause developmental loss from cryopreservation. However, problems exist with 

slow freezing. Dehydrating the cell too much can increase the concentration of intracellular 

solutes to toxic levels, the time spent by the embryo at low temperatures before it freezes can 

cause chilling damage, ice crystals can form during thawing and the rapid influx of water can 

cause swelling [337,338]. Alternatively vitrification can be used. Vitrification utilises high 

concentrations of cryoprotectants that can be cooled rapidly, this prevents the formation of 

ice crystals and chilling damage [339]. Vitrification of human embryos, both at the cleavage 

and blastocysts stages, has been shown to result in significantly higher rates of 

cryopreservation survival, and embryos were more likely to implant and result in a live birth 

compared to slow frozen embryos [340]. Accordingly, vitrification is replacing slow freezing as 

the method of cryopreservation in many in vitro fertilisation clinics [341]. However, as 

cryopreserved embryos donated for hESC derivation will have often been frozen 5-10 years 

previously, their quality and capacity to give rise to hESC lines may have been compromised by 

use of the slow freeze method. 
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1.5.2.9  Sequential and Monoculture systems 
 

A recurring theme of the above discussion is that pre-compaction embryos which are still 

dividing by reductive cleavage have different requirements from the media in which they are 

cultured compared to post-compaction embryos, with some factors which are beneficial at 

one stage being actively harmful in the other (e.g. essential amino acids, chelators). When 

embryos are transferred to the recipient or cryopreserved prior to compaction, which is how 

IVF was performed historically [218], this does not create an issue. However, culture of 

embryos to the blastocyst stage has been shown to be effective for identifying the highest 

quality embryos most likely to result in a pregnancy [342], and transfer of precompaction 

embryos to the uterus places them in an environment for which they are not yet 

developmentally ready [8]. As such, many in vitro fertilisation clinics find it desirable to culture 

embryos from the zygote to the blastocyst stage [203].  Two alternative culture systems can be 

used for this; monoculture or sequential culture. 

Monoculture systems utilise only one medium formulation for the entirety of culture, and 

therefore do not accommodate the changing requirements of the developing embryo. In 

contrast, sequential culture systems utilise two different media formulations for pre and post 

compaction development. This allows the needs of the developing embryo to be met, resulting 

in a reduction in stress and relieving the embryo of the necessity to adapt to its environment 

in order to develop to the blastocyst stage. As a result, although both mono and sequential 

culture systems have been shown to support embryo development from the zygote to the 

blastocyst stage, embryos cultured to the blastocyst stage in sequential culture systems have 

increased viability compared to embryos cultured in monoculture systems [343]. Additionally, 

mouse embryos cultured in sequential culture medium give rise to ESCs with increased 

efficiency [71].  As such, although pre-compaction human embryos donated for hESC 

derivation may have been perturbed by exposure to the harmful conditions discussed above, 

the use of the second stage of a sequential media culture system, optimised to support post-

compaction development during culture to the blastocyst stage for hESC derivation, could 

serve to rescue final blastocyst quality and increase ESC derivation efficiency and quality. 
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1.6  Improving embryo quality 
 

As discussed above (section 1.5.2), the inclusion or exclusion of specific factors in embryo 

culture medium can have significant effects on final blastocyst quality. As ESC derivation 

occurs at the highest efficiency from good quality blastocysts [7], and human embryos are 

often donated for hESC derivation at the pre-compaction stage [4-6], this period of culture 

from the pre-compaction stage to the blastocyst stage could be utilised to improve blastocyst 

quality with a concomitant increase in ESC derivation efficiency and quality. 

 

1.6.1  Growth Factors 
One strategy which may improve the quality of human embryos donated at the cleavage stage 

for hESC derivation is the supplementation of embryo culture medium with growth factors.  

It has been shown that the culture of embryos in vitro in the presence of growth factors can 

improve their development [344,345]. However, the majority of systems used for human 

embryo culture do not contain growth factors – in a review of culture media only ISM2 [346] 

was supplemented with a growth factor, while numerous others e.g. G1 [347], G2 [347], ISM1 

[348], KSOM [349], Quinn’s advantage [350], HTF [351], and Global [352] were not.  

Below is a review of the impact many growth factors had been observed to have on the 

preimplantation development of in vitro cultured mouse embryos which was conducted on 

the literature available at the beginning of this project (Table 1.1A, Table 1.1B). 

 

1.6.1.1  A review of growth factors used to improve embryo health 
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TABLE 1.1A. EFFECT OF GROWTH FACTORS ON MOUSE EMBRYONIC CHARACTERISTICS 

    EGF HB-EGF TGF-α TGF-β GM-CSF CSF-1 LIF 

Blastocyst formation Y[353] Y[344] Y[354] - Y[344] Y[355] Y[356] 

Blastocyst Cell# Y[354] Y[357] Y[354] Y[358] Y[344] ˉ Y[359] 

Hatching   Y[354] Y[360] Y[358] ˉ Y[344] ˉ Y[360] 

Attaching   Y[361] Y[362] ˉ ˉ Y[363] ˉ Y[364] 

Glucose transport ˉ ˉ ˉ ˉ Y[365] ˉ ˉ 

Decrease apoptosis Y[353] Y[366] Y[344] Y[366] Y[345] ˉ - 

Blastocoel expansion Y[367] ˉ Y[367] ˉ Y[368] Y[355] ˉ 

ICM specific growth ˉ ˉ ˉ ˉ Y[369] ˉ ˉ 

TE specific growth ˉ ˉ ˉ ˉ ˉ Y[370] ˉ 

Metabolism ˉ ˉ ˉ ˉ Y[371] ˉ ˉ 

Protein synthesis Y[344] ˉ Y[344] Y[372] ˉ ˉ ˉ 

Growth rate Y[344] ˉ Y[358] - Y[365] Y[370] ˉ 

Zona variation - ˉ Y[358] Y[358] ˉ ˉ Y[358] 

Gene expression Y[361] Y[362] Y[344] Y[344] Y[363] ˉ - 

Implantation Y[359] Y[362] ˉ ˉ ˉ ˉ Y[373] 

Improve Morphology Y[359] - ˉ ˉ ˉ ˉ Y[359] 

Stimulates Outgrowth Y[359] Y[362] Y[374] Y[372] Y[344] ˉ Y[359] 

Birth Rate   ˉ ˉ ˉ ˉ ˉ ˉ Y[360] 

Y = yes, - = No effect yet observed, results may be due to lack of investigation or negative 

results. TE = trophectoderm, EGF = epidermal growth factor, HB-EGF = Heparin-binding EGF 

like growth factor, TGF = transforming growth factor, GM-CSF = Granulocyte macrophage 

colony stimulating factor, CSF-1 = colony stimulating factor 1, LIF = leukaemia inhibitory factor  
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Table 1.1B. EFFECT OF GROWTH FACTORS ON MOUSE EMBRYONIC CHARACTERISTICS 

    Insulin IGF-I IGF-II PAF FGF4 SCF IL-6 

Blastocyst formation Y[344] Y[344] Y[344] ˉ - Y[375] Y[376] 

Blastocyst Cell# Y[344] Y[344] Y[377] Y[344] Y[378] ˉ Y[358] 

Hatching   ˉ Y[353] Y[353] Y[379] ˉ ˉ Y[358] 

Attaching   - ˉ ˉ ˉ ˉ ˉ ˉ 

Glucose transport Y[344] Y[365] Y[377] ˉ ˉ ˉ ˉ 

Decrease apoptosis Y[380] Y[344] Y[353] Y[381] ˉ ˉ ˉ 

Blastocoel expansion ˉ ˉ ˉ ˉ ˉ ˉ ˉ 

ICM specific growth Y[344] Y[344] Y[344] ˉ ˉ ˉ ˉ 

TE specific growth ˉ ˉ ˉ ˉ ˉ ˉ ˉ 

Metabolism Y[382] Y[382] ˉ Y[383] ˉ ˉ ˉ 

Protein synthesis Y[344] Y[382] Y[344] ˉ ˉ ˉ ˉ 

Growth rate Y[384] Y[385] Y[344] Y[386] ˉ Y[387] ˉ 

Zona variation ˉ Y[358] Y[358] ˉ ˉ ˉ ˉ 

Gene expression Y[388] Y[344] Y[344] ˉ ˉ ˉ ˉ 

Implantation ˉ ˉ ˉ Y[386] ˉ ˉ ˉ 

Improve Morphology ˉ ˉ ˉ ˉ ˉ ˉ ˉ 

Stimulates Outgrowth ˉ ˉ ˉ ˉ Y[389] ˉ ˉ 

Birth Rate   ˉ ˉ ˉ Y[390] ˉ ˉ ˉ 

IGF = insulin like growth factor, PAF = platelet activating factor, FGF4 = fibroblast growth factor 

4, SCF = stem cell factor IL-6 = interleukin 6. 
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In many instances growth factors have been shown to have no effect on embryo development 

in one study then to have an effect in another, or for a different effect to be observed. This has 

been attributed to differences in culture conditions (i.e. simple salt solutions or media systems 

designed to support blastocyst development) and mouse strains (i.e. inbred, randombred or 

hybrid mice from strains such as C57Bl/6 or Quackenbush) used between experiments. In 

many studies embryos were exposed to perturbing environments which might confound the 

results (i.e. freezing or culture in the presence of apoptotic or oxidative factors).  

Growth factors appear to have their most positive effects when embryos have been cultured 

in sub-optimal environments which perturb their development, suggesting that growth factors 

have a rescue effect on embryos. Additionally, it was not uncommon for the activity of growth 

factors to only become apparent when embryos were cultured singly or in large volumes. 

Evidence suggests that embryos secrete autocrine growth factors which are diluted at low 

embryo concentrations or large volumes [391-394]. Therefore it appears that the effect of 

growth factors added to embryo culture medium can be masked by autocrine growth factors. 

As such, this suggests that experiments to investigate the effects of individual growth factors 

on embryo development or health are best conducted at a low embryo per volume ratio. 

 

1.6.1.2  Insulin, GM-CSF, FGF-4 and LIF 
 

Reviewing the literature, including prior observations of the effects of the growth factors on 

embryo development, maternal expression of the growth factor, embryo expression of the 

growth factor’s receptor (Table 1.2) and the effect of a null phenotype for the receptor, four 

growth factors – insulin, GM-CSF, FGF-4 and LIF, were identified as likely candidates for 

investigation for their ability to improve ESC derivation rates. Each is reviewed below in more 

detail. 
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TABLE 1.2. MATERNAL REPRODUCTIVE TRACT AND EMBRYO EXPRESSION OF GROWTH 

FACTORS AND THEIR RECEPTORS IN THE MOUSE AND HUMAN 

 Human Mouse 

Insulin-Expressed maternally - Yes[389,395] 

Insulin-Expressed by the 

embryo 

No[344] No[344] 

Insulin-Receptor expressed 

by embryo 

mRNA shown at all stages[344] mRNA from the 8-cell 

onwards[344] 

GM-CSF-Expressed 

maternally 

Yes[363] Yes[365] 

GM-CSF-Expressed by the 

embryo 

- No[389] 

GM-CSF-Receptor expressed 

by the embryo 

α-chain receptor expressed 

at all stages[371] 

α-chain receptor expressed 

at all stages[365] 

LIF-Expressed maternally Yes[396] Yes[373] 

LIF-Expressed by the embryo mRNA shown at all stages[396] Transcripts expressed at the 

blastocyst  stage[389] 

LIF-Receptor expressed by 

the embryo 

mRNA shown at all stages[396] Yes[389] (only in the ICM of 

blastocysts[360]) 

FGF-4-Expressed maternally - - 

FGF-4-Expressed by the 

embryo 

- Yes[389] 

FGF-4-Receptor expressed by 

the embryo 

(Presumed by FGF4 response 

of ICM derived ES cells [397]) 

Yes[398] 

- = a review of the literature did not uncover any relevant studies or findings 
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1.6.1.2.1  Insulin 
 

Insulin has been shown to promote ICM specific growth in the mouse blastocyst when 

cultured in simple media from the 2-cell to the blastocyst stage [344,369], and promote 

glucose transport [344,365] which has been shown to increase embryo viability [365]. 

Additionally, insulin increases blastocyst formation [344].  This demonstrates that inclusion of 

insulin in embryo culture medium that is known to perturb physiology has the potential to 

result in the generation of an increased number of higher quality blastocysts. An effect for 

insulin when included in embryo culture medium from the 2-cell stage or earlier has been 

observed in murine [344,365,384], bovine [399], and porcine [400]. However, despite this 

insulin is not routinely included in human embryo culture media. 

Insulin acts on cells by binding to the insulin receptor; a tyrosine kinase receptor with four 

components; two extracellular α-subunits and two transmembrane β-subunits. The binding of 

insulin to the α-subunit causes the tyrosine autophosphorylation of the β-subunit. The 

activated insulin receptor is then able to phosphorylate its substrates which can activate 

different signalling pathways including the phosphoinositol-3-kinase (PI3K) pathway, which 

can increase glucose transport [401], and promote Nanog transcription in ESCs [266]. Insulin 

has also been shown to cross react with the IGF I receptor, where it binds weakly [402], but 

this effect is not observed when low concentrations of insulin are used [384]. When the insulin 

receptor is knocked out (via the mating of two mice heterozygous for the disruption of the 

insulin receptor gene by deletion or insertional mutation) mice are born with approximately a 

10% reduction in size and die shortly after birth, although the null phenotype is obtained at 

expected Mendelian rates, indicating that the activation of the insulin receptor is dispensable 

for intrauterine growth [403,404]. These data show that while insulin action may not be an 

absolute necessity for development of the embryo it has shown benefit, in particular in 

situations where there are perturbing elements in the culture system. 

In conclusion, while neither mouse nor human embryos secrete insulin [344] (removing a 

potentially confounding factor from experiments), embryos from both species express mRNA 

for the insulin receptor [344] (Table 1.2).  Furthermore, culture of human preimplantation 

embryos with insulin has previously been shown to increase protein synthesis [344](an effect 

also shown for mice), and insulin [405] and the insulin receptor [406] are highly conserved 

proteins,  increasing the likelihood that findings in the mouse will translate to the human. 

Finally, as a laboratory material, insulin is comparatively inexpensive. As such, if experiments 
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prove successful and insulin is effective at increasing ESC generation from in vitro cultured 

embryos, it would be practical and easy for researchers to include as a routine component of 

embryo culture for ESC derivation. As such, for these reasons and those above, insulin was 

selected as the growth factor of choice for further investigation in this project. 

 

 

1.6.1.2.2  GM-CSF 
 

Like insulin, GM-CSF is able to increase ICM size [369] and glucose uptake [365] which shows 

increased viability and suggests embryos cultured in media supplemented with GM-CSF may 

be able to give rise to quality ESCs with greater efficiency. Furthermore, GM-CSF also increases 

attachment and outgrowth [363], which, discussed (section 1.2.2), is a primary method of ESC 

derivation. These effects were demonstrated for embryos cultured from the 2-cell stage or 

longer in simple salt solutions which did not contain protein. 

The GM-CSF receptor normally consists of both an α and β subunit which belong to the 

superfamily of cytokine receptors typified by the growth hormone receptor [363]. The α-chain 

has low affinity binding with GM-CSF, while the β-chain does not bind to GM-CSF, instead it 

forms a high affinity complex when associated with the ligand coupled α-chain [407]. 

However, in embryos only the α-chain is expressed [408]. The alpha chain has been shown to 

be capable of transducing signal [408], and is therefore functional in its own right without the 

β-chain. GM-CSF deficient mice have normal implantation rates and pups are produced. 

However, they often die due to placental abnormalities [409] and survivors are afflicted with 

abnormal lungs [410]. Significantly, blastocysts taken from GM-CSF null mutant mice have 

reduced total cell numbers and retarded development [365].  

In conclusion, although GM-CSF was an interesting factor, its positive effects, including 

stimulating ICM specific growth, were only induced when embryos were cultured in the 

absence of human serum albumin [369], which is a specifically perturbing condition that would 

not be a part of the system this project will attempt to model. 
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1.6.1.2.3  FGF-4 
 

FGF-4 has been shown to be capable of eliciting an increase in blastocyst total cell number, 

although whether it affects a specific cell type is unknown [378,389]. Furthermore, culture in 

FGF-4 has been shown to stimulate the outgrowth of blastocysts, which, as has been noted, 

can form a vital step in ESC derivation [389,411]. The benefit of FGF-4 for ESC derivation 

currently lies mainly in areas other than its demonstrated effects in improving embryo culture. 

When the Fgf-4 gene was knocked out in mice, the embryos were able to develop to the 

blastocyst stage, but in vivo they failed to develop shortly after implantation, and in vitro ICM 

growth was severely impaired while morphology was degenerate [412]. Additionally, mouse 

embryos that express a non functioning FGF receptor that antagonises the activity of the 

remaining wildtype receptor fail to develop past the blastocyst stage when cultured in vitro 

[413]. This indicates a vital role for FGF-4 for ICM development and health. In the fibroblast 

growth factor system there are fifteen fibroblast growth factors and four receptors FGFR1-4. 

Of the FGFs, FGF-4 is the earliest to act in development [414]. One of the most likely receptors 

of FGF-4 in the preimplantation embryo is FGFR2, as FGF-4 and FGFR2 possess a mutual 

binding affinity, are co-expressed, and their knockouts have similar phenotypes [414]. FGFR2 is 

one of the earliest acting FGF receptors and has been shown to be expressed on the cell 

membranes of preimplantation mouse blastocysts, while FGF-4 has been shown to be 

expressed from the 2-cell stage of mouse embryos onwards [414]. Importantly, FGF signalling 

has been shown to be crucial for maintaining the pluripotency of ESCs in the human [415]. 

While FGF-4 has been specifically shown to increase their undifferentiated growth [397]. Since 

the commencement of this project another group has shown FGF-4 signalling (through the 

FGFR) to be specifically antagonistic to pluripotency in the embryo [416].  

 

1.6.1.2.4  LIF  
 

LIF has traditionally been used for the maintenance of pluripotency in ESCs. However, culture 

of preimplantation embryos in media supplemented with LIF has been shown to be capable of 

increasing blastocyst total cell number [359]; although which cell types are unknown. 

Furthermore, LIF promotes blastocyst formation [356], hatching [360], attaching [364] and 

outgrowth [359], all of which must occur for ESC derivation. Additionally, LIF improves the 

viability of mouse embryos  as LIF increases both the implantation [373] and birth rate [360] of 
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embryos cultured in its presence. While LIF null blastocysts are morphologically normal, they 

fail to implant [417]. Additionally when wildtype embryos are transferred to wildtype mothers 

whose reproductive tracts have been flushed with LIF antibody to reduce its activity, a 

decrease in implantation is seen [418], and when wildtype embryos cultured in the presence 

of LIF are transferred to LIF null mothers they fail to implant [417]. These observations 

demonstrate how important LIF exposure is for a blastocyst’s adhesive potential.  

LIF effects its activity by binding to its receptor LIF-Rβ, this complex is then capable of 

associating with the membrane bound protein gp-130 which results in its signal transduction 

[360]. LIF can also act through the MAPK/ERK pathway to promote cell growth [419]. 

Importantly however, LIF also acts through the JAK/STAT pathway [419]. It is through this 

pathway that LIF is able to maintain the undifferentiated propagation of mESC lines [364,419]. 

Only over expression of Nanog has been shown to be capable of making mESCs cells 

independent of LIF and STAT3 signalling [56]. LIF’s crucial activity in the maintenance of 

pluripotency in mESC lines highlights its role as a candidate for improving ESC derivation from 

in vitro cultured blastocysts. 

LIF was not studied here , however, as although the pathway is active, LIF is dispensable and 

insufficient for pluripotency maintenance for hESC culture [82,420,421], and although in in 

vitro culture of mouse diapause embryos (wherein embryonic development is arrested until 

the mother weans the previous litter) LIF maintains the epiblast [422] from which ESC lies are 

derived, human embryos are not subject to diapause. As such any embryological events 

observed for LIF may not be transferable to human embryology, which this project will be 

attempting to model.  

 

1.7  Animal model 
 

As a result of legal and ethical complications it is difficult to conduct experimental projects 

using human embryos. Furthermore, the available embryos are highly variable, with each 

donating couple having a different genetic background.  

Consequently where possible it is advisable to use animal models. Of the mammalian models 

available, the mouse is the best characterised for embryo development, which can be 

undertaken under the same conditions as human embryos, progresses along a similar 

timescale, and produces blastocysts with the same ICM structure (distinguishable primitive 
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endoderm and epiblast). Initially the most commonly used strain of mouse for mESC 

derivation was the Sv129 line. However, there is a growing trend for researchers to use mice 

of the C57Bl/6 background, primarily due to advantages in the generation of transgenic lines. 

It has been shown that the mouse lines Sv129 and C57Bl/6 have similar efficiencies for the 

generation of germ line competent ESCs [161,423]. Furthermore hybrid C57Bl/6 mice (crossed 

with DBA) have been used to produce zygotes which were cultured to the blastocyst stage in 

vitro, before being used for the derivation of mESCs, suggesting that embryos from the 

C57Bl/6 line will give rise to ESCs after culture in vitro [71,160]. It is necessary to supplement 

outgrowth media with LIF when C57Bl/6 blastocysts are being outgrown to obtain their 

undifferentiated ICM cells [161]. However, while the Sv129 line is independent of LIF during 

outgrowth, there is a tendency in male mice to spontaneously grow teratocarcinomas in their 

testis [424]. Additionally, while the Sv129 line is very well characterised with respect to mESCs, 

comparatively little is known about the preimplantation development of embryos from the 

line compared to the C57Bl/6 mouse strain [423]. Significantly, the C57Bl/6 genome has been 

sequenced [423]. 

This suggests that the C57Bl/6 mouse is the appropriate line for primary use in any project 

aimed at improving the derivation of ESC lines from in vitro cultured embryos. 

 

1.8  Conclusion and hypothesis  
 

hESC lines are an important potential resource for regenerative medicine [425], as well as the 

fields of toxicology testing, drug discovery [101] and developmental biology [113,114]. 

However, current hESC lines have variable characteristics and many are unsuitable for a range 

of applications due to poor performance with respect to certain characteristics, and the 

likelihood of their having been derived and cultured in the presence of animal products – 

raising the risk of contamination by xeno-pathogens [425]. Additionally, high numbers of hESC 

lines are needed to cover the range of variation amongst humans and avoid rejection in the 

case of regenerative medicine [426]. As such, it is necessary that more hESCs be derived in the 

future. The primary source of embryos for hESC derivation is embryos created by ART for 

treatment of infertility which have been subsequently donated. These embryos are often 

donated during the pre-compaction stage [167-169]. One reason for this is that embryos are 

often cryopreserved at this point so that they can be used in future attempts at achieving a 

pregnancy. As a result often many years will have passed between the initial culture of 
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embryos and their donation. Therefore, these embryos will have been cultured in media 

systems now known to be perturbing to embryo development, metabolism and viability  [203].  

As such, these embryos could be expected to have sustained significant perturbations to their 

development. Poor quality embryos have been shown to give rise to hESCs with lower 

efficiency than high quality embryos [5,6,73]. Observation and scoring of embryo morphology 

has been shown to be an inadequate measure of embryo quality in a reproductive context as 

many relevant factors are not represented [427].  

Most ESC derivation techniques rely on the embryo being at the blastocyst stage. Therefore, 

donated pre-compaction human embryos must be cultured to the blastocyst stage prior to 

attempting to derive a new hESC line. The requirements of the precompaction embryo and the 

post compaction embryo are very different, as discussed above (section 1.5.2.9), and media 

systems exist which contain culture medium specifically tailored to meet the needs of the 

post-compaction embryo (specifically, the G1/G2 media system [292]). However, currently 

these systems are designed for implantation and not specifically around the development of 

the epiblast from which ESCs are derived, and this may represent a window of opportunity 

during which attempts can be made to improve embryo quality in order to improve hESC 

derivation success rates. The inclusion of growth factors in in vitro culture media has 

repeatedly been shown to have the potential to improve embryo quality [344,345]. However, 

no work has previously been done on the effect of growth factors on the number of ESC 

progenitor epiblast cells in the ICMs of in vitro cultured embryos. In reviewing the literature, 

insulin was identified as the growth factor whose observed effects and mechanisms of action 

suggested it was the most likely to have an effect on the epiblast. 

It is therefore hypothesised that in vitro culture of mouse embryos from the pre-compaction 

stage in the presence of insulin will result in the development of blastocysts that contain a 

higher population of epiblast cells. 

A large epiblast in the ICM of the blastocyst has previously been shown to correlate to high 

ESC derivation rates [7]. However, in systems where using a treatment to increase epiblast cell 

numbers have been shown to directly result in increased ESC derivation rates, the 

demonstrated increase has been due to treatment with small molecular inhibitors which have 

caused the ICM to develop to be composed entirely of epiblast cells – a very large increase, 

and far larger than the increase hypothesised to be shown in our experiments [428]. 

Nonetheless, each epiblast cell in the ICM of the blastocyst has the potential to proliferate 

during the outgrowth stage of ESC derivation, and each resultant epiblast cell in the outgrowth 
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has the potential to give rise to an ESC colony when the cells of the outgrowth are 

disaggregated by trypsinisation and replated. 

It is therefore hypothesised that increasing the number of ICM cells in the blastocyst that are 

epiblast cells will result in an increased number of cells in the outgrowth that are epiblast cells, 

which will result in an increased efficiency of ESC colony generation. 

In conclusion, the majority of human embryos donated for hESC derivation will be at the 

precompaction stage and of poor quality, which results in reduced hESC derivation efficiency 

due to the suboptimal culture environment used at the time of their initial culture. Most prior 

attempts at improving the efficiency of hESC derivation have focused on optimising the media, 

techniques and conditions used at the derivation attempt and subsequent culture of the 

putative lines. However, it is possible that the period during which pre-compaction embryos 

are cultured to the blastocyst stage can be utilised to increase the number of ESC progenitor 

epiblast cells in the blastocyst in order to improve the likelihood that a given precompaction 

embryo will ultimately give rise to an ESC line – a matter of key practical and ethical 

importance. 

 

It is therefore the hypothesis of this thesis that the culture medium utilised for culture of pre-

compaction embryos to the blastocyst stage is a critical component of ESC derivation, and can 

be optimised to produce blastocysts with a greater potential to give rise to quality ESC lines. 

 

Specific aims 

1. To determine, using a mouse model, the effect of culture in a simple in vitro embryo 

culture medium on the quality of blastocysts as measured by epiblast cell number and 

gene expression in outgrowths. 

2. To determine the effect of culturing embryos in a medium purpose designed to 

support post-compaction development, after culture during the pre-compaction stage 

in a simple in vitro embryo culture medium, on the quality of blastocysts as measured 

by epiblast cell number and gene expression in outgrowths. 

3. To assess the effect of inclusion of different concentrations of insulin in the culture 

medium of post-compaction mouse embryos on epiblast cell number 
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4. To investigate the molecular mechanisms by which insulin included in the post-

compaction culture medium of mouse embryos affects its influence on epiblast cell 

number. 

5. To demonstrate that increases in epiblast cell number achieved by inclusion of insulin 

in the culture medium of post-compaction mouse embryos persists through the 

outgrowing stage and results in an increased efficiency of primary mESC colony 

generation. 

6. To demonstrate that this model supports the generation of mESC lines capable of self 

renewal and differentiation to cells from the three germ cell layers.
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2.0  Materials and Methods 
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2.1  Media preparation 
Unless otherwise stated chemicals used were purchased from Sigma-Aldrich, St Louis, MO. 

 

2.1.1 Preparation of glassware 
 

Glassware used to make embryo handling or culture media was washed with 7X detergent 

(ICN Biomedicals, Aurora, Ohio, USA) then soaked overnight in RO (reverse osmosis) water. 

This was followed by 6-8 rinses in RO water and then another overnight RO water soak. 

Glassware was then rinsed a further 6-8 times in Milli-Q water (18-meg Ω) and placed upside 

down in an oven for 4h (hours) at 110oC to dry. Openings were then covered by blue 

absorbent paper overlaid with aluminium foil and sterilised at 130oC for 2h. 

 

2.1.2 Embryo culture and handling media 
 

Media used for embryo culture were G1.2, G2.2 or Simple-G1 [332] (Table. 2.1). MOPS-G1 was 

used for the collection and handling of embryos [429]. The formulations for all embryo culture 

and handling media have been included below in (Table. 2.1). G1.2 and G2.2 make up a 

sequential culture system and were used because they are representative of the modern 

complex embryo culture media that have been developed to support high rates of human 

preimplantation embryo development and viable blastocysts [218,430]. Simple-G1 is a 

simplified version of G1.2 medium, which contains no EDTA or amino acids. Simple-G1 was 

used to model the simple embryo culture media that have been used historically in human IVF 

[203,215,218]. MOPS-G1 is a modified version of G1.2 medium which has a reduced 

concentration of bicarbonate which was replaced with the buffer MOPS (3-(N-morpholino) 

propanesulfonic acid). MOPS-G1 was adjusted to pH 7.3±0.05 with NaOH. As such, unlike the 

embryo culture media MOPS-G1 did not need to be gassed with CO2 to reach a physiological 

pH. Confocal microscopy used a modified version of MOPS-G1 – confocal loading media – 

which contained no phenol red (Table 2.1). All media were supplemented with serum albumin 

at 5mg/ml. 
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2.1.3 Culture media preparation 
 

All chemicals and consumables used for standard embryo culture were tested for compatibility 

with embryo development in a 1-cell mouse embryo assay [300] (Appendix 8.1). For 1L of 

culture media, working in a clean area, chemicals (Table 2.1) were weighed out into a sterilised 

volumetric flask (with the exception of CaCl2-2H2O, which was weighed out into a 14ml tube 

(BD Biosciences, BD Falcon, North Ryde, NSW, Australia). These factors were then dissolved in 

approximately 500ml of Milli-Q water, which was added to the flask and swirled. CaCl2-2H2O 

was dissolved by the addition of 10ml of Milli-Q water, followed by agitation. The contents of 

the tube were then added to the volumetric flask. The volume of the flask was then increased 

to 950ml by the addition of further Milli-Q water, with the 50ml difference excluded to allow 

the later addition of HSA (human serum albumin). Media were then sterile filtered using an 

Acrodisc 0.2 µm filter (Pall Corporation, Ann Arbour, MI, USA) and stored at 4oC in glass bottles 

or plastic flasks (Nalgen Nunc International, Rochester, NY, USA). Culture medium with HSA 

was made by adding 500µl of HSA (Vitrolife, Kungsbacka, Sweden) to 9.5ml of G1.2, G2.2 or 

Simple-G1 culture medium in a 10ml tube (BD Biosciences, BD Falcon). Media were only stored 

for 4 weeks from preparation. 
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TABLE 2.1. MEDIA FORMULATIONS 

Component Simple-G1 
(mM) 

G1.2  
(mM) 

G2.2  
(mM) 

MOPS-G1 
(mM) 

Confocal Medium 
(mM) 

NaCl 90.1 90.1 90.1 90.1 90.1 
KCl 5.5 5.5 5.5 5.5 5.5 

NaH2PO4 0.25 0.25 0.25 0.25 0.25 
MgSO4 1.0 1.0 1.0 1.0 1.0 

NaHCO3 25.0 25.0 25.0 5.0 5.0 
CaCl2 1.8 1.8 1.8 1.8 1.8 

Glucose 0.5 0.5 3.15 0.5 0.5 
L-Lactate 10.5 10.5 5.87 10.5 10.5 
Pyruvate 0.32 0.32 0.1 0.32 0.32 

EDTA - 0.01 - - - 
Glycl-glutamine - 0.5 1.0 0.5 0.5 

Alanine - 0.1 0.1 0.1 0.1 
Arginine - - 0.6 - - 

Asparagine - 0.1 0.1 0.1 0.1 
Aspartate - 0.1 0.1 0.1 0.1 

Cystine - - 0.1 - - 
Glutamate - 0.1 0.1 0.1 0.1 

Glycine - 0.1 0.1 0.1 0.1 
Histidine - - 0.2 - - 

Isoleucine - - 0.4 - - 
Leucine - - 0.4 - - 
Lysine  - 0.4 - - 

Methionine - - 0.1 - - 
Phenylalanine - - 0.2 - - 

Proline - 0.1 0.1 0.1 0.1 
Serine - 0.1 0.1 0.1 0.1 

Taurine - 0.1 - - - 
Threonine - - 0.4 - - 

Tryptophan - - 0.5 - - 
Tyrosine - - 0.2 - - 

Valine - - 0.4 - - 
Choline chloride - - 0.0072 - - 

Folic Acid - - 0.0023 - - 
Inositol - - 0.01 - - 

Nicotinamide - - 0.0082 - - 
Pantothenate - - 0.0042 - - 

Pyridoxine - - 0.0049 - - 
Riboflavin - - 0.00027 - - 
Thiamine - - 0.00296 - - 

MOPS - - - 20.0 20.0 
Phenol Red 0.005g/L 0.005g/L 0.005g/L 0.005g/L - 

Albumin 5mg/ml 5mg/ml 5mg/ml 5mg/ml - 
      

Culture media were made to be at pH 7.3±0.05 at 6%CO2, osmolarity is 255±5, 255±5, 261±5 

and 255±5 for simple-G1, G1.2, G2.2 and MOPS-G1 respectively.  
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2.1.4 Hyaluronidase preparation 
 

Bovine testes hyaluronidase was prepared at 1mg/ml in MOPS-G1 by adding 30mg of 

hyaluronidase to a sterile glass beaker and dissolving it in 30ml of MOPS-G1. This solution was 

then filtered through a 0.2µM filter and kept for a maximum of one month at -20oC in 0.5ml 

aliquots. Hyaluronidase was added to MOPS-G1 medium which contained zygote-cumulus cell 

complexes and pipetting was used to dissociate cumulus cells and denude the zygotes 

(discussed in further detail section 2.4.1). 

 

2.2  Preparation of pipettes 
 

Pipettes used for the handling of embryos throughout this project were Pasteur pipettes 

pulled to a diameter of approximately 100µm, which is slightly larger than the diameter of an 

embryo (80µm). This was done by placing the neck of a sterilised Pasteur pipette in a Bunsen 

burner’s flame and rotating it until the glass was softened. At this point the pipette was 

removed from the heat and its two ends were pulled in opposite directions to stretch the glass 

until the required thickness was achieved. Pipettes were then snapped at the desired length. 

Care was taken that the thin end of the pipette which the embryo culture medium was 

exposed to never came into contact with any potential source of contamination, and a stand 

was used to hold them upright. 

 

2.3  Animals and induction of ovulation 
 

2.3.1  Animals 
 

The mice used in this study were bred at the Central Animal house, Waite institute, Adelaide, 

or the Animal Resource Centre, Perth, and were housed at Laboratory Animal services at the 

University of Adelaide. Animals were caged, fed and watered ad-libitum and kept on a 14:10h 

light:dark cycle at 21oC. Approval for all procedures was obtained from the University of 
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Adelaide Animal Ethics Committee, in compliance with the Australian Code of Practice for the 

Care and Use of Animals for Scientific Purposes. 

 

2.3.2 Induction of ovulation 
 

C57BL/6 or CBA×C57BL/6 female mice aged 3-4 weeks were injected intraperitonealy (ip) with 

of 5 IU equine chorionic gonadotropin (eCG; Folligon, Intervet Australia Pty Ltd, Bendigo, 

Victoria), followed by 5 IU human chorionic gonadotropin (hCG; Pregnyl, Organon, Sydney, 

Australia) 48h later, inducing ovulation. Ovulating females were placed with a male mouse of 

the same strain, and mating was assessed the following morning by the presence of a vaginal 

plug. 

 

2.4  Embryo culture 
 

2.4.1  Collection of zygotes 
 

Female mice were killed 22h post hCG by cervical dislocation. Their abdomens were sterilised 

with 70% ethanol and the skin was split and retracted to expose the peritoneum. The 

peritoneum was then cut using surgical scissors and the visceral organs were pushed aside to 

allow access to the reproductive organs. Needle point forceps were used to dissect the 

mesentery from the uterus and the oviduct. The uterus was then pulled taught by gripping the 

organ at the utero-tubal junction with forceps, and a cut was made between the oviduct and 

the ovary. The oviduct was then removed by a second cut below the utero-tubal junction 

immediately adjacent to the forceps, and placed in a small vial of MOPS-G1 which was 

maintained at 37oC. 

Zygotes could be found in the distended ampulla of the oviduct, which was held to the bottom 

of the dish in 0.5ml MOPS-G1 by a pair of fine forceps and a second pair were used to tear the 

wall of the ampulla and release the zygotes and cumulus mass. The oviduct was then 

discarded, which left the zygotes and cumulus mass in the MOPS-G1 medium. 
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In order to denude zygotes from surrounding cumulus cells hyaluronidase (0.5ml of 1mg/ml) 

(section 2.1.4) was added to the MOPS-G1 medium, which contained the zygotes and cumulus 

mass. After approximately 1 min cumulus cells began to disperse and any remaining cells were 

dissociated by repeatedly pipetting zygotes up and down. Isolated zygotes were then washed 

through three drops of MOPS-G1, then one drop of G1.2 to remove all traces of hyaluronidase, 

and placed in their G1.2 culture drops. 

 

2.4.2 Culture of embryos 
 

Embryo culture dishes were prepared by placing 20µl drops of the applicable embryo culture 

medium (Table 2.1) in 35mm petri dish (BD Biosciences, BD FalconTM) overlayed with 2.5ml 

light weight paraffin oil (Vitrolife, Kungsbacka, Sweden). Dishes were pre-equilibrated at 37oC 

in 6% CO2 (Sanyo CO2 Incubator: MCO15AC or Sanyo O2/CO2 incubator MCO-18M) at least 3h 

prior to the introduction of embryos. 

Zygotes from five female mice were collected and randomly distributed to culture drops. For 

all experiments embryos were cultured in groups of ten in a tri-gas incubator at 37oC in 6% 

CO2, 5% O2, 89% N2 (Sanyo O2/CO2 incubator MCO-18M or MCO-5M). On day 3 after 48h in 

culture embryos were transferred, either in groups of ten or singly, to fresh culture media 

(simple-G1.2 or G2.2). Time outside of incubators was kept to a minimum and embryo 

manipulation was performed at 37oC to minimise stress. 

 

2.4.3 Assessment of embryo morphology 
 

Embryo morphology was assessed using phase contrast microscopy at 37oC. 

Embryos were categorised as: 

• 8-cell: Cleavage stage embryos in which 8-cells could be seen. (Fig.2.1A) 

• Compacting: Embryos in which some cells had begun the process of 

compaction; where they showed signs of polarity, flattening and increased cell 

to cell contact. (Fig.2.1B) 

• Morula: Embryos which had completed compaction. (Fig.2.1C) 

60 
 



  2.0 Materials and Methods 

• Early blastocyst: Embryos where a blastocyst cavity had begun to form but 

was <2/3rds the volume of the embryo (Fig.2.1D). 

• Blastocyst: Embryos where the cavity was >2/3rds of the volume of the 

embryo (Fig.2.1E). 

• Hatching blastocyst: Embryos where cells had begun to herniate from the zona 

pellucida (Fig.2.1F). 

• Hatched blastocyst: Embryos which were completely free of the zona pellucida 

(Fig.2.1G). 

  

61 
 



  2.0 Materials and Methods 

 

FIG. 2.1. A; 8-cell embryo, B; Compacting embryo, C; Morula, D; Early blastocyst, E; Blastocyst, 

F; Hatching blastocyst, G; Hatched blastocyst. Scale bar 50μm.  
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2.5  Assessment of blastocyst differentiation 
 

To determine the differentiation of blastocysts into the epiblast, primitive endoderm, ICM and 

trophectoderm an immunocytochemical method was employed.  

TABLE 2.2. MARKERS OF THE DIFFERENT CELL TYPES OF THE DEVELOPED BLASTOCYST 

Cell type OCT4 Nanog Dapi 

Trophectoderm - ± + 

ICM + ± + 

Primitive Endoderm + - + 

Epiblast + + + 

Markers which must be present to indicate a particular cell type in the developed blastocyst 

are shown with +, markers which must not be present are shown with  -, markers which may 

be present or absent are shown with ±  

 

2.5.1  OCT4 and Nanog co-expression 
 

OCT4 and Nanog, whose co-expression marks epiblast cells, were assessed in blastocysts using 

immunocytochemistry and confocal microscopy. Blastocysts were fixed overnight in 4% 

paraformaldahyde at 4oC. Immunocytochemistry was performed in 96 well plates (BD 

Biosciences BD FalconTM, North Ryde, NSW, Australia), with each well containing 50µl of 

reagent. Blastocysts were transferred between wells by mouth pipetting, with care taken to 

minimise the quantity of reagent transferred. Following fixation embryos were incubated for 5 

min in 0.1M glycine in PBS at room temperature (RT) to effect antigen unmasking, due to the 

possibility of epitopes being made inaccessible to the antibodies used due to the 

paraformaldahyde fixation. Blastocysts were permeabilised in PBS with 0.25% TritonX-100 

(PBS-TX) for 30 min at RT, then blocked in 10% Normal Donkey Serum (Sapphire Bioscience, 

Redfern, New South Wales, Australia) for 1h at RT. Embryos were incubated with Nanog rabbit 

anti mouse polyclonal antibody (Sapphire, Cat#120-21603 or Cosmo Bio, Tokyo, Japan, 

Cat#REC-RCAB0002P-F) at 1:200 and Oct-3/4 goat anti mouse polyclonal antibody (Santa Cruz 
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Biotechnology inc, Santa Cruz, CA, sc-8628) at 1:100 overnight in PBS-TX at 4°C (only Nanog 

antibody was applied in Chapter 3.0). Blastocysts were then washed in PBS-TX, and incubated 

with Donkey anti rabbit secondary antibody (1:100) conjugated to FITC (Australian Laboratory 

Services, Homebush New South Wales, Australia) and donkey anti goat secondary antibody 

(1:100) conjugated to Rhodamine (Jackson immunoResearch, West Grove, PA, 705-025-003) 

for 2h at 37oC. Embryos were then incubated with 3nM of 4'-6-Diamidino-2-phenylindole 

(Dapi), a nuclear stain, for 2-3 min at RT, before being loaded between two coverslips in 

loading solution (500µl glycerol, 1000µl confocal loading media with 1 drop of Prolong Gold 

antifade reagent (Invitrogen)) and  being examined by confocal microscopy (Nikon, EZ-C1 

software or Calcium Lecia SP5, Lecia SP5 software). The laser wavelengths which excited the 

different fluorophores were 405, 488 and 561nm for Dapi, FITC and Rhodamine, respectively.  

The number of cell nuclei stained blue by Dapi gave total cell number, ICM cell number was 

the number of cells whose nuclei were stained red by Rhodamine; indicating the presence of 

OCT4, and epiblast cell number was the number of red ICM nuclei which were also stained 

green by FITC; indicating the presence of both OCT4 and Nanog, trophectoderm cell number 

could be calculated by subtracting ICM cell number from total cell number, and primitive 

endoderm cell number could be calculated by subtracting epiblast cell number from ICM cell 

number Table 2.2 (Fig. 2.2). A cell was counted as positive for the fluorophore when the 

intensity of the stain was sufficient for the nucleus to be clearly distinguished from the 

background. A negative control was assessed where the primary antibody was not applied. A 

positive control was performed where embryos were allowed to develop to the blastocyst 

stage in vivo before being flushed and stained to demonstrate that the observation of zero 

epiblast cells in blastocysts was not a technical artefact. In this study a total of 16 flushed 

blastocysts were examined and all contained an epiblast. 
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FIG. 2.2 Representative images of and immunocytochemically stained blastocyst fixed at 115h 

post culture. Total cell number is stained blue with Dapi, OCT4 positive cell number is stained 

red with rhodamine, and Nanog positive cell number is stained green with FITC. In the overlay 

those nuclei which are stained with Dapi but not OCT4 are trophectoderm cells, those nuclei 

stained with OCT4 but not Nanog are primitive endoderm (PE) and those nuclei which are 

stained with both OCT4 and Nanog are epiblast. Scale bar is 50μm.  
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2.6  Blastocyst outgrowth formation 
 

Blastocyst outgrowth refers to the process wherein blastocysts which are cultured on a surface 

which facilitates cell adhesion will attach to that surface via the trophectoderm, resulting in 

the extrusion and exposure of the ICM (the ‘outgrowth’). This is one method by which ICM 

cells can be isolated for ESC derivation. 

Two methodologies have been used over the course of this project, in one gelatin coated 

dishes (BD Biosciences BD FalconTM ) were used as the surface for blastocysts to attach to 

(Chapter 3.0), in the other mouse embryonic fibroblast cell (MEF) coated organ well  dishes 

(BD Biosciences BD FalconTM) were used (Chapter 6.0). 

 

2.6.1.  Gelatin coating dishes 
 

For gelatin coated dishes, 1ml of 0.01% sterile solution (0.5g gelatin/50ml Milli-Q water) was 

placed in each dish intended for use, which were then incubated for 1h at 37oC. Dishes were 

then washed 3 times with outgrowth culture medium (section 2.6.3) and equilibrated for at 

least 3h at 37oC in a 6% CO2 environment (Sanyo CO2 Incubator: MCO15AC or Sanyo O2/CO2 

incubator MCO-18M). Gelatin coated dishes were also used for ESC differentiation (section 

2.11.4).  

 

2.6.2 MEF coating organ well dishes 
 

2.6.2.1  Derivation of primary MEF lines 
 

The preparation of organ well dishes coated with a feeder layer of MEFs began with the 

derivation of primary MEFs. For this 12-14 day pregnant Sv129 mice were sacrificed by cervical 

dislocation. Their abdomens were sterilised with 70% ethanol before the peritoneum was 

exposed by splitting and retracting the skin. The peritoneum was then cut using surgical 

scissors and the visceral organs were pushed aside to allow access to the reproductive organs. 
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Needle point forceps were used to dissect the mesentery from the uterus which was detached 

by cutting below each oviduct and at its very base[332]. Uteri were then placed in PBS with 

penicillin/streptomycin/ fungazol (PSF) and maintained at 37oC. Uteri were then transferred to 

10mm perti dishes where fetuses were extracted by dissection using surgical scissors and fine 

forceps. The internal organs and heads of the fetuses were removed. Fetuses were then 

placed in a small volume of 0.25% Trypsin (Invitrogen) at 37oC and finely diced using a sterile 

razor blade. This was followed by repeated pipetting up and down using a 30G needle until the 

fetuses were reduced to a slurry. The volume of the cell solution was then increased to 10ml 

using MEF culture medium (DMEM (Invitrogen)+non essential amino acids (NEAAs) 

(Invitrogen)+PSF) at 37oC and the concentration was calculated using a haemocytometer. 

Haemocytometers were loaded with 10µl of cell solution per counting chamber. The full 25 

squares were counted in all cases, with cells touching the topmost and leftmost borders of the 

grid being included in the count, and those touching the bottommost and rightmost borders 

being excluded. The average number of cells was calculated for the two grids which, if 

multiplied by 104 gave number of cells per ml.  Cells were then plated in 75cm2 falcon flasks 

with filters (BD Biosciences BD FalconTM) and grown until confluent. Once confluence was 

reached (approximately 3 days), MEF culture medium was aspirated and cells were washed 

with PBS before being trypsinised using 10ml 0.25% trypsin at 37oC. Trypsin was inactivated 

using 20ml of MEF culture medium and concentration of cells was again calculated. Cells were 

then spun in a centrifuge (Rotofix 32A, Hettich, Tuttlingen, Germany) at 1800 rpm for 5 min 

and the supernatant was removed via vacuum suction. Cells were then resuspended in 

freezing medium (92% FCS, 8% DMSO which was kept on ice) so that 0.5ml contained 5×106 

cells. Cryotube vials (Nalgene Nunc International, Rochester, NY, USA) were filled with 0.5ml of 

cell solution each and frozen via the ‘slow freeze’ method wherein cells were cooled to -80oC 

at -1oC per minute by being placed in a Cryo 1oC freezing container (Nalgene Nunc 

International) which was filled with isopropanol which was pre-cooled to 4oC then placed in a -

80 oC freezer. Frozen vials were kept in liquid nitrogen until thawing. 

 

2.6.2.2  Creation of MEF cells for dishes 
 

Vials were thawed in a water bath at 37oC (Ratek, Boronia, VIC, Australia) for 3 min. The 

volume of the thawed solution was then slowly increased to 10ml in a falcon tube (BD 

Biosciences BD FalconTM) with 37oC MEF culture medium. This solution was then centrifuged at 
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1800 rpm for 5 min in a Rotofix 32A centrifuge (Hettich) to remove freezing medium. 

Following aspiration the cell pellet was slowly resuspended in 10ml of 37oC MEF medium 

(section 2.6.3) and split between three 75cm2 Falcon flasks which already contained 25ml of 

MEF culture medium (7×104 cells/ml) warmed to 37oC. Cells were grown to confluence 

(generally around four days) then either passaged further, refrozen following the same 

protocol discussed above for primary cells, or used to create MEF coated dishes. 

 

2.6.2.3  Creation of MEF coated dishes 
 

Confluent flasks were aspirated and washed with PBS+PSF. Cells were then trypsinised with 

10ml 0.25% trypsin (Invitrogen) warmed to 37oC. The trypsin was then inactivated by the 

addition of 20ml of MEF culture medium warmed to 37oC. The cell solution was then 

centrifuged at 1800rpm for 5 min to pellet the cells so that the supernatant with the trypsin 

could be removed. At the same time the number of cells was calculated using a 

haemocytometer (section 2.6.2.1). Cells were then slowly resuspended in 10ml MEF culture 

medium, and enough cells to seed wells at 145×103 cells/well were placed on ice. Cells for use 

were mitotically inactivated by exposure to 30Gy radiation with an IBL 437C blood irradiator at 

the IMVS transfusion medicine centre in the Royal Adelaide Hospital. The cell solution was 

then increased in volume to 0.7ml of MEF culture medium per 145×103 cells (concentration of 

102×103 cells/ml). Each organ well had its outer reservoir filled with 2ml Milli-Q water, the 

inner reservoir was then filled with 0.7ml of the cell solution (which was regularly agitated to 

avoid cells settling). Dishes were left on the bench for thirty minutes to allow cells to 

homogenously settle to the bottom of the dish. Following this period cells were incubated at 

37oC in 6%CO2, 5%O2, 89%N2. Cells were matured for a maximum of 14 days before use.   

 

2.6.3   Blastocyst outgrowth 
 

For Chapter 3.0 blastocysts were placed in gelatin coated dishes (section 2.6.1) in outgrowth 

medium (Glasgow MEM supplemented with 10% FCS (Invitrogen, Carlsbad, CA)). Blastocysts 

were incubated at 37oC in 6%CO2, 5%O2, 89%N2 for 96h before assessment of attachment and 

outgrowth. For chapter 6.0 ,for derivation of cell lines  MEF coated organ wells were used with 
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outgrowth culture medium; α-MEM with glutamax, ribo- and deoxyribonucleosides, 

supplemented with 10% knockout serum replacement (Invitrogen, Carlsbad, CA), 1× non-

essential amino acids (Invitrogen, Carlsbad, CA), 55µM β-mercaptoethanol (Invitrogen, 

Carlsbad, CA), 1× insulin-transferrin-selenium (Invitrogen, Carlsbad, CA), 20ng/ml bFGF 

(Chemicon, Temecula CA), 20ng/ml Activin-A (R and D systems, Minneapolis, MN), 20ng/ml 

human recombinant EGF (Invitrogen, Carlsbad, CA), 100ng/ml Vitronectin  and 10ng/ml mouse 

LIF, which was pre-equilibrated to 37oC in gas phase of 6% CO2, 5% O2, 89% N2. Blastocysts 

were washed in 20µl drops of MOPS-G1 handling medium with no protein under oil, pre-

warmed for at least 3h, before incubation in 20µl drops Tyrode's Acidic solution to remove the 

zona pellucida. Once the zona pellucida was removed, blastocysts were then washed through 

three drops of MOPS-G1. Blastocysts were then placed in the outgrowth medium in the MEF 

coated organ wells. Attachment was assisted using the ‘pressing method’ wherein a 30G 

needle was used to gently flatten the blastocysts into the surface of the MEFs [431]. As well as 

potentially increasing the efficiency of attachment (not all blastocysts spontaneously attach 

and generate outgrowths) this process allowed tracking of individual blastocysts. Outgrowths 

were maintained at 37oC in a gas phase of 6% CO2, 5% O2, 89% N2 for 48h. At the end of this 

period attachment and outgrowing were assessed as successful if there was a raised colony of 

cells, distinguishable from the MEFs, at the site of pressing. 

 

2.7  PCR analysis of outgrowths 
 

2.7.1   RNA extraction and reverse transcription 
 

Individual outgrowths were snap frozen in 0.2ml tubes in liquid nitrogen. RNA was extracted 

from individual frozen outgrowth samples following the manufacturer’s directions for the 

Qiagen RNeasy Micro extraction kit (Qiagen, Doncaster, Victoria, Australia). Briefly, 

outgrowths were placed in buffer RLT with β-mercaptoethanol to lyse cells, carrier RNA was 

then added, cells were vortexed, then 70% ethanol was added to homogenise the lysate. The 

solution was placed in a MiniElute column and spun. The flowthrough was discarded, RW1 

buffer was added and the column was spun again, then the flowthrough was discarded again. 

DNase was placed in the column and incubated at RT, then RW1 buffer was added, the column 

was spun and flowthrough discarded. RPE buffer was added to the column which was spun 
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and flowthrough discarded. 80% ethanol was placed in column which was spun, then removed 

and placed in new collection tube and spun again. RNase free water was then added to the 

tube for 1 min, which was then spun to collect the RNA. The RNA extract was then stored at -

80oC.  

For reverse transcription extracted RNA (6µl) was placed on ice and made up to 14µl with 8µl 

of PCR grade water. The RNA was then heated at 65oC, placed on ice, spun down and placed 

back on ice. 6µl of a  master mix of 2µl Buffer (Qiagen), 2µL dNTPs (Qiagen), 1µl Random 

primers (Invitrogen, Carlsbad, CA) and 1µl Sensiscript (Qiagen) was added to the RNA sample 

which was then incubated at 37oC for 1h during which reverse transcription took place. cDNA 

samples were then stored at -20oC. 

 

2.7.2  Real time PCR 
 

Real Time Polymerase Chain Reaction was performed using a Rotor Gene 6000 PCR machine 

(Corbett Life Science, Sydney, NSW) to determine the expression levels of Atrx, Nanog, Lsh, 

Nrf-1, and Sirt-1. All oligonucleotide primers were designed using Primer Express (Applied 

Biosystems, Victoria, Australia) and synthesised by Geneworks (Adelaide, Australia).The 

thermal cycling program was as follows; 5˚C for 2 min, 95oC for 10 min, followed by 40 cycles 

at 95˚C for 15 sec and 60˚C for 1min. The reaction was performed in 20μl volumes using a 

master mix which contained 10μl SYBR Green Mix (Applied Biosystems, Foster City, California), 

5pM of each forward and reverse primer (Table 2.3), and the cDNA equivalent of ‘0.1’ 

outgrowths per reaction. For the housekeeping gene, cDNA from the equivalent of ‘0.1’ 

outgrowths per reaction was analysed. Delta-delta ct analysis was performed using a threshold 

value of 0.05 [432] as measured by Rotor Gene 6000 analysis software. The gene 18S was used 

as a housekeeper. All samples were run in triplicate. The presence of only one amplified 

product was established by assessing melt curves. 
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TABLE 2.3. DETAILS OF PRIMERS USED FOR GENE EXPRESSION ANALYSIS OF INNER CELL MASS 

OUTGROWTHS  

Gene Accession 

Number 

Primer Sequence Amplicon (bp) 

18S 

 

AF176811 

 

5’- AGAAACGGCTACCACATCCAA 

3’- CCTGTATTGTTATTTTTCGTCACTACCT 

91 

Atrx 

 

NM_009530               

 

5’- TGCATGGGCCTTGGTAAGAC 

3’- CCTCCTGCCACTTCTCAAATTC 

148 

Nanog 

 

NM_028016.1 5’- ATGCTGCTCCGCTCCATAAC 

3’- CCCTAGTGGCTTCCAAATTCAC 

108 

Lsh 

 

NM_008234 5’- AGGACCGTCGGAAATTAGTAAAGAA 

3’- TCGCATAGCGATCTCGAATG 

95 

Nrf-1 

 

NM_010938.3 5’- GTCCGCACAGAAGAGCAAAAAC 

3’- TCCTCCCGCCCATGTTG 

92 

Sirt-1 

 

NM_019812 5’- CGCTGAGGTATACTCAGACTCTGAAG 

3’- GCATGTGCCACTGTCACTGTT 

79 

 

Atrx=ATP-dependent heterochromatin remodelling protein, Nanog= marker of pluripotency, 

Lsh= member of SNF2 family of chromatin remodelling proteins, nuclear respiratory factor-1, 

Nrf-1= regulator of expression of respiratory subunits and mitochondrial transcription factors, 

Sirt-1= sirtuin 1 NAD+ dependent deacetylase. 
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2.8  Assessment of outgrowth differentiation 
 

2.8.1 Immunocytochemistry 
 

The procedure for staining outgrowths was performed as described for blastocysts above 

(section 2.5.1), but with the following alterations; permeabilisation was reduced to 5 min in 

0.05% TX-100, primary antibodies were applied with blocking solution, the wash step between 

primary and secondary antibody application was extended to 3h, the wash step between the 

secondary antibodies and Dapi was increased to 3 rinses at 5 min each and Dapi staining was 

increased to 5 min. 
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FIG.2.3. Representative images of an immunocytochemically stained outgrowth from a 

blastocyst plated at 115h after culture and fixed 48h later. Total cell number is stained blue 

with Dapi, OCT4 positive cell number is stained red with rhodamine, and Nanog positive cell 

number is stained green with FITC. In the overlay those nuclei which are stained with both 

OCT4 and Nanog are epiblast cells. Scale bar is 50μm. 
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2.9  Derivation of primary ESC colonies 
 

For ESCs to be isolated, outgrowths were trypsinised so that those cells within with the 

capacity to form ESC colonies (epiblast cells) were able to grow and form primary ESC colonies.  

 

2.9.1  Preparation of dishes  
 

ESC colonies were derived in MEF coated 12 well dishes (BD Biosciences, BD Falcon), prepared 

as per (section 2.6.2.3) with the modification of seeding with 1.7×105 cells per well. MEF 

culture medium was aspirated from the 12 well dishes and replaced with 800µl ESC culture 

medium (the same as outgrowth culture medium, section 2.6.3) which had been pre-

equilibrated at 37oC in a gas phase of 6% CO2, 5% O2, 89% N2 . 

 

2.9.2  Isolation, trypsinisation and replating 
 

Day 6 (115h in culture) blastocysts were used to generate primary ESC colonies. Blastocysts 

were plated in rows of five, with the top left corner of the grid marked by the needle used for 

pressing in order to provide an orientation point; in this way multiple blastocysts could be 

outgrown in the same dish and still be linked to their development profile. After 48h 

outgrowths were picked by pipetting and trypsinised in 20µl drops of  0.05% trypsin 

(Invitrogen, Carlsbad, CA) under paraffin oil (Merek KGaA, Darmstadt, Germany), pre-

equilibrated for 3h at 37oC in the gas phase 6% CO2, 5% O2, 89% N2. Cells were then replated 

onto MEFs in the 12 well dishes with ESC culture medium, with care taken that the minimum 

amount of trypsin solution was transferred. Cells were cultured at 37oC in the gas phase 6% 

CO2, 5% O2, 89% N2 for 48h.  
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2.9.3 Identification of pluripotent colonies 
 

2.9.3.1  Morphology 
ESC colonies were initially identified by their morphology. Pluripotent colonies are 

multilayered with a domed shape and have a distinctive smooth appearance which easily 

distinguishes them from MEFs and colonies of differentiated cells [16] (Fig.2.4). Colonies which 

were identified as having this morphology were fixed in 4% paraformaldahyde overnight at 4oC 

and subjected to immunocytochemistry. 

 

FIG. 2.4. Representative brightfield image of a primary ESC colony with a typical morphology 

seen 48h after the plating of the outgrowth, on a MEF feeder layer. Scale bar is 50μm. 
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2.9.3.2  Immunocytochemistry 
 

Although undifferentiated colonies can be selected by their morphology, the pluripotency of 

primary ESC lines was confirmed by co-expression of pluripotency markers OCT4 and Nanog. 

Staining was performed as per (section 2.5.1). This stain was performed individually to 

preserve the ability to track individual outgrowths.  

 

 

FIG. 2.5. Representative images of an immunocytochemically stained primary ESC colony 

stained 48h after the trypsinisation of the outgrowth from which it was derived and the 

identification of putative ESC morphology. Total cell number is stained blue with Dapi, OCT4 

positive cell number is stained red with rhodamine, and Nanog positive cell number is stained 
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green with FITC. As the cells of the colony are positive for both OCT4 and Nanog they are 

demonstrated to be pluripotent. Scale bar is 50μm. 

 

2.10  Characterisation of putative ESC lines 
 

2.10.1  Passaging  
 

To confirm that the system used was capable of generating and supporting genuine ESC lines it 

was necessary to expand and characterise at least one primary ESC colony as an ESC line. As 

such, several colonies were trypsinised in 0.05% trypsin, when they reached a diameter of 

approximately 100µm, and replated on MEFs prepared as discussed (section 2.6.2.3) in ESC 

culture medium in order to expand them. 

This process was repeated until there were sufficient cells for cryopreservation. When lines 

became composed of too many colonies for “picking” to be practicable, ESC culture medium 

was aspirated and 0.05% trypsin (Invitrogen, Carlsbad, CA) pre-equilibrated to 37oC in the gas 

phase 6% CO2, 5% O2, 89% N2 at least 3h prior to experimentation was used to detach colonies 

from MEFs. The resultant cell suspension was then mixed 1:2 with ESC culture medium 

supplemented with 10% fetal calf serum (JRH Biosciences, Lenexa, KA, USA) to inactivate the 

trypsin and spun at 1300rpm for 2 min. The supernatant was then discarded and the cell pellet 

was resuspended in equilibrated ESC culture medium and replated.  

 

2.10.2   Cryopreservation  
 

When there were approximately 2.5×106 cells in culture (normally passage five) colonies were 

trypsinised and pelleted (as discussed above). The cell pellet was resuspended in 

cryopreservation medium (92% FCS with 8% DMSO) with an estimate of 0.5×106 cells per 

1/2ml. Cryovials (Nalgene Nunc International) were filled with 0.5ml of cell solution and 

cooled to -80o C at a rate of -1oC per minute by being placed in a Cryo 1oC freezing container 

(Nalgene Nunc International), filled with isopropanol, which was pre-cooled to 4oC and placed 

in a -80oC freezer, then stored in liquid nitrogen. 
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2.10.3  Expansion of cell lines 
 

For cell line expansion cryovials were removed from liquid nitrogen (at passage 5) and warmed 

in a 37oC water bath with constant monitoring for 3 min. When the solutions were fully 

defrosted their volume was increased from 0.5ml to 10ml with ESC culture medium (without 

LIF) after which the cell suspension was spun at 1300rpm for 2 min. The cell pellet was then 

resuspended in ESC culture medium and cells were plated onto MEFs. Cell lines were 

expanded to passage ten using the methods discussed above, transitioning from 12 well plates 

and organ wells to 100mm2 plates (BD Biosciences, BD Falcon) and 25cm2 falcon flasks (BD 

Biosciences, BD Falcon) as colony densities neared confluence. 

 

2.11  Characterisation of an ESC line 
 

2.11.1  Alkaline phosphatase staining 
 

Alkaline phosphatase (a marker of pluripotency) staining was performed on a sample of cell 

colonies before freezing, immediately after freezing and at passage ten. Alkaline phosphatase 

staining was performed using a kit (Millipore, Bedford, MA, USA) and was performed 

according to manufacturer’s instructions. Briefly, cells were fixed at RT in 4% 

paraformaldahyde for 1 min, then rinsed with rinse buffer and stained with the staining 

solution (Fast red violet stain with Naphthol AS-BI) for 15 min in the dark. Colonies were then 

rinsed with rinse buffer and covered with PBS.  Colonies were imaged by brightfield 

microscopy on a TS 100 (Nikon, Tokyo, Japan). Total number of colonies positive for alkaline 

phosphatase activity and total number of colonies negative for alkaline phosphatase activity 

were counted. 
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FIG. 2.6. Representative bright field image of an ESC colony which has stained positive for 

alkaline phosphatase (AP) activity, as shown by pink staining. Scale bar is 50μm. 

 

2.11.2  SSEA1 staining 
 

SSEA1 (a marker of pluripotency [31]) staining was performed on a sample of cell colonies 

before freezing, immediately after freezing, and at passage ten. Staining was performed with 

anti-mouse SSEA1 antibody conjugated to FITC (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA, sc-101462) which was diluted to 1:200 in ESC culture medium which colonies were then 

exposed to for 1h at 37oC in a gas phase of 6% CO2, 5% O2, 89% N2. Colonies were then imaged 

using epifluorescence at wavelength ex: 460-500nm. Total number of colonies positive for 

SSEA1 expression (at least half of the colony’s area fluorescing) and total number of colonies 

negative for SSEA1 expression were counted. 
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FIG.2.7. A brightfield image of ESC colonies and an epifluorescent image of those same 

colonies stained for SSEA1, shown in green. Scale bar is 50μm.  

 

2.11.3   Karyotyping 
 

In order to demonstrate that colonies could be propagated through ten passages with freezing 

and thawing and maintain a normal karyotype, karyotype analysis was performed by the 

cytogenetics laboratory at the Women’s and Children’s Hospital, Adelaide on passage ten cells 

that had grown to near confluence on a 25cm2 flask. Ten cells were fully karyotyped by G-

banding, while twenty were counted and found to be XX and to have the normal 40 

chromosomes. 

 

2.11.4  Directed differentiation 
 

To directly confirm the pluripotency of the cell line, the directed differentiation protocols 

discussed below were applied to direct the pluripotent cells to differentiate and give rise to 

cells descended from the three germ layers; mesoderm, endoderm and ectoderm. Cells from 

the established commercial D3-ES cell line which is known to be pluripotent were used as 

positive controls to confirm the efficacy of the differentiation and staining protocols (Fig.2.8). 
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2.13.4.1 Mesoderm differentiation  
 

For differentiation towards a mesoderm cell fate ESCs which reached passage ten were plated 

at 2000 cells/cm2 on gelatin coated dishes (section 2.6.1)  in mesoderm differentiation 

medium: KO-DMEM (Invitrogen) supplemented with N-2 (Invitrogen), B27 (Invitrogen), NEAAs 

(Gibco, Gaithersburg, MD, USA), glutamax (Gibco), PSF, 0.1mM 2-mercaptoethanol (Gibco) and 

10ng/ml BMP4 (MBL international corporation, Woburn, MA, USA) [64]. Cells were cultured 

for five days with medium changed every second day, at which point the culture was fixed and 

stained for markers of mesoderm differentiation (section 2.13.4.4). 

 

2.11.4.2 Definitive endoderm differentiation  
 

For differentiation towards a definitive endoderm cell fate ESCs which reached passage ten 

were plated at 2000 cells/cm2 on gelatin coated dishes (section 2.6.1) in definitive endoderm 

differentiation medium: KO-DMEM supplemented with N-2 supplement, B27 supplement, 

NEAAs, glutamax, PSF, 0.1mM 2-mercaptoethanol and 100ng/ml Activin-A (R and D systems, 

Minneapolis, MN) [64,65]. Cells were cultured for five days with medium changed every 

second day, at which point they were fixed and stained for markers of definitive endoderm 

differentiation (section 2.13.4.4). 

 

2.13.4.3  Neuroectoderm differentiation  
 

For differentiation towards a neuroectoderm cell fate ESCs which reached passage ten were 

plated at 5000 cells/cm2 on gelatin coated dishes (section 2.6.1) in neuroectoderm 

differentiation medium: 1:1 KO-DMEM/F12(Gibco) supplemented with N-2 supplement; and 

neurobasal medium (Invitrogen)  supplemented with B27 supplement [62,63]. Cells were 

cultured for seven days with medium changed every second day, at which point they were 

fixed and stained for markers of neuroectoderm differentiation (section 2.13.4.4). 
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 2.13.4.4 Differentiation immunocytochemistry 
 

Differentiated cells were fixed on the dish overnight at 4oC in 4% paraformaldahyde after 

washing in PBS. Cells were then rinsed twice with PBS and incubated for 10 min in 0.1M 

Glycine at RT followed by a further two PBS rinses. Then cells were permeabilised with Triton-

X at 0.1% in PBS for 5 min at RT and washed twice with PBS. Blocking was performed with 10% 

donkey serum (Sapphire Bioscience, Redfern, New South Wales, Australia) for 1h at RT, after 

which cells were washed with PBS and incubated with their primary antibody over night at 

4oC. 

Cells from the mesoderm directed differentiation treatment were stained for VEGFRII and 

CXCR4. VEGFRII is a cell surface marker expressed by mesoderm and mesendoderm [433] and 

was stained using a goat polyclonal antibody (Santa Cruz Biotechnology, sc-48161) at 1:100 in 

PBS. CXCR4 is a cell surface marker of definitive endoderm and mesoderm [433] and was 

stained using a rabbit polyclonal antibody (Santa Cruz Biotechnology, sc-9046) at 1:100 in PBS. 

Co-expression of these two markers indicates a mesoderm cell fate [433]. 

Cells from the definitive endoderm directed differentiation treatment were stained for SOX17 

and CXCR4. SOX17 is a nuclear marker of visceral and definitive endoderm [434] and was 

stained using a goat polyclonal antibody (Santa Cruz Biotechnology, sc-17356) at 1:100 in PBS. 

CXCR4, as discussed above, marks definitive endoderm and mesoderm [433] and was stained 

as above. Co-expression of these two markers indicates a mesoderm cell fate [434]. 

Cells from the neuroectoderm directed differentiation treatment were stained for Nestin. 

Nestin is a cytoskeletal marker of neuroectoderm and was stained for using a rabbit polyclonal 

antibody (Santa Cruz Biotechnology, sc-20978) at 1:100 [435] in PBS. 

After incubation with the primary antibodies cells were rinsed twice in PBS and incubated for 

2h at 37oC with polyclonal anti-goat antibody conjugated to Texas red (Sapphire Bioscience, 

Redfern, New South Wales, Australia) at 1:100 and/or polyclonal anti-rabbit antibody 

conjugated to Alexa Fluor 488 (Invitrogen, Mulgrave Victoria, Australia). After a final two PBS 

washes cells were imaged on a TS 100 (Nikon, Japan) microscope using epifluorescence. Cells 

stained with the secondary antibodies without the primary antibodies were used as a negative 

control. Cells from the established commercial D3-ES cell line which is known to be pluripotent 

were used as positive controls (Fig. 2.8). 
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FIG. 2.8. Brightfield and epifluorescent images of differentiated cells from the established 

commercial D3-ES cell line which have been subjected to the indicated differentiation 

protocol. Definitive endoderm: green is CXCR4 (fusin), cell surface marker of definitive 

endoderm and mesoderm; red is SOX17, nuclear marker of endoderm (primitive and 

definitive). Co-expression shows definitive endoderm. Mesoderm: green is CXCR4 (fusin), cell 

surface marker of mesoderm and definitive endoderm; red is VEGFRII (FLK-1), cell surface 

marker of mesoendoderm and mesoderm. Co-expression shows mesoderm. Neuroectoderm: 

green is Nestin, cytoskeletal marker of neuroectoderm. Scale bar is 50μm. 
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3.0  Development of a mouse model for studying the effect of 
embryo culture on embryonic stem cell derivation. 
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Development of a Mouse Model for Studying the Effect
of Embryo Culture on Embryonic Stem Cell Derivation

Jared M. Campbell,1,2 Megan Mitchell,1 Mark B. Nottle,2,3 and Michelle Lane1

For most of the derived human embryonic stem cell (ESC) lines thus far, the majority of human embryos used
have been frozen in liquid nitrogen at or prior to the compacting stage for up to 10 years before human ESC
derivation. As such they were grown in media that were relatively simple in their formulation compared with
those used today. Here we report that culture of mouse embryos in media similar to these produces blastocysts
in which both the inner cell mass cell number and the number of ESC progenitor cells (epiblast cells) in the inner
cell mass are reduced compared with blastocysts cultured in a purpose-designed sequential (G1/G2) system
commonly used today. Embryos cultured in a simple medium were less likely to attach and generate out-
growths. Further, these outgrowths had increased metabolic activity, which has been linked to differentiation,
and altered gene expression. Culture of embryos in a simple medium to the compacting stage followed by
culture in G2 to the blastocyst stage reduced some of these effects. However, none were improved to the level
seen for culture in G1/G2. These results highlight the influence of embryo culture on embryo quality and
pluripotency, which is a key factor in determining ESC isolation efficiencies.

Introduction

Embryonic stem cells (ESCs) are derived from ESC pro-
genitor epiblast cells found in the inner cell mass (ICM)

cells of expanded blastocysts [1–3]. Since human ESCs
(hESCs) were first isolated [4,5], numerous lines have been
produced. However, these vary in quality and frequently
display aneuploidy, slow growth, and spontaneous differen-
tiation [6–9]. In general, there is more reported variation in cell
quality compared with mouse ESC (mESC) models [7].
mESCs are routinely isolated from blastocysts that develop
in vivo, whereas hESCs are derived from excess embryos from
assisted reproductive technologies such as in vitro fertiliza-
tion or intracytoplasmic sperm injection [10]. The period that
human embryos can legally be cryopreserved varies; 5–10
years in Australia [11], 10 years in the United Kingdom [12],
and indefinitely in the United States [13,14]. Consequently,
before their cryopreservation donated embryos have fre-
quently been cultured in relatively simple culture systems
compared with those used today [15–18], and are likely to
have been exposed to a range of conditions subsequently
shown to perturb development, including high oxygen
[19,20], too high pH or inadequate buffering [21], no amino
acids (or the wrong amino acids for the developmental stage)
[16,22,23], no chelators [24,25], and serum as a source of
protein [17,25]. These conditions are known to affect embryo

development and many do not adequately support growth
to the blastocyst stage [26,27]; this resulted in the original
establishment of transfer protocols, dictating that human
embryos be transferred to the recipient or cryopreserved
at the cleavage stage [28,29]. The aim of the present study
was to develop a mouse model that mimicked these culture
conditions to determine what effect culture media have on
ESC progenitor cell number and primary outgrowth for-
mation. As well, we determined whether this can be im-
proved for embryos cultured in a simple medium to the
compacting stage by culturing them subsequently in G2 me-
dium, a medium purpose-designed for the physiological re-
quirements of the embryo from postcompaction to the
blastocyst stage.

In our investigation we have cultured embryos in the
purpose-designed culture media system G1/G2 (Table 1),
which contain different concentrations of carbohydrates,
amino acids, vitamins, and the chelator ethylenediaminete-
traacetic acid (EDTA) for pre- and postcompaction culture
[16,22–25], or a simple medium modeled after historic culture
conditions lacking amino acids, vitamins, EDTA, and with
the same concentrations of carbohydrates throughout culture
(Table 1). We hypothesized that culture in the simple medium
would affect the number of ESC progenitor cells in embryos,
as well as other factors relating to ESC derivation, compared
with culture in the purpose-designed system.
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The primary difference between the simple medium and
G1, the first stage of the G1/G2 sequential culture system, is
the presence of amino acids and EDTA in G1 (Table 1). The
absence of amino acids or EDTA has been shown to reduce the
size of the ICM in humans [22] and bovines [30], respectively.
Therefore, we have investigated the effect of culturing em-
bryos in a simple medium during cleavage before transfer to
G2 at compaction. In this way we have modeled the culture of
human embryos used for hESC derivation and investigated
whether the subsequent culture of embryos, perturbed by
simple media during their most sensitive period of develop-
ment [15,31,32], in a purpose-designed medium tailored to the
physiological requirements of a postcompaction embryo, in-
fluences factors related to ESC derivation.

Methods

Experimental design

The MOPS-G1 handling medium was used for zygote col-
lection and manipulation [33], and cleavage-stage embryos
were cultured in G1 or simple medium for 48 h (Table 1)
(0–48 h, precompaction). Embryos were then washed and
further cultured in G2 (Table 1) or simple culture medium to
the blastocyst stage (48–96 h, postcompaction). At the blas-
tocyst stage differential or Nanog immunocytochemical
staining was performed, or blastocysts were plated on gelatin-
coated dishes to attach and outgrow. Outgrowths were
subjected to reverse transcription (RT)-polymerase chain re-
action (PCR) or JC1 staining.

Table 1. Media Formulations

Component Simple culture media (mM) G1 culture media (mM) G2 culture media (mM)

NaCl 90.1 90.1 90.1
KCl 5.5 5.5 5.5
NaH2PO4 0.25 0.25 0.25
MgSO4 1.0 1.0 1.0
NaHCO3 25.0 25.0 25.0
CaCl2 1.8 1.8 1.8
Glucose 0.5 0.5 3.15
L-Lactate 10.5 10.5 5.87
Pyruvate 0.32 0.32 0.1
EDTA — 0.01 —
Alanyl-glutamine — 0.5 1.0
Alanine — 0.1 0.1
Arginine — — 0.6
Asparagine — 0.1 0.1
Aspartate — 0.1 0.1
Cystine — — 0.1
Glutamate — 0.1 0.1
Glycine — 0.1 0.1
Histidine — — 0.2
Isoleucine — — 0.4
Leucine — — 0.4
Lysine — 0.4
Methionine — — 0.1
Phenylalanine — — 0.2
Proline — 0.1 0.1
Serine — 0.1 0.1
Taurine — 0.1 —
Threonine — — 0.4
Tryptophan — — 0.5
Tyrosine — — 0.2
Valine — — 0.4
Choline chloride — — 0.0072
Folic acid — — 0.0023
Inositol — — 0.01
Nicotinamide — — 0.0082
Pantothenate — — 0.0042
Pyridoxine — — 0.0049
Riboflavin — — 0.00027
Thiamine — — 0.00296
Albumin 5 mg/mL 5 mg/mL 5 mg/mL

Media were made to be at pH 7.3 – 0.05 at 6% CO2; osmolarity was 255 – 5, 255 – 5, and 261 – 5 for simple, G1, and G2. Media were prepared
as per [34].

EDTA, ethylenediaminetetraacetic acid.

1578 CAMPBELL ET AL.



Media and chemicals

All chemicals were purchased from Sigma-Aldrich unless
otherwise stated. All chemicals and consumables used in this
study were screened for their compatibility with embryo
development in a one-cell mouse embryo assay [34].

Embryo collection, culture, and assessment

Approval for all procedures was obtained from The Uni-
versity of Adelaide Animal Ethics Committee, in compliance
with the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes. All mice were kept in a 14:10
light:dark cycle, and fed ad libitum. Female mice (C57BL/
6 · CBA F1 hybrid), aged 3–4 weeks, were given an intra-
peritoneal injection of 5 IU equine chorionic gonadotropin
(Folligon; Intervet Australia Pty Ltd.), followed 48 h later by
5 IU human chorionic gonadotropin (hCG; Pregnyl; Organon)
to induce ovulation. Immediately after hCG injection female
mice were placed with a male mouse of the same strain and
mating was assessed the following morning by the presence
of a vaginal plug. Zygotes were flushed from the oviducts 22 h
post-hCG into MOPS-G1 and denuded of surrounding cu-
mulus cells using 50 IU/mL hyaluronidase for up to 2 min.
Denuded zygotes were then washed in MOPS-G1 and cul-
tured to the blastocyst stage. The 3 treatment groups used for
this study were (1) simple medium (precompaction) followed
by simple medium (postcompaction), (2) simple medium
followed by G2 medium, and (3) G1 medium followed by G2
medium. The simple medium (prepared inhouse) was a
model of historic media containing no chelators, vitamins, or
amino acids and possessing the same concentration of car-
bohydrates for pre- and postcompaction development (Table
1), and is known to perturb embryo development [21],
whereas the G1/G2 sequential media system (prepared in
house) was selected as it is a currently used culture system
known to support mouse and human embryo development
[35–37]. All embryos were cultured in groups of 10 in 20mL
drops of medium overlaid with paraffin oil (Merek KGaA) at
37�C in 6% CO2, 5% O2, 89% N2. After 48 h of culture all
embryos were transferred to a fresh medium for a further 48 h
of culture at 37�C, 5% O2, 6% CO2, 89% N2.

Assessment of ICM and trophectoderm cell number

Assessment of the number of ICM and trophectoderm
(TE) cells in blastocysts was performed using a previously
described method [38]. Briefly, blastocysts were placed in

0.5% pronase to dissolve the zona pellucida. Embryos were
then incubated in 10% TNBS (picrylsulfonic acid) for 10 min
at 4�C before being washed and incubated in 10% anti-DNP
at 37�C for 10 min. Blastocysts were again washed and in-
cubated in guinea pig serum (Gibco) in propidium iodide
(25mg/mL) solution for 5 min. Embryos were then stained in
6mg/mL bisbenzimide in ethanol overnight and washed in
100% ethanol before mounting in glycerol on a microscope
slide the following day. Blastocysts were observed using a
fluorescent microscope, with TE cells appearing pink and
ICM cells appearing blue under a ultraviolet filter (Fig. 1).
Cell number was counted independently for each cell type.
In vivo-derived blastocysts were used to validate the meth-
odology.

Immunocytochemistry

The presence of Nanog protein in blastocysts was mea-
sured using immunocytochemical staining. Blastocysts were
fixed in 4% paraformaldehyde overnight at 4�C, followed by
incubation in 0.1 M glycine in phosphate-buffered saline
(PBS) for 5 min at room temperature. Blastocysts were per-
meablised in fresh PBS with 0.25% Triton X-100 (PBS-TX) for
30 min at room temperature, and then blocked in 10% Nor-
mal Donkey Serum (Sapphire Bioscience) for 30 min at room
temperature. Embryos were incubated with Nanog rabbit
anti mouse polyclonal antibody (Sapphire, Cat#120-21603)
at 1:200 in PBS-TX overnight at 4�C, washed the next day in
PBS, and incubated with Donkey anti rabbit secondary an-
tibody (1:100) conjugated to fluorescein isothiocyanate
(Australian Laboratory Services) for 2 h at 37�C. Finally,
embryos were incubated with 3 nM of nuclear stain 4¢-6-
diamidino-2-phenylindole at room temperature for 2–3 min,
before imaging using confocal microscopy (Nikon, EZ-C1
software). A negative control was performed where primary
antibody was not applied (Fig. 2). A positive control of
in vivo-cultured blastocysts was included to validate the
methodology.

Blastocyst attachment and outgrowth

Blastocysts were placed in culture dishes coated with gelatin
(0.1%) [39,40] and cultured in Glasgow minimal essential
medium (MEM) supplemented with 10% fetal calf serum (In-
vitrogen) for 96 h. Attachment of embryos to the dish was
assessed, and outgrowth morphology determined using crite-
ria from [41], and classified as small (20mm), medium (40mm),
or large (60mm) outgrowths (Fig. 3). After morphological

FIG. 1. Representative images of
differentially stained blastocysts:
trophectoderm cell nuclei are stained
with both stains, whereas inner cell
mass (ICM) cell nuclei are stained on
with bisbenzimide. Scale bar = 50mm.
(A) Simple/simple, (B) simple/G2,
and (C) G1/G2. Color images avail-
able online at www.liebertonline
.com/scd
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assessment, individual ICM cell outgrowths were removed
from the TE stalks and assessed for mitochondrial parameters
or frozen at - 80�C for analysis of gene expression.

Measurement of mitochondrial membrane potential

The ratiometric dye JC1 (5,5¢,6,6¢-tetrachloro-1,1¢,3,3¢
tetraethylbenzimidazolyl carbocyanine iodide; Molecular
Probes) was used to determine mitochondrial membrane
potential (MMP) [42]. ICM outgrowths were incubated in
1.5 mM JC1 in MOPS-G1 for 15 min [43]. The outgrowths
were then immediately imaged using confocal microscopy
(Nikon, EZ-C1 software) and the MMP assessed using IP Lab
(Scanalytics V3.61) as described previously [38]. TE cells
were clearly distinguishable and excluded from analysis.

RNA extraction, reverse transcription,
and real-time RT-PCR

RNA was extracted from individual frozen outgrowth
samples following the manufacturer’s directions for the
Qiagen RNeasy Micro extraction kit (Qiagen). Reverse tran-
scription was carried out using Sensiscript (Qiagen) and
samples were stored at - 20�C before PCR. Real-time PCR
was performed using a Rotor Gene 6000 PCR machine (Cor-
bett Life Science) to determine the expression levels of Atrx,
Nanog, Lsh, Nrf-1, and Sirt-1. The thermal cycling program
was as follows: 5�C for 2 min, 95�C for 10 min, followed by 40
cycles at 95�C for 15 s, and 60�C for 1 min. The reaction was
performed in 20mL volumes using a master mix containing
10 mL SYBR Green Mix (Applied Biosystems), 5 pM of each

FIG. 3. Representative images of
outgrowths for each morphological
category. Outgrowth morphology
was assessed on day 4 after plating.
Scale bar = 50mm. Arrows indicate
outgrowths. (A) Absent outgrowth,
(B) small outgrowth, (C) medium
outgrowth, and (D) large outgrowth.

FIG. 2. Representative images of immu-
nocytochemically stained blastocysts: all
cell nuclei are stained with 4¢-6-
diamidino-2-phenylindole (DAPI), and
Nanog-positive cells are stained with fluo-
rescein isothiocyanate. Scale bar = 50 mm.
(A) Simple/simple, (B) simple/G2, and (C)
G1/G2. Color images available online at
www.liebertonline.com/scd
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forward and reverse primer (Table 2), and the cDNA equiv-
alent of ‘‘0.1’’ outgrowths per reaction. For the housekeeping
gene, cDNA from the equivalent of ‘‘0.1’’ outgrowths per re-
action was analyzed. Delta-delta ct analysis was performed
using a threshold value of 0.05 [44]. The gene 18S was used as
a housekeeper. The presence of only one amplified product
was established by assessing melt curves and by running the
PCR products on a gel.

Statistics

All data are expressed as mean – standard error of the
mean. Culture environment was fitted as a fixed factor and
replicate was fitted as a cofactor in all analyses. Data were
analyzed using Univariate General Linear Model using SPSS
15.0 or chi-square tests. Between treatment differences were
assessed using the least significant difference method. Values
of P < 0.05 were considered significant.

Results

Embryo development

The proportion of embryos that reached the expanded or
hatched blastocyst stage after 96 h of culture was signifi-
cantly less when embryos were cultured in simple/simple
medium compared with culture in G1/G2 (P < 0.01, Table 3).
Culture in simple/G2 medium did not increase development
compared with culture in simple/simple medium (Table 3).

Assessment of blastocyst ICM and TE cell numbers

Blastocysts cultured in G1/G2 medium had significantly
more total cells than those cultured in simple/simple me-
dium (P < 0.05, Fig. 4A). However, TE cell number did not
change (Fig. 4B). ICM development was higher in embryos
that were cultured in the G1/G2 system than in those cul-
tured in the simple/simple or simple/G2 systems. Culture in
simple/G2 medium increased the number of ICM cells in the
blastocyst (P < 0.05, Fig. 4C) compared with those cultured in
simple/simple media. Culture in G1/G2 media resulted in a
higher number of ICM cells as a proportion of the total cells
in the blastocyst compared with embryos cultured in
simple/simple or simple/G2. However, culture in simple/

G2 media increased this proportion compared with culture
in simple/simple (P < 0.05, Fig. 4D).

Pluripotency of ICM cells in cultured blastocysts

The number of pluripotent cells in blastocysts was inves-
tigated using staining for Nanog protein, a marker of
pluripotency that, in the blastocyst, is expressed in epiblast
cells—the progenitors of ESCs [45]. Culture in the G1/G2
system produced blastocysts that had significantly more
Nanog-positive cells than those cultured in the simple/simple
system (P < 0.01; Table 4). Culture in simple/G2 resulted in an
increased number of Nanog-positive cells relative to the
simple/simple treatment (P < 0.01, Table 4). Not all blastocysts
contained Nanog-positive cells. The G1/G2 system produced
the largest proportion of blastocysts possessing Nanog-positive
cells; however, there was no difference between the simple/
simple and simple/G2 systems (P < 0.05, Table 4). This indi-
cates that culture in G2 after culture in simple does not increase
the proportion of blastocysts with the capacity to give rise to
ESC lines. Our findings were validated by staining in vivo-
cultured blastocysts for Nanog. As all in vivo blastocysts con-
tained cells that were positive for Nanog, we can conclude that
among in vitro-cultured blastocysts a finding of zero Nanog-
positive cells was not a technical artefact.

Attachment and outgrowth size

Blastocysts cultured in simple/simple medium had sig-
nificantly lower rates of attachment compared with those

Table 2. Details of Primers Used for Gene Expression Analysis of Inner Cell Mass Outgrowths

Gene Accession no. Primer sequence Amplicon (bp)

18S AF176811 5¢-AGAAACGGCTACCACATCCAA 91
3¢-CCTGTATTGTTATTTTTCGTCACTACCT

Atrx NM_009530 5¢-TGCATGGGCCTTGGTAAGAC 148
3¢-CCTCCTGCCACTTCTCAAATTC

Nanog NM_028016.1 5¢-ATGCTGCTCCGCTCCATAAC 108
3¢-CCCTAGTGGCTTCCAAATTCAC

Lsh NM_008234 5¢-AGGACCGTCGGAAATTAGTAAAGAA 95
3¢-TCGCATAGCGATCTCGAATG

Nrf-1 NM_010938.3 5¢-GTCCGCACAGAAGAGCAAAAAC 92
3¢-TCCTCCCGCCCATGTTG

Sirt-1 NM_019812 5¢-CGCTGAGGTATACTCAGACTCTGAAG 79
3¢-GCATGTGCCACTGTCACTGTT

Atrx, ATP-dependent heterochromatin remodeling protein; Nanog, marker of pluripotency; Lsh, member of SNF2 family of chromatin
remodeling proteins, nuclear respiratory factor-1; Nrf-1, regulator of expression of respiratory subunits and mitochondrial transcription
factors; Sirt-1, sirtuin 1 NAD + -dependent deacetylase.

Table 3. The Effect of Different Culture Systems

on Mouse Embryo Development to the Blastocyst Stage

Culture media
0–48 h

Culture media
48–96 h

Total blastocyst
(%)A

Simple Simple 71a

Simple G2 75ab

G1 G2 80b

ATotal number of blastocysts as proportion of embryos cleaved
after 20 h of culture shown as a percentage. n ‡ 411 embryos per
treatment (15 replicate experiments). Different superscripts are
significantly different: a, b (P < 0.01).
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cultured in G1/G2 (P < 0.001, Table 5). Further, in the G1/G2
and simple/G2 treatment, the size of the ICM outgrowths
was significantly larger than outgrown embryos cultured in
simple/simple (P < 0.05, Table 5). Conversely, culture in the
simple/simple medium significantly increased the num-
ber of small outgrowths compared with G1/G2 (P < 0.05,
Table 5).

Mitochondrial membrane potential

The average overall MMP within outgrowths was sig-
nificantly lower for outgrowths obtained from blastocysts
cultured in the G1/G2 culture system compared with out-
growths from blastocysts cultured in simple/simple or
simple/G2 (P < 0.05, Table 6). Further, when the mean
highest and lowest regions of MMP for outgrowths from
the different treatments were compared, outgrowths from
simple/simple or simple/G2 cultured embryos were found
to have a higher maximum MMP compared with G1/G2,
while G1/G2 embryos produced outgrowths with a lower
minimum than simple/simple or simple/G2 (P < 0.05, Table 6).

Gene expression levels in outgrowths

RT-PCR was performed to determine the expression levels
of Atrx, Nanog, Lsh, Nrf-1, and Sirt-1. Atrx is an ATP-
dependent centrometric protein that is involved in chromatin
remodeling and methylation [46]. Nanog is a transcription
factor whose expression is necessary for the maintenance of
pluripotency and is used as a primary marker thereof [47].
Lsh is an ATP-dependent histone methylation protein of the
same family as Atrx (SNF2) [48]. Nrf-1 is a nuclear-encoded
mitochondrial transcription factor [49] with target genes that
influence respiration, mitochondrial protein import, and
mtRNA transcription and replication [50,51]. Sirt-1 is an
NAD + -dependent histone deacetylase also capable of dea-
cetylating and inactivating proapoptotic protein p53 [52,53],
which causes differentiation in its active acetylated form [54].
Atrx, Lsh, Nrf-1, and Sirt-1 were examined to investigate
whether embryo culture had a permanent effect on the epi-
genetic state of later cells, as the differences observed be-
tween hESC lines [6–9] are likely to have some basis in
epigenetics [55].

FIG. 4. The effect of culture
system on mouse blastocyst
cell number and differentia-
tion. (A) Total cell number.
(B) Trophectoderm cell num-
ber. (C) ICM cell number. (D)
Number of ICM cells as a
proportion of total cell num-
ber. Data are mean – standard
error of the mean. n ‡ 37 (8
replicate experiments). Dif-
ferent superscripts are signif-
icantly different: a, b, c
(P < 0.05).

Table 4. The Effect of Different Culture Systems on the Presence of Nanog in the Blastocyst

Culture media 0–48 h Culture media 48–96 h Nanog cell no.A Nanog present (%)B

Simple Simple 2.9 – 0.4a 78a

Simple G2 4.5 – 0.4b 83a

G1 G2 8.1 – 0.5c 92b

AThe number of cells positive for Nanog in the blastocyst stage embryo. Data are mean – SEM. n ‡ 38 (3 replicate experiments). Different
superscripts are significantly different: a, b, c (P < 0.01).

BProportion of blastocysts with at least one Nanog-positive cell shown as a percentage. n ‡ 38 embryos per treatment (3 replicate
experiments). Different superscripts are significantly different: a, b (P < 0.05).

SEM, standard error of the mean.
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Nanog levels in outgrowths were significantly reduced in
outgrowth from embryos cultured in simple/simple or
simple/G2 compared with G1/G2 outgrowths (P < 0.05) as
were levels of Atrx (P < 0.05). There was no significant dif-
ference in the expression of mRNA transcripts for Lsh, Nrf-1,
or Sirt-1 between the different culture media (Fig. 5).

Discussion

Sequential culture systems are designed to mimic the
changing environment of the reproductive tract and con-
comitant changes in the embryo’s requirements as it devel-
ops. They contain altered concentrations of carbohydrates,
amino acids, chelators, and vitamins within the 2 sequential
media [16,36,56,57]. Use of these media in clinical in vitro
fertilization treatment has enabled extended culture in vitro
with higher pregnancy rates [18,27]. In contrast, many em-
bryos now used for hESC derivation were cultured in simple
media systems before cryopreservation at the compacting
stage, whose compositions are now known to adversely af-
fect development [15,18,58–60]. The aim of present study
was to develop a mouse model to determine the effect of
culture in simple media on ESC progenitor cells compared
with a purpose-designed embryo culture system in a mouse
model.

Similar to previous findings [18,37,58], culture in G1/G2
increased the proportion of embryos that reached the blas-
tocyst stage compared with those cultured in simple/simple.
Culture in the simple medium during cleavage followed by
culture in G2 did not increase development. However, ICM
cell number was higher in blastocysts cultured in simple/G2
media compared with simple/simple, although it was still
lower than for embryos cultured in G1/G2. Similar effects of
culture were seen on ESC progenitor cell number as deter-
mined by staining for Nanog protein. Culture in G1/G2
produced embryos with the largest number of Nanog-
positive cells, whereas culture in simple/simple produced
embryos with the lowest number of Nanog-positive cells.

Culture in G2 after culture in simple during cleavage in-
creased the number of Nanog-positive cells, which indicates
that the purpose-designed medium enabled the negative ef-
fects on pluripotency of simple medium for the first 48 h of
culture to be partially overcome. However, it did not in-
crease the proportion of embryos possessing Nanog-positive
ESC progenitor cells. High numbers of Nanog-positive cells
in the ICMs of blastocysts [61] or plated ICMs [62] have
previously correlated with high rates of mESC derivation,
whereas the absence of Nanog has been shown to prevent
mESC derivation [47]. Therefore, while culture in a purpose-
designed medium that addresses the physiological require-
ments of postcompaction embryos may increase the capacity
of embryos cultured in a simple historic medium before
cryopreservation to give rise ESCs, the number which lack
the capability due to a complete lack of ESC progenitor cells
may remain the same.

Embryos cultured in G1/G2 attached at a significantly
greater rate than embryos cultured in the simple media
system, which may indicate a greater propensity to give rise
to ESC lines as many methods of ESC derivation rely on
outgrowing blastocysts to obtain the ICM. However, culture
in G2 after culture in the simple medium had no effect on
attachment efficiency. These results demonstrate that there
are perturbations in culture that may affect ESC isolation
induced by culture in the simple medium during the pre-
compaction stage that are not reversed by subsequent culture
in purpose-designed media.

In embryos, mitochondrial dysfunction is a common per-
turbation that occurs after exposure to an in vitro-induced
stress. This mitochondrial dysfunction is linked to a re-
duction in development and subsequent viability [33].
Additionally, high mitochondrial activity indicates differen-
tiation and a lack of pluripotency in ESC lines [63,64].
Therefore, we have used high metabolic activity as an indi-
cator of differentiation and a reduced capacity to give rise to
ESCs in outgrowths. Blastocysts cultured in the simple me-
dium throughout development produced outgrowths that

Table 5. The Effect of Different Culture Systems on Mouse Outgrowth Morphology

Culture media 0–48 h Culture media 48–96 h Attachment (%)A Absent (%)B Small (%)B Medium (%)B Large (%)B

Simple Simple 58a 30a 28a 30a 12a

Simple G2 57a 21a 18ab 34a 27b

G1 G2 85b 18a 13b 35a 34b

AAttachment was scored on day 2 after plating and is expressed as number of attached embryos per number of blastocysts plated, shown
as a percentage. n ‡ 65 embryos per treatment (8 replicate experiments). Different superscripts are significantly different: a, b (P < 0.001).

BOutgrowth morphology was scored on day 4 after plating and is expressed as a percentage of successful attachments. Outgrowths were
scored as absent (no inner cell mass clump observed), small (20 mm), medium (40mm), or large (60mm). Data represent mean – SEM. n ‡ 50
embryos per treatment (8 replicate experiments). Different superscripts within columns are significantly different: a, b (P < 0.05).

Table 6. The Effect of Different Culture Systems on Mitochondrial Membrane Potential of Mouse Embryo

Culture media 0–48 h Culture media 48–96 h Average MMPA Highest MMPA Lowest MMPA

Simple Simple 1.86 – 0.07a 2.77 – 0.19a 1.41 – 0.05a

Simple G2 1.87 – 0.06a 2.63 – 0.16a 1.43 – 0.04a

G1 G2 1.61 – 0.07b 2.09 – 0.19b 1.27 – 0.05b

AThe average, highest, and lowest fluorescence reading (MMP) for each culture system. Data represent mean – SEM. n ‡ 12 outgrowths per
culture system (8 replicate experiments). Different superscripts within columns are significantly different: a, b (P < 0.05).

MMP, mitochondrial membrane potential.
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were significantly more hyperpolarized, as shown by
increased MMP, compared with blastocysts cultured in
G1/G2. This was also true for blastocysts cultured in the
simple medium during cleavage before transfer to G2, indi-
cating that there is a permanent change to the mitochondria
during this time that persists to the outgrowth stage, possi-
bly reducing their pluripotency.

Although we found no evidence of perturbed expression
of the genes Lsh, Nrf-1, or Sirt-1 in outgrowths due to culture
conditions, expression of Nanog and Atrx transcripts were
reduced for both culture in the simple system and culture in
simple/G2 compared with embryos cultured in G1/G2.
Expression of Nanog is essential for the maintenance of
pluripotency; it is a nuclear transcription factor expressed in
pluripotent ESCs whose loss both accompanies and causes
differentiation [47]. Therefore, the reduction in Nanog ex-
pression in these outgrowths is suggestive of an increased
number of cells that are in the stages of differentiation. This
supports the conclusions we have made from our metabolic
findings as it suggests a reduced capacity to give rise to
ESCs. It is of interest that gene expression of ATP-dependent
chromatin remodeling protein, ATRX, is also reduced in the
outgrowths derived from embryos cultured in a simple me-
dium. ATRX is a centrometric protein that is involved in
chromatin remodeling and methylation [46]. Further, in
oocytes it has been shown to be involved in chromosome
alignment during meiosis [46]. The reduced levels of Atrx in
the outgrowths suggests that there is reduced activity of this
protein that may impact on heterochromatin remodeling and
normal function. This observation warrants further investi-
gation.

The pluripotency and overall quality of hESC lines is of
utmost importance if they are to be used in the field of re-
generative medicine. However, embryos now used for hESC
derivation have often been cultured in relatively simple
media that have been subsequently shown to perturb de-
velopment. In [65], it is reported that embryo quality is a top
priority for successful hESC derivation. After selecting only
good-quality cryopreserved cleavage-stage embryos for
thawing and culture to the blastocyst stage, a derivation ef-

ficiency of 18.6% was obtained. In [66], the quality of cryo-
preserved cleavage stage embryos was not used as a
selection parameter and a derivation efficiency of 1.7% was
obtained (the rate is higher, 4.9% when embryos cryopre-
served at the blastocyst stage are included). These studies
demonstrate the importance of embryo quality for hESC
derivation. We have shown, using our mouse model, that
culture in the simple medium decreases the quality of em-
bryos with regard to several parameters important for ESC
derivation, highlighting the importance of embryo culture.
Although a number of these parameters were improved by
subsequent culture in a purpose-designed culture media,
some, such as MMP, proportion of blastocysts expressing
Nanog and blastocyst attachment were not. Moreover, in our
study none were improved to the level seen for embryos
cultured in the purpose-designed system throughout culture.
This is likely due to the precompaction stage being the most
sensitive stage of embryo development [15,31,32] and the
point at which the embryonic genome is activated and a
wave of demethylation occurs [67,68]. From our findings we
conclude that for embryos previously cultured in a simple
culture system during cleavage, full embryo health and
pluripotency will not be fully restored by culture in a system
optimized for postcompaction development, to the blasto-
cyst stage; however, partial improvements were seen.

Our findings highlight the necessity of careful embryo
culture to retain pluripotency and suggest that further in-
vestigation into culture medium is important so that culture
conditions from compaction to the expanded blastocyst stage
can be used to optimize the efficiency of stem cell derivation
and the long-term viability of the cell lines.
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3.1  Introduction 
 

Since hESCs were first isolated [1,436], numerous lines have been produced. However, these 

vary in quality and frequently display aneuploidy, slow growth and spontaneous 

differentiation [437-440]. In general there is more reported variation in cell quality compared 

with mESC models [438]. mESCs are routinely isolated from blastocysts that develop in vivo, 

while hESCs are derived from excess  embryos from assisted reproductive technologies such as 

IVF or ICSI [4]. The period that human embryos can legally be cryopreserved varies; 5-10 years 

in Australia [2], 10 years in the United Kingdom [3] and indefinitely in the United States of 

America [165,166]. Consequently, prior to their cryopreservation donated embryos have 

frequently been cultured in relatively simple culture systems compared with those used today 

[215-218], and are likely to have been exposed to a range of conditions subsequently shown to 

perturb development including high oxygen [304,441], too high pH or inadequate buffering 

[332], no amino acids (or the wrong amino acids for the developmental stage) [216,248,249], 

no chelators [203,287] and serum as a source of protein [203,217] (section 1.5.2). These 

conditions are known to affect embryo development and many do not adequately support 

growth to the blastocyst stage [8,9], this resulted in the original establishment of transfer 

protocols dictating that human embryos be transferred to the recipient or cryopreserved at 

the cleavage stage [167,168]. The aim of this chapter was to develop a mouse model which 

mimicked these culture conditions to determine what effect embryo culture media has on 

epiblast cell number and primary outgrowth formation. As well, it investigated whether these 

factors can be improved for embryos cultured in simple medium to the compacting stage by 

culturing them subsequently in G2 medium, a medium purpose designed for the physiological 

requirements of the embryo from post-compaction to the blastocyst stage.  
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3.2  Experimental design 
 

In this chapter the embryos used were from prepubertal (3-4 weeks) F1 CBA×C57Bl/6 mice as 

embryos from inbred C57Bl/6 mice do not develop in Simple-G1. Embryos were collected at 

the zygote stage (section 2.4.1) 22h after induction of ovulation by hCG (section 2.3.2). They 

were cultured in groups of 10 under paraffin oil at 37oC in 6% CO2, 5% O2, 89% N2. Embryos 

were randomly allocated to different culture media (Simple-G1 medium or G1.2 culture 

medium) and cultured for 48h before those which passed the 2-cell block were transferred to 

the second stage of the culture system (Simple-G1 culture medium or G2.2 culture medium, 

(Table 3.1)).  

Embryos were cultured in the purpose designed culture media system G1.2/G2.2, which 

contain different concentrations of carbohydrates, amino acids, vitamins and the chelator 

EDTA for pre and post-compaction culture [203,216,248,249,287], or a simple medium 

modelled after historic culture conditions lacking amino acids, vitamins, EDTA and with the 

same concentrations of carbohydrates throughout culture (Table 2.1). I hypothesised that 

culture in the simple medium would affect the number of epiblast cells in embryos, as well as 

other factors relevant to ESC derivation, compared with  culture in the purpose designed 

G1.2/G2.2 system. This chapter also investigated the effect of culturing embryos in simple 

medium during cleavage prior to transfer to G2.2 at compaction to determine whether G2.2 

could be used to reduce the negative effects of culture in simple media on embryo 

development. The treatment groups used in this study are detailed in Table 3.1 
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TABLE 3.1. EXPERIMENTAL CULTURE SYSTEM 

First stage of culture system Second stage of culture system 

Simple-G1 Simple-G1 

Simple-G1 G2.2 

G1.2 G2.2 

Media compositions in Table 2.1  

Blastocyst development was scored at 96h and 115h (as per section 2.4.3). Blastocysts were 

either fixed and stained for total cell number and Nanog expression (as per section 2.5.1), or 

outgrown and subjected to real time RT-PCR for Atrx, Nanog, Lsh, Nrf-1 and Sirt-1 (as per 

sections 2.6.3 and 2.7). 

 

3.2.1  Statistics 
 

Data was expressed as mean±SEM and analysed using Univariate General Linear Model or an 

independent samples t-test using PASW Statistics 17. Replicate was fitted as a cofactor and 

between treatment differences were assessed using the Least Significant Difference (LSD) 

method. Gene expression data was normalised against the G1/G2 treatment group and 

differences were assessed using a Student’s t test. Levene’s test of equality was used to 

confirm equal variance. Categorical data was analysed by chi square tests. Values of P<0.05 

were considered significant.  
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3.3  Results 

3.3.1  Blastocyst Development 
 

The developmental stage which embryos had reached was assessed at 96h and 115h of 

culture. Culture system had no significant effect on the percentage of embryos which were 

arrested, at the early blastocyst stage, or at the blastocyst stage at 96h. However, culture in 

simple/simple significantly reduced the percentage of embryos which had begun hatching 

compared to culture in simple/G2 and G1/G2 (P<0.05, Table 3.2). The developmental stage 

which embryos had reached was also assessed at 115h. No significant difference was seen for 

the percentage of embryos whose development had arrested before cavitation or otherwise 

degenerated. Culture in simple/simple retarded development, resulting in an increased 

percentage of embryos which were at the blastocyst stage compared with embryos cultured in 

simple/G2 or G1/G2 (P<0.05, Table 3.3). Culture system had no significant effect on the 

percentage of embryos which had begun hatching by 115h, however, the percentage which 

had completed hatching was significantly decreased by culture in simple/simple compared to 

simple/G2 and G1/G2 (P<0.05, Table 3.3). 
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TABLE 3.2. THE EFFECT OF CULTURE SYSTEMS ON DEVELOPMENT OF THE BLASTOCYST AT 96h 

Culture 

media 

0-48h 

Culture 

media 

48-96h 

Arrested(%) Early 

blastocyst(%) 

Blastocyst(%)  Hatching 

blastocyst(%)  

Simple Simple 21 10 46 23a 

Simple G2 13 10 37 40b 

G1 G2 10 7 38 45b 

 

The total number of embryos which had reached the specified morphological stage after 96h 

of culture, shown as a percentage. N≥60, (3 replicate experiments). Different superscripts are 

significantly different; a and b (P<0.05). 

 

TABLE 3.3. THE EFFECT OF CULTURE SYSTEMS ON DEVELOPMENT OF THE BLASTOCYST AT 

115h 

Culture 

media 

0-48h 

Culture 

media 

48-115h 

Arrested(%) Blastocyst(%) Hatching 

blastocyst(%)  

Hatched 

blastocyst(%)  

Simple Simple 24 23a 33 20a 

Simple G2 15 10b 37 38b 

G1 G2 13 5b 42 40b 

 

The total number of embryos which had reached the specified morphological stage after 115h 

of culture, shown as a percentage. N≥60, (3 replicate experiments). Different superscripts are 

significantly different; a and b (P<0.05). 
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3.3.2  Pluripotency of ICM Cells in Cultured Blastocysts 
 

The total cell number of blastocysts was assessed using Dapi nuclear staining (Fig. 3.1). Culture 

in the G1/G2 system significantly increased blastocyst cell number compared to culture in 

simple/simple (P<0.05; Table 3.4). Culture in simple/G2 also significantly increased total cell 

number compared to simple/simple (P<0.05; Table 3.4), but there was no significant 

difference between simple/G2 and G1/G2. The number of pluripotent cells in blastocysts was 

investigated using immunocytochemical staining for Nanog protein (Fig. 3.1). Nanog is a 

marker of pluripotency which, in the blastocyst, is expressed in epiblast cells, which are the 

progenitors of embryonic stem cells [442]. Culture in G1/G2 produced blastocysts which had 

significantly more Nanog positive cells compared with those cultured in simple/simple or 

simple/G2 (P<0.01; Table 3.4). Culture in simple/G2 resulted in an increased number of Nanog 

positive cells compared with the simple/simple treatment (P<0.01, Table 3.4). Not all 

blastocysts contained Nanog positive cells. The G1/G2 system produced the largest proportion 

of blastocysts possessing Nanog positive cells., However, there was no difference between the 

simple/simple and simple/G2 systems (P<0.05, Table 3.4). This indicates that culture in G2 

after culture in simple medium does not increase the proportion of blastocysts with the 

capacity to give rise to ESC lines. Negative staining was validated by staining in vivo cultured 

blastocysts for Nanog, with all in vivo blastocysts containing cells that were positive for Nanog 

(section 2.5.1).  
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TABLE 3.4. THE EFFECT OF DIFFERENT CULTURE SYSTEMS ON THE PRESENCE OF NANOG IN 

THE BLASTOCYST 

Culture 

media 

0-48h 

Culture media 

48-115h 

ATotal cell 

number 

BNanog cell no. CNanog present (%) 

Simple Simple 65.6±3a 2.9±0.4a 78a 

Simple G2 71.1±3b 4.5±0.4b 83a 

G1 G2 74.9±3b 8.1±0.5c 92b 

 

A The total number of cells in the blastocyst stage embryo. N≥38 (3 replicate experiments). 

Different superscripts are significantly different; a, b (P<0.05). B The number of cells positive 

for Nanog in the blastocyst stage embryo. N≥38 (3 replicate experiments). Different 

superscripts are significantly different; a, b, c (P<0.01). C Proportion of blastocysts with at least 

one Nanog positive cell shown as a percentage. N≥38 embryos per treatment (3 replicate 

experiments). Different superscripts are significantly different; a, b (P<0.05).  
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FIG. 3.1. Representative images of immunocytochemically stained blastocysts. All cell nuclei 

are stained blue with Dapi, Nanog positive cells are stained green with FITC. Scale bar equal to 

50μm. A; Simple / Simple, B; Simple / G2, C; G1/G2, D; Negative control. 
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3.3.3  Gene Expression Levels in Outgrowths 
 

RT-PCR was performed to determine the expression levels of Atrx, Nanog, Lsh, Nrf-1, and Sirt-1 

(Table 3.5). ATRX is an ATP dependent centromeric protein that is involved in chromatin 

remodelling and methylation [443]. Nanog is a transcription factor whose expression is 

necessary for the    maintenance of pluripotency and is used as a primary marker thereof [55]. 

LSH is an ATP dependent histone methylation protein of the same family as ATRX (SNF2) [444]. 

NRF-1 is a nuclear encoded mitochondrial transcription factor [445] with target genes that 

influence respiration, mitochondrial protein import and mtRNA transcription and replication 

[446,447]. SIRT-1 is a NAD+ dependent histone deacetylase also capable of deacetylating and 

inactivating pro-apoptotic protein p53 [448,449] which causes differentiation in its active 

acetylated form [273]. Atrx, Lsh, Nrf-1 and Sirt-1 were examined to investigate whether 

embryo culture had a permanent effect on the epigenetic state of later cells, as the differences 

observed between hESC lines [437-440] are likely to have some basis in epigenetics [152]. 

Nanog levels in outgrowths were significantly reduced in outgrowths from embryos cultured in 

simple/simple or simple/G2 compared with G1/G2 outgrowths (P<0.05) as were levels of Atrx 

(P<0.05). There was no significant difference in the expression of mRNA transcripts for Lsh, 

Nrf-1, or Sirt-1 between outgrowths derived from embryos grown in the different culture 

media (Fig. 3.2). 
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FIG. 3.2. Gene expression of outgrowths cultured in different culture systems. Data are 

mean±sem. N=5 samples per treatment. Significantly different from control G1/G2, * (P<0.05). 
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3.4 Discussion 
 

Sequential culture systems are designed to mimic the changing environment of the 

reproductive tract and concomitant changes in the embryo’s requirements as it develops. 

They contain altered concentrations of carbohydrates, amino acids, chelators, and vitamins 

within the two sequential media [216,347,450,451]. Use of these media in clinical IVF 

treatment has enabled extended culture in vitro with higher pregnancy rates [9,218]. In 

contrast, prior to their cryopreservation at the compacting stage many embryos now used for 

hESC derivation were cultured in simple media systems, which lacked key regulators such as 

amino acids and vitamins, whose compositions are now known to adversely affect 

development [215,218,452-454]. The aim of this chapter was to develop a mouse model to 

determine the effect of culture in simple media on the number of ESC progenitor cells 

compared with a purpose designed embryo culture system. Furthermore the present chapter 

aimed to determine if these effects could be ameliorated by post-compaction media.  

Similar to previous findings [218,292,452], this chapter has shown that culture in G1/G2 

increased the proportion of embryos which reached the hatching blastocyst stage after 96h of 

culture and the proportion which had completely hatched after 115h compared with embryos 

cultured in simple/simple. Culture in G2 following culture in simple medium during cleavage 

significantly increased the rate of hatching at 96h and completed hatching at 115h, 

demonstrating that culture in G2 is able to exert a rescue effect on the negative effects of 

culture in a simple medium. This finding was further supported by data for total cell number 

which was significantly higher in blastocysts from simple/G2 and G1/G2 compared with 

blastocysts cultured in simple/simple. However, in a previous work I found that ICM cell 

number was higher in blastocysts cultured in simple/G2 media compared with simple/simple, 

but that it was still lower than for embryos cultured in G1/G2 [455].  

Similar effects of culture were seen on epiblast cell number as determined by staining for 

Nanog protein. Culture in G1/G2 produced embryos with the largest number of Nanog positive 

cells, whereas culture in simple/simple produced embryos with the lowest number of Nanog 

positive cells. Culture in G2 after culture in simple medium during cleavage increased the 

number of Nanog positive cells, which indicates that the purpose designed medium enabled 

the negative effects of simple medium for the first 48h of culture on pluripotency to be 

partially overcome. However, it did not increase the proportion of embryos possessing Nanog 

positive cells and the increase in number of Nanog positive cells was significantly lower than 
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that achieved by culture in G1/G2. High numbers of Nanog positive cells in the ICMs of 

blastocysts [428] or plated ICMs [72] have previously correlated with high rates of mESC 

derivation. While the absence of Nanog has been shown to prevent mESC derivation [55]. 

Therefore, while culture in a purpose designed medium that addresses the physiological 

requirements of post-compaction embryos may increase the capacity of embryos cultured in a 

simple historic medium prior to cryopreservation to give rise ESCs, the number which lack this 

capability due to a complete lack of ESC progenitor epiblast cells remains the same. However, 

this does suggest that this could be a novel window of intervention to improve ESC derivation. 

Previous work showed that embryos cultured in G1/G2 were more likely to form outgrowths 

than embryos cultured in simple/simple or simple/G2 [455], a significant observation as 

outgrowth formation is a necessary step in ESC isolation. Furthermore, although this chapter 

found no evidence of perturbed expression of the genes Lsh, Nrf-1, or Sirt-1 in outgrowths due 

to embryo culture conditions, expression of Nanog and Atrx transcripts was reduced for both 

culture in the simple system and in simple/G2 compared with embryos cultured in G1/G2. 

Expression of Nanog protein is essential for the maintenance of pluripotency; it is a nuclear 

transcription factor expressed in pluripotent ESCs whose loss both accompanies and causes 

differentiation [55]. Therefore, the reduction in Nanog expression in these outgrowths is 

suggestive of an increased number of cells that are in the stages of differentiation. Previous 

work on outgrowth metabolism has shown that outgrowths cultured in the simple system or 

simple followed by G2 both had higher metabolic activity than outgrowths from embryos 

cultured in G1/G2, which is a sign of differentiation [456,457]. Together these findings suggest 

that the efficiency with which ESCs can be derived from outgrowths produced from blastocysts 

cultured in simple/simple or simple/G2 is likely to be lower than that for those cultured in 

G1/G2. Furthermore the data suggests that culture in purpose designed G2 cannot ameliorate 

all detrimental effects arising from initial culture in simple medium. 

Interestingly gene expression of ATP-dependent chromatin remodelling protein, ATRX, is also 

reduced in the outgrowths derived from embryos cultured in a simple medium. ATRX is a 

centromeric protein that is involved in chromatin remodelling and methylation [443]. 

Furthermore, in oocytes it has been shown to be involved in chromosome alignment during 

meiosis [443]. The reduced levels of Atrx seen in the outgrowths suggest that there is reduced 

activity of this protein that may impact on heterochromatin remodelling and normal function.  

The pluripotency and overall quality of hESC lines is of utmost importance if they are to be 

used in the field of regenerative medicine. However, embryos now used for hESC derivation 
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have often been cultured in relatively simple media which have been subsequently shown to 

perturb development. In [458] it is reported that embryo quality is a top priority for successful 

hESC derivation. After selecting only good quality cryopreserved cleavage stage embryos for 

thawing and culture to the blastocyst stage a derivation efficiency of 18.6% was obtained. In 

[73] the quality of cryopreserved cleavage stage embryos was not used as a selection 

parameter and a derivation efficiency of 1.7% was obtained (the rate is higher, 4.9% when 

embryos cryopreserved at the blastocyst stage are included). These studies demonstrate the 

importance of embryo quality for hESC derivation.  

Data presented in this chapter shows that culture in simple medium decreases the quality of 

embryos which consequently possess fewer pluripotent cells and produce outgrowths with 

altered gene expression. Although some measures, such as blastocyst development and 

epiblast cell number, were improved by subsequent culture in a purpose designed culture 

media others, such as gene expression and proportion of blastocysts expressing Nanog, were 

not. Moreover, only rate of development, which has been demonstrated to be an unreliable 

metric of embryo quality [427], was improved to the level seen for embryos cultured in the 

purpose designed system throughout culture. This is likely due to the pre-compaction stage 

being the most sensitive stage of embryo development [215,268,459] and the point at which 

the embryonic genome is activated and a wave of demethylation occurs [173,460]. From the 

findings in this chapter it can be concluded that for embryos previously cultured in a simple 

culture system during cleavage, subsequent culture in G2, which has been optimised for post-

compaction development to the blastocyst stage, can aid retention of pluripotency. However, 

full embryo health and pluripotency are not completely restored by culture in this medium 

despite partial improvements. As such, it is necessary to investigate other strategies for 

increasing the number of pluripotent epiblast cells in the blastocyst to take advantage of 

culture from compaction to the expanded blastocyst stage, and optimise the efficiency of stem 

cell derivation and the long term viability of cell lines. 
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4.0  Insulin in embryo culture medium from the cleavage stage 
increases epiblast cell number and percentage. 
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Insulin Increases Epiblast Cell Number
of In Vitro Cultured Mouse Embryos

via the PI3K/GSK3/p53 Pathway

Jared M. Campbell,1 Mark B. Nottle,2 Ivan Vassiliev,2 Megan Mitchell,3 and Michelle Lane3

High-quality embryos give rise to embryonic stem cells (ESCs) at greater efficiencies than poor-quality embryos.
However, most embryos available for human ESC derivation are of a reduced quality as a result of culture in
relatively simple media up to 10 years earlier, before cryopreservation, or before compaction. In the present
study, we used a mouse model to determine whether a culture with insulin from the 8-cell stage could increase
the number of ESC progenitor epiblast cells in blastocysts, as well as endeavor to determine the molecular
mechanism of the insulin’s effect. Culture in media containing 1.7 rM insulin increased epiblast cell number
(determined by Oct4 and Nanog co-expression), and proportion in day 6 blastocysts. The inhibition of phos-
phoinositide 3 kinase (PI3K) (via LY294002), an early second messenger of the insulin receptor, blocked this
effect. The inhibition of glycogen synthase kinase 3 (GSK3) or p53, 2 s messengers inactivated by insulin sig-
naling (via CT99021 or pifithrin-a, respectively), increased epiblast cell numbers. When active, GSK3 and p53
block the transcription of Nanog, which is important for maintaining pluripotency. A simultaneous inhibition of
GSK3 and p53 had no synergistic effects on epiblast cell number. The induced activation of GSK3 and p53, via
the inhibition of proteins responsible for their inactivation (PKA via H-89 and SIRT-1 via nicotinamide, re-
spectively), blocked the insulin’s effect on the epiblast.From our findings, we conclude that insulin increases
epiblast cell number via the activation of PI3K, which ultimately inactivates GSK3 and p53. Furthermore, we
suggest that the inclusion of insulin in culture media could be used as a strategy for increasing the efficiency with
which the ESC lines can be derived from cultured embryos.

Introduction

While mouse embryonic stem cells (mESCs) are pri-
marily isolated from in vivo derived blastocysts, hu-

man ESCs (hESCs) are typically isolated from frozen-assisted
reproduction technology embryos donated for research after
the completion of treatment, often up to 5–10 years after the
embryos were produced [1,2]. As a consequence, many em-
bryos donated for hESC derivation have been cultured under
a range of conditions, including relatively simple media,
subsequently shown to compromise development [3–6]. The
quality of an embryo and the number of epiblast cells, iden-
tified as cells that co-express the pluripotency markers Oct4
and Nanog [7], is known to be of key importance to that
embryo’s capacity to give rise to an hESC line [8]. Therefore,
the efficiency and quality of the ESC lines will likely be im-
proved by optimizing conditions for the 8-cell embryo (the

stage around which human embryos typically become avail-
able for ESC derivation) to increase blastocyst quality and the
number of pluripotent cells. A significant number of stored
human embryos for donation have been frozen at the cleavage
stage before compaction [9–11], and in a previous study using
a mouse model, we reported that subsequent culture from the
8-cell stage to the expanded blastocyst stage can influence the
number of epiblast cells [12], which are the progenitor cells
that give rise to ESC lines [13–15].

The addition of insulin to embryo culture media for de-
velopment from the zygote or 2-cell stage has been previ-
ously shown as having beneficial effects, with an increased
blastocyst formation rate [16], accelerated development
[16,17], increased blastocyst cell number [16], stimulated
protein synthesis [18–20], reduced protein degradation [19],
and increased protein uptake [19]. While the capacity of in-
sulin or any other growth factor—many of which have
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similar effects to those just described [21,22]—to increase the
number of epiblast cells is unknown, insulin differs from
most in that it increases total cell number (TCN) by in-
creasing inner cell mass (ICM) cell number [16]. The aim of
the present study, therefore, was to determine whether the
addition of insulin from the 8-cell stage increases the number
of epiblast cells in the expanded blastocyst. We then under-
took a series of experiments to investigate the involvement of
phosphoinositide 3 kinase (PI3K), glycogen synthase kinase 3
(GSK3), and p53 in insulin’s effect on epiblast cell number, as
these are known pathways for insulin stimulation in other
tissues [23–26].

Materials and Methods

Experimental design

To determine the effect of insulin on epiblast cell number,
an embryo culture medium was supplemented with 0, 0.17,
1.7, and 1,700 rM insulin from the 8-cell stage in Experiment
1. In Experiment, 2 the effect of LY294002 [27], an inhibitor of
PI3K—a second messenger present in the mouse preim-
plantation embryo involved in the maintenance of pluri-
potency [25,28]—was examined in the presence or absence of
insulin to determine whether insulin was acting via PI3K.
Since the PI3K second messenger pathway involves the
subsequent phosphorylation and inactivation of GSK3 [29],
which has been shown to be beneficial for maintaining cells
in a pluripotent state in outgrown ICMs [30], we hypothe-
sized that the activation of GSK3 would inhibit the positive
response of insulin, while inactivation would mimic the ef-
fects of insulin. This hypothesis was tested in Experiment 3
using H-89 [31] in the presence or absence of insulin and
CT99021 [32] for GSK3 activation and inhibition, respec-
tively. Stimulation of the PI3K second messenger pathway
can also result in the ubiquitination, inactivation, and deg-
radation of pro-apoptotic protein p53 [23,33,34]. In the nu-
cleus, p53 is known to directly inhibit the transcription of
Nanog [35] and, therefore, inhibit pluripotency. To establish
whether the positive effects of insulin on the epiblast were
mediated via p53, Experiment 4 was performed where p53
was indirectly activated via acetylation due to nicotinamide
[36,37] in the presence or absence of insulin and inhibited by
pifithrin-a [38]. Finally, p53 and GSK3 are known to have
significant cross talk, with GSK3 inactivation leading to p53
build up [39] and resultant apoptosis [40], or loss of p53
activity in different circumstances [41–43]. In Experiment 5,
we inhibited both factors at once to determine whether there
was synergy.

Insulin and inhibitors

Chemicals used were purchased from Sigma-Aldrich,
(St. Louis, MO) except where otherwise noted. In this study,
all the chemicals and consumables used for standard embryo
culture were tested for compatibility with embryo develop-
ment in a one-cell mouse embryo assay [44]. Bovine insulin
was used at concentrations of 0, 0.17, 1.7, and 1,700 rM.
LY294002 was used at 50 mM to inhibit PI3K; this concen-
tration has been shown to reduce the phosphorylation of Akt
and P70S6k in mESCs, which are phosphorylated as a result
of PI3K activity (in the same experiment, LY294002 was
shown to have the same effect on blastocyst cells as ESCs

(induce apoptosis)) [27]. LY294002 has also been directly
shown to be effective in decreasing PI3K activity in blasto-
cysts, as evidenced by the decreased Akt phosphorylation
at 250 mM [45]. Additionally, the treatment of ESCs with
LY294002 reduced the phosphorylation of Akt at 5–30 mM, as
well as S6 and GSK3 at 10–60 mM, which are also phos-
phorylated as a result of PI3K activity [46]. In an in vitro
assay, LY294002 was shown to completely abolish PI3K ac-
tivity at 100 mM [47]. CT99021 (Axon Medchem, Groningen,
The Netherlands) was used to inhibit GSK3 (the concentra-
tions studied were 0.04, 0.3, 3.0, and 15mM; initial experi-
ments using CT99021 at 30mM showed a significant negative
effect on the development of embryos). In [48], CT99021 at
3mM was shown to decrease the phosphorylation of b-catnin,
a GSK3 target in ESCs. Furthermore, a culture of ESCs in
which GSK3 a and b had been deleted with CT99021 did not
produce the effects seen when wild-type ESCs were cultured
with CT99021 [48]. This decrease in b-catnin phosphorylation
was also observed in embryos (bovine 2-cell) cultured with
CT99021 at 3mM, an effect that was the same as LiCl, another
recognized inhibitor of GSK3 [49]. CT99021 at 1 mM was
shown to reduce GSK3b activity to 1% in an in vitro assay in
which the inhibitor was shown to be highly specific [32].
H-89 at 10 mM was used to activate GSK3, as it is a robust
activator of GSK3 whose inclusion in culture medium has
been shown to prevent or inhibit the phosphorylation of
GSK3 (which would inactivate GSK3) in embryonic kidney
cells at 10 mM [31,50], muscle cells at 50 mM [51], sperma-
tozoa at 100 mM [52], and glioma cells at 10 mM [53].
Pifithrin-a was used to inhibit p53 at 30 mM [38], as it has
been established as an effective inhibitor of p53 that blocks
the activation of p53 responsive LacZ in ConA cells, and
inhibits p53-mediated apoptosis at 10–20 mM [54]. Pifithrin-
a at 10–20 mM is also able to affect p53-dependent cell-cycle
checkpoint control, as it prevents gamma irradiation-
induced arrest, but not in cells with no functional p53 [54].
Embryos cultured in the presence of pifithrin-a at 10–30 mM
reproduced the effect of p53 deletion, and reversed the ef-
fect of culture in conditions known to induce increased p53
activity [38]. Pifithrin-a lowers the level of nuclear p53 at
10–20 mM in vitro and 2.2 mg/mL when injected in vivo
[54,55]. Nicotinamide at 10 mM was used to activate p53; our
group has previously used this inhibitor in embryo culture
[36], as it has been shown to increase the levels of acetylated
p53 (active p53) in lung, breast, and bone cancer cells [37]
and induce apoptosis in a p53-dependent manner in chronic
lymphocytic leukemia cells as well as increase p53 acety-
lation [56]. Where dimethyl sulfoxide (DMSO) was used to
dissolve inhibitors, a vehicle control of an equal quantity of
DMSO was included.

Embryo collection, culture, and assessment

Approval for all procedures was obtained from The
University of Adelaide Animal Ethics Committee, in com-
pliance with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes. Mice were fed
ad libitum, and kept in a 14:10 light:dark cycle. C57BL/6
female mice aged 3–4 weeks were injected intraperitonealy
with of 5 IU equine chorionic gonadotropin (Folligon, In-
tervet Australia Pty Ltd, Bendigo, Victoria), followed by
5 IU human chorionic gonadotropin (hCG; Pregnyl,
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Organon, Sydney, Australia) 48 h later, inducing ovulation.
The ovulating females were placed with a male mouse of
the same strain, and mating was assessed the next morning
by the presence of a vaginal plug. Zygotes were collected
22 h post hCG in MOPS-G1 [57], and cumulus cells were
removed with 50 IU/mL hyaluronidase. Zygotes were cul-
tured in 20 mL of G1.2 medium [44], in groups of 10 at 37�C
in 6% CO2, 5% O2, and 89% N2 for 48 h. Embryos that
reached the 8-cell stage after 48 h of culture were transferred
to 20 mL drops of G2.2 supplemented with the relevant
treatment, and cultured individually at 37�C in 6% CO2, 5%
O2, and 89% N2 from 48 to 115 h. Since embryos secrete
exogenous factors, which affect development when they are
cultured in groups [58,59], individual culture was used to
minimize the potentially confounding paracrine growth-
factor effect.

Embryo development was assessed at 94 and 115 h. Em-
bryos were scored as being in the following stages of de-
velopment: arrested (embryos that failed to develop from the
8-cell stage), early blastocysts (embryos where the blastocoel
cavity was < 2/3rds the volume), blastocysts (embryos with
a blastocoel cavity > 2/3rds the volume), hatching blasto-
cysts (embryos with cells herniating from the zona pelluci-
da), and hatched blastocysts (embryos that had hatched
completely from the zona pellucida).

Immunohistochemistry

Oct4 and Nanog, whose co-expression marks epiblast
cells, were assessed in blastocysts at 115 h of culture using
immunohistochemistry and confocal microscopy. Blasto-
cysts were fixed overnight in 4% paraformaldahyde at 4�C.
After fixation, the embryos were incubated for 5 min in
0.1M glycine in phosphate-buffered saline (PBS) at room
temperature (RT). Blastocysts were permeablized in PBS
with 0.25% TritonX-100 (PBS-TX) for 30 min at RT, then
blocked in 10% Normal Donkey Serum (Sapphire
Bioscience, Redfern, New South Wales, Australia) for 1 h at
RT. Embryos were incubated with Nanog rabbit anti-
mouse polyclonal antibody (Sapphire, Cat#120-21603 or
Cosmo Bio, Tokyo, Japan, Cat#REC-RCAB0002P-F) at 1:200
and Oct-3/4 goat anti mouse polyclonal antibody (Santa
Cruz Biotechnology inc, Santa Cruz, CA; sc-8628) at 1:100
overnight in PBS-TX at 4�C. Blastocysts were then washed
in PBS-TX, and incubated with donkey anti-rabbit sec-
ondary antibody (1:100) conjugated to FITC (Australian
Laboratory Services, Homebush New South Wales, Aus-
tralia) and donkey anti-goat secondary antibody (1:100)
conjugated to Rhodamine ( Jackson immunoResearch, West
Grove, PA; 705-025-003) for 2 h at 37�C. Embryos were
then incubated with 3 nM of 4¢-6-diamidino-2-phenylindole
(DAPI), a nuclear stain, for 2–3 min at RT, before being
examined by confocal microscopy (Nikon, EZ-C1 software
or Calcium Lecia SP5, Lecia SP5 software). The number of
cell nuclei stained blue by DAPI gave TCN; ICM cell
number was the number of cells whose nuclei were
stained red by rhodamine, indicating the presence of Oct4,
and epiblast cell number was the number of red ICM
nuclei that were also stained green by FITC, indicating the
presence of both Oct4 and Nanog. Trophectoderm cell
number was TCN minus ICM cell number, and primitive
endoderm cell number was ICM cell number minus epi-

blast cell number. A cell was counted as being positive for
the flurophore in question when the intensity of the stain
was sufficient for the nucleus to be clearly distinguished
from the background. A negative control was assessed
where the primary antibody was not applied.

Statistics

All data are expressed as mean – sem. The treatment
group was fitted as a fixed factor, and the replicate was fitted
as a cofactor in all analyses. Data were analyzed using
Univariate General Linear Model using PASW Statistics 17 or
chi-square tests. Between-treatment differences were as-
sessed using the Least Significant Difference method. Values
such as P < 0.05 were considered significant.

Results

Experiment 1: effect of insulin on epiblast
cell number

The supplementation of culture medium with insulin (0,
0.17, 1.7, and 1,700 rM) from the 8-cell stage had no effect on
the development at 94 h (blastocyst or hatching blastocysts
for all treatments, range 81% - 87%) or 115 h (hatching blasto-
cyst or hatched blastocyst for all treatments, range 77% -
86%). At 115 h of culture, there was no effect of the insulin on
TCN, ICM, trophectoderm, or primitive endoderm cell
numbers (Fig. 1A, B, E, and F). However, culture in the
presence of 1.7 rM insulin significantly increased epiblast cell
number (P < 0.05, Fig. 1C). Since the epiblast exists as a
subpopulation of the ICM, this meant that there was an in-
crease in the proportion of ICM cells which were ESC pro-
genitor epiblast cells in the presence of 1.7 pM insulin
(P < 0.05, Fig. 1D). Representative images of blastocysts cul-
tured in the control treatment or 1.7 rM of insulin and
stained for Oct4, Nanog, and TCN are supplied in Fig. 2.

Experiment 2: effect of PI3K inactivation on epiblast
cell number in embryos cultured in the presence
or absence of insulin

To determine whether the effect of insulin was a result of
PI3K stimulation, PI3K was inactivated with LY294002 at
50mM [27] in the presence or absence of insulin. At 94 h of
culture, LY294002 prevented hatching in either the presence
or absence of insulin, and significantly increased the number of
arrested or degenerate embryos in the presence of insulin
(P < 0.01, Table 1). At 115 h, the inhibition of PI3K in the pres-
ence of insulin significantly reduced the percentage of embryos
that developed in the blastocyst stage, with hatching reduced
in either the presence or absence of insulin (P < 0.001, Table 2).

PI3K inhibition significantly reduced TCN and ICM cell
number, irrespective of the presence of insulin (P < 0.01, Fig.
3A, B). However, while the inhibition of PI3K in the absence
of insulin did not affect epiblast cell number compared with
the control, PI3K inhibition prevented the stimulatory effect
of insulin on epiblast cell number (P < 0.01, Fig. 3C).

Interestingly, insulin in the presence of PI3K inhibition
increased ICM size compared with embryos cultured in
LY294002 alone (P < 0.01, Fig. 3B), suggesting that insulin is
able to affect ICM size through signaling pathways other
than PI3K.
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FIG. 1. Blastocyst culture in the presence of insulin. (A) TCN as shown by DAPI staining, (B) ICM cell number as shown by
Oct4 staining, (C) epiblast cell number as shown by Oct4 and Nanog staining, (D) percentage of ICM cells that are epiblast
cells, (E) Trophectoderm cell number as shown by TCN minus ICM cell number, and (F) primitive endoderm cell number as
shown by ICM minus epiblast cell number in the blastocysts of embryos cultured in insulin at the concentrations indicated.
Data are mean – sem. Superscripts a and b are significantly different at P < 0.01, n ‡ 34 blastocysts per treatment. TCN, total
cell number; ICM, inner cell mass; DAPI, 4¢-6-diamidino-2-phenylindole.
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Experiment 3: effect of GSK3 activation/inhibition
on epiblast cell number in embryos cultured
in the presence or absence of insulin

GSK3 activation by the PKA inhibitor H-89 [31] had no
effect on the development at 94 h of culture (blastocyst or
hatching blastocysts for all treatments, range 84% - 94%);
however, it significantly reduced the number of blastocysts
that had hatched in the presence or absence of insulin after
115 h of culture (P < 0.01, Table 3). Furthermore, GSK3
activation did not alter TCN (Fig. 4A), but significantly
decreased the ICM cell number with or without insulin
(P < 0.05, Fig. 4B). The activation of GSK3 in the absence
of insulin did not affect epiblast cell numbers relative to
the control, but insulin’s stimulation of epiblast cell num-
ber was prevented by the activation of GSK3 (P < 0.05,
Fig. 4C). The percentage of the ICM that was epiblast was
unchanged with GSK3 activation with or without insulin
(Fig. 4D).

The inactivation of GSK3 with CT99021 had no effect on
the development at 94 h (blastocyst or hatching blastocyst for
all treatments, range 75% - 85%) or 115 h (hatching blastocyst

or hatched blastocyst for all treatments, range 54% - 67%) of
the culture. However, GSK3 inhibition significantly in-
creased ICM cell number (20.1 – 1.2 compared with control
15.9 – 1.2 P < 0.01; n ‡ 50) and epiblast cell number (5.1 – 0.3
compared with control 3.2 – 0.3 P < 0.001; n ‡ 50), although
the epiblast proportion (23.2 – 2.5 compared with control
23.8 – 2.5 NS; n ‡ 50) and TCN (111.7 – 4.4 compared with
control 107.2 – 4.4 NS; n ‡ 50) were not affected.

Experiment 4: effect of p53 activation/inhibition
on epiblast cell number in embryos cultured
in the presence or absence of insulin

The activation of p53 by nicotinamide in the presence or
absence of insulin had no effect on embryo development at
94 h (blastocyst or hatching blastocyst for all treatments,
range 88% - 98%) or 115 h (hatching blastocyst or hatched
blastocyst for all treatments, range 69% - 84%), nor TCN (Fig.
5A). However, the activation of p53 significantly reduced
ICM cell number both with and without insulin (P < 0.05, Fig.
5B). The activation of p53 did not affect epiblast cell numbers
compared with control-treated embryos; however, insulin’s

FIG. 2. Representative im-
ages of blastocysts stained for
Oct4, Nanog, and TCN after
culture in control medium
and medium supplemented
with 1.7 rM insulin. (A) DAPI
staining all cell nuclei blue,
(B) rhodamine staining Oct4
positive ICM nuclei red, (C)
FITC staining Nanog positive
nuclei green, (D) an overlay of
all stains. Scale bar is 50mM.
Color images available online
at www.liebertonline.com/scd

Table 1. Developmental Morphology After 94 h

of Phosphoinositide 3 Kinase Inhibition

Arrested
(%)

Early
blastocyst

(%)
Blastocyst

(%)

Hatching
blastocyst

(%)

G2 (control) 7.0 8.8 68.4 15.8a

Insulin 1.7a 3.4 75.9 19.0b

LY294002 12.7 18.2 69.1 0.0a

Insulin + LY294002 21.8a 21.8 56.4 0.0b

Mean percentage of embryos at stage of development after 94 h of
culture in the specified treatment.

n ‡ 55 per treatment.
Like pairs, a and b, are significantly different (P < 0.01).

Table 2. Developmental Morphology After 115 h

of Phosphoinositide 3 Kinase Inhibition

Total
Arrested

(%)

Total
blastocyst

(%)
Blastocyst

(%)

Hatching
blastocyst

(%)

Hatched
blastocyst

(%)

G2 3.5 96.5 26.3a 42.1a 28.1a

Insulin 5.2 94.8 27.6b 32.8b 34.5b

LY294002 16.4 83.6 83.6a 0.0a 0.0a

Insulin +
LY294002

20.0 80 72.7b 5.5b 1.8b

Mean percentage of embryos at stage of development after 115 h of
culture in the specified treatment.

n ‡ 55 per treatment.
Like pairs, a and b are significantly different (P < 0.001).
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increase of epiblast cell numbers was prevented (P < 0.05, Fig.
5C). The inactivation of p53 had no significant effect on the
percentage of the ICM that was epiblast (Fig. 5D).

The inhibition of p53, with pifithrin-a (30mM) [38], was
able to mimic the effects of insulin with no effect on blasto-

cyst development at 94 h (blastocyst or hatching blastocyst
for all treatments, range 85% - 86%) or 115 h (hatching blas-
tocyst or hatched blastocyst for all treatments, range 75% -
80%). However, TCN was increased (132 – 7.0 compared
with control 111.7 – 6.6 P < 0.05; n ‡ 24) as was ICM (30.5 – 2.4
compared with control 18.1 – 2.2 P < 0.001; n ‡ 24) and epi-
blast cell number (7.1 – 0.6 compared with control 4.1 – 0.6
P < 0.01; n ‡ 24) that were increased by p53 inhibition, while
the percentage of ICM that was epiblast was unchanged
(14.8 – 3.7 compared with control 13.6 – 3.4 NS; n ‡ 24).

Experiment 5: interaction of GSK3
and p53 signaling

Our results show that insulin acts on the epiblast via the
inactivation of GSK3 and p53. The inactivation of one factor
may reduce the other’s activity [41–43], but the inactivation
of GSK3 can also lead to p53 accumulation [39] and apop-
tosis [40]. If the inactivation of GSK3 causes p53 accumula-
tion, then inactivation of both GSK3 and p53 may have a
synergistic effect.

FIG. 3. PI3K inhibition during blastocyst culture in the presence of insulin. (A) TCN as shown by DAPI staining, (B) ICM
cell number as shown by Oct4 staining, (C) epiblast cell number as shown by Oct4 and Nanog staining, and (D) percentage of
ICM cells that are epiblast cells in the blastocysts of embryos cultured in insulin at 1.7 rM and/or 50 mM of the PI3K inhibitor
LY294002 (LY). Data are mean – sem. Superscripts a, b, and c are significantly different at P < 0.01, n ‡ 34 blastocysts per
treatment. PI3K, phosphoinositide 3 kinase.

Table 3. Developmental Morphology After 115 h

of Glycogen Synthase Kinase 3 Activation

Arrested
(%)

Total
blastocyst

(%)
Blastocyst

(%)

Hatching
blastocyst

(%)

Hatched
blastocyst

(%)

G2 13.5 86.5 16.2 43.2 27.0a

Insulin 2.8 97.2 13.9 30.6a 52.8b

H89 6.9 93.1 24.1 69.0 0.0a

Insulin + H89 2.6 97.4 17.9 74.4a 5.1b

Mean percentage of embryos at stage of development after 115 h of
culture in the specified treatment.

n ‡ 29 per treatment.
Like pairs, a and b are significantly different (P < 0.01).
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The inactivation of GSK3 together with p53 had no effect
on the development at 94 h (blastocyst hatching blastocyst
for all treatments, range 89% - 97%), but significantly in-
creased the number of hatched blastocysts relative to the
culture with either inhibitor alone (P < 0.05, Table 4). How-
ever, there were no further synergistic effects on TCN, ICM,
or proportion of epiblast compared with either inhibitor
alone (Fig. 6).

Discussion

The present study demonstrated that the culture of 8-cell
embryos with 1.7 rM insulin increases the number of epiblast
cells in the ICM without affecting the size of the ICM itself
and without increasing trophectoderm, primitive endoderm,
or TCN. This suggests that rather than acting as a nonspecific
mitogenic factor, insulin is specifically acting on the ICM to
shift the ratio of epiblast and primitive endoderm toward a
larger population of pluripotent cells. Since ESCs are derived
from the pluripotent epiblast [13,60], the number of pluri-
potent cells in a blastocyst is a key determinant of the capacity

of a blastocyst to give rise to an ESC line [7,48,61]. Therefore,
it is desirable to have conditions for the development of the
blastocyst that maximize the number of epiblast cells. Al-
though treatments using inhibitors can produce larger epi-
blasts [7,62], inhibitors frequently have nonspecific activities
[32,63], while insulin is present in vivo and a component of
routine ESC culture, although not routine in embryo culture.
As such, culture in insulin could be a useful strategy for
improving the pluripotential of embryos cultured in vitro,
such as human embryos that are often donated for hESC
derivation at the cleavage stage after 5–10 years of cryo-
preservation and culture in media now known to be per-
turbing [12]—without the use of inhibitors.

Insulin binds to the insulin receptor (IR), which phos-
phorylates tyrosine residues on the insulin receptor sub-
strates (IRS-1, IRS-2 and IRS-3), thus enabling the IRSs to
activate PI3K via its SRC homology 2 domains [64,65]. PI3K
is a second messenger known to be present in the mouse
preimplantation embryo [25]. Previous studies have dem-
onstrated that PI3K inhibition impairs embryo development
and reduces TCN [27,45], a result that we reproduced in this

FIG. 4. GSK3 activation during blastocyst culture in the presence of insulin. (A) TCN as shown by DAPI staining, (B) ICM
cell number as shown by Oct4 staining, (C) epiblast cell number as shown by Oct4 and Nanog staining, and (D) percentage of
ICM cells that are epiblast cells in the blastocysts of embryos cultured in insulin at 1.7 rM and/or 10mM of the GSK3 activator
H-89. Data are mean – sem. Superscripts a, b, and c are significantly different at P < 0.05, n ‡ 26 blastocysts per treatment.
GSK3, glycogen synthase kinase 3.
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study. Importantly, in ESCs, PI3K has been shown to play a
role in maintaining pluripotency [28,46], and its inhibition in
ESCs decreases Nanog protein levels [28]. Our results sug-
gest that the activation of PI3K in the later-stage embryo is a
part of a signaling pathway involved in insulin’s stimulation
of epiblast cell numbers.

An intermediate of the PI3K signaling pathway, GSK3, has
been shown to decrease Nanog transcription and retention of

pluripotency via inactivation of b-catenin [66–68], Hedgehog
[69,70], and c-Myc [71,72]. Additionally, active GSK3 pro-
tects the intracellular domain of Notch from degradation
[73], increasing differentiation [74]. The indirect activation of
GSK3 by H-89 [31]—which inhibits PKA whose activity
would otherwise prevent GSK3 activation [75–77]—was
sufficient to block insulin’s ability to increase epiblast cell
number. We hypothesized that the inhibition of GSK3 would

FIG. 5. p53 activation during blastocyst culture in the presence of insulin. (A) TCN as shown by DAPI staining, (B) ICM cell
number as shown by Oct4 staining, (C) epiblast cell number as shown by Oct4 and Nanog staining, and (D) percentage of
ICM cells that are epiblast cells in the blastocysts of embryos cultured in insulin at 1.7 rM and/or 10mM of the p53 activator
nicotinamide (Nic). Data are mean – sem. Superscripts a, b, and c are significantly different at P < 0.05, n ‡ 38 blastocysts per
treatment.

Table 4. Developmental Morphology After 115 h of Both Glycogen Synthase Kinase 3 and p53 Inhibition

Total Arrested (%) Total blastocyst (%) Blastocyst (%) Hatching blastocyst (%) Hatched blastocyst (%)

Control 4.5 95.5 13.6 45.5 36.4
CT99021 2.3 97.7 20.5 43.2a 34.1a

Pft-a (pifithrin-a) 5.1 94.9 15.4 56.4b 23.1b

CT99021 + Pft-a 0 100 23.8 16.7a,b 59.5a,b

Mean percentage of embryos at stage of development after 115 h of culture in the specified treatment.
n ‡ 39 per treatment.
Like pairs, a and b are significantly different (P < 0.05).
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have the opposite outcome and replicate the effects of insulin
on the epiblast. GSK3 inhibition increased epiblast cell
number, similar to that seen with insulin supplementation.
Taken together, these data suggest that insulin increases the
proportion of epiblast cells in the ICM through mechanisms
which involve the inactivation of GSK3.

This is in keeping with previous studies where GSK3
inactivation via BIO increased the percentage of epiblast in
outgrown ICMs and increased ESC derivation efficiency
[30]. Additionally, the GSK3 inhibitor CT99021 is one of
the 3 inhibitors that make up the 3i culture system which
improves ESC culture and derivation as well as increasing
epiblast proportion of the ICM to close to 100% (the other
2 inhibitors inhibit FGFR and MEK signaling) [7]. How-
ever, embryos cultured with GSK3 inhibitor LiCl have
reduced hatching and attachment rates [78] and often fail
to develop past the 2-cell stage [79]. In our own results,
we saw an increase in epiblast cell number at 0.3 mM
CT99021, but this increase was reduced at 3mM and lost at
15 mM (data not shown). Additionally, at 94 h, 15mM re-
duced hatching, reproducing previous findings [78] but
with a different inhibitor, thereby suggesting that negative

effects are not due to nonspecific activity by the inhibitor
at high concentrations, but that GSK3’s broad influence
[80,81] makes moderate inhibition the key to a successful
embryo culture.

The activation of PI3K is also able to exert significant ef-
fects on p53 availability and activity. As a pro-apoptotic
protein, active p53 causes cell death and differentiation
[35,82]. Specifically, active p53 has been shown to cause
differentiation in ESCs by binding to the Nanog promoter
region and repressing expression [35]. Additionally, the in
vitro culture of embryos has been shown to increase p53
activity, with p53-dependant negative effects on embryo
development and viability [83], while culture with pifithrin-
a, an inhibitor of p53, has been shown to improve the pro-
portion of embryos that develop to the blastocyst stage [38].
When p53 was indirectly activated by inhibiting SIRT-1 [37]
with nicotinamide, insulin’s ability to increase epiblast cell
number was, as with GSK3 activation and PI3K inhibition,
ameliorated. Furthermore, the inhibition of p53 had the op-
posing effect of increasing TCN, ICM, and epiblast cell
numbers. This shows that the inhibition of p53 can mimic
insulin’s effect on the epiblast, suggesting that p53

FIG. 6. Duel inhibition of GSK3 and p53. (A) TCN as shown by DAPI staining, (B) ICM cell number as shown by Oct4
staining, (C) epiblast cell number as shown by Oct4 and Nanog staining, and (D) percentage of ICM cells that are epiblast
cells in the blastocysts of embryos cultured in 0.3 mM of GSK3 inhibitor CT99021 (CT) and/or 30mM of p53 inhibitor pifithrin-
a (Pft-a). Data are mean – sem. Superscripts a and b are significantly different at P < 0.05, n ‡ 35 blastocysts per treatment.
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inactivation is involved in insulin-mediated increase of epi-
blast cell number.

The beta isoform of GSK3 (GSK3b) can phosphorylate and
form a complex with p53, which increases the activity of both
GSK3b and p53 [41–43]; however, active GSK3 activates
MDM2 [39], which targets p53 for degradation. Therefore,
the inactivation of GSK3 can cause the accumulation of p53
[39] and apoptosis [40]. This makes it difficult to say whether
the effect of GSK3’s inhibition on epiblast cell number is
helped or hindered by its role in p53 regulation, and sug-
gested to us that GSK3 inactivation coupled with p53 inac-
tivation may be necessary for optimal epiblast increases.

However, the inhibition of both GSK3 and p53 produced
no additional synergistic effect on epiblast cell number,
suggesting that the effect of GSK3 inhibition at 0.3 mM
CT99021 on epiblast cell number is not being limited by an
increase in p53 due to the inactive GSK3’s inability to
phosphorylate and activate MDM2.

Our results show that the culture of embryos from the 8-
cell stage with insulin increases the number and percentage
of epiblast cells in the ICM of blastocysts via the activation of
PI3K, which, in turn, inactivates GSK3 and p53. While being
involved in many signaling pathways with many different
targets, in their active forms, both GSK3 and p53 inhibit
Nanog transcription [28,35], making it likely that insulin’s
apparent inactivation of these factors increases Nanog tran-
scription, resulting in more Nanog-positive epiblast cells.
Since epiblast cells are the progenitor cells that give rise to
ESCs, a culture with insulin offers a potential strategy, ef-
fective from the cleavage stage, for increasing the derivation
efficiency of ESCs from in vitro cultured embryos, though
this will require validation by the derivation of ESCs. This is
of particular importance for hESC derivation, which often
utilizes embryos cryopreserved at the cleavage stage after
culture 5–10 years ago in relatively simple media.
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4.1  Introduction 
 

The previous chapter demonstrated that the addition of embryo regulators such as amino acids and 

vitamins to culture medium for the development of post-compaction embryos increased their 

epiblast cell number irrespective of medium used for the culture during the cleavage stage. This 

demonstrated that optimisation of conditions for embryo culture will be important for increasing 

hESC derivation from donated cleavage stage embryos which were cultured in suboptimal conditions 

or which are of reduced quality. As discussed earlier (section 1.6.1) growth factors are not commonly 

present in culture for mouse or human embryos. However, the addition of different growth factors 

has been shown to improve embryo quality with respect to markers of quality as well as 

reproductive viability [344,345,353], particularly when embryos have been cultured in suboptimal 

conditions such as low protein, lack of amino acids etc. The effects of different growth factors on in 

vitro culture are discussed and summarised (section 1.6.1). Several are capable of increasing 

blastocyst development and ICM development and therefore may provide a novel method to 

improve embryo development, and in particular epiblast cell number which would ultimately 

increase ESC derivation efficiency and quality. 

One of these growth factors, insulin (section 1.6.1.2.1), is an interesting candidate as the addition of 

insulin to embryo culture media for culture from the zygote or 2-cell stage has been shown 

previously to result in increased blastocyst formation rate  [384], accelerated development 

[384,461], increased blastocyst cell number [384], stimulated protein synthesis [382,462,463], 

reduced protein degradation [463], and increased protein uptake [463]. While the capacity of insulin 

or any other growth factor – many of which have similar effects to those described above [344,360] 

– to increase the number of epiblast cells is unknown, insulin differs from most growth factors in 

that it increases total cell number by increasing inner cell mass cell number [384]. Additionally, the 

insulin receptor is present on both mouse and human embryos [344], while insulin is found in the 

fluid of the maternal reproductive tract of both species [389,464]. Moreover, as insulin is a highly 

conserved proteins [405,406], any observations made in the mouse will likely translate to the 

human. 

The aim of the present chapter was therefore to determine whether the addition of insulin to 

embryo culture media from the 8-cell stage increases both embryo development and formation of 

the epiblast. 
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4.2  Experimental design 
 

In this chapter the embryos used were from prepubertal C57Bl/6 mice. Embryos were collected at 

the zygote stage 22h after induction of ovulation by hCG. They were cultured in groups of 10 under 

paraffin oil at 37oC in 6% CO2, 5% O2, 89% N2 in G1.2 medium. At 48h of culture embryos were 

transferred to 20µl drops of G2.2 supplemented with the relevant treatment (Table 4.1), and 

cultured individually at 37oC in 6% CO2, 5% O2, 89% N2 from 48-115h. 

 

TABLE 4.1 EXPERIMENTAL CULTURE SYSTEM 

First stage of culture system Second stage of culture system 

G1.2 G2.2 

G1.2 G2.2 + 0.17ρM insulin 

G1.2 G2.2 + 1.7ρM insulin 

G1.2 G2.2 + 1700ρM insulin 

Concentrations of insulin were based on the work in [384], dilution protocol (Appendix 8.2). 

 

Blastocyst development was assessed at 96h and 115h (section 2.4.3). Blastocysts were then fixed 

and stained to determine total, ICM and epiblast cell number. In the previous chapter the expression 

of Nanog alone was used to identify epiblast cells. Here, in order to establish ICM, epiblast and 

primitive endoderm cell number in the same embryo, staining included OCT4 as well as Nanog.  

 

4.2.1 Statistics 
 

Data was expressed as mean±SEM and analysed using Univariate General Linear Model or an 

independent samples t-test using PASW Statistics 17. For quantitative analyses treatment group was 

fitted as a fixed factor and replicate was fitted as a cofactor. Between treatment differences were 

assessed using the Least Significant Difference (LSD) method. Levene’s test of equality was used to 
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confirm equal variance. Categorical data was analysed by chi square tests. Values of P<0.05 were 

considered significant.  
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4.3  Results 

4.3.1  Blastocyst Development 
 

The supplementation of culture medium with insulin (0, 0.17, 1.7 and 1700ρM) from the 8-cell stage 

had no significant effect on blastocyst development at 96h (Table 4.2) or 115h (Table 4.3).  

TABLE 4.2. THE EFFECT OF INSULIN ON DEVELOPMENT OF THE BLASTOCYST AT 96h 

Treatment Arrested(%) Early 

blastocyst(%) 

Blastocyst(%)  Hatching 

blastocyst(%)  

G2 + 0ρM insulin 3 12 46 39 

G2 + 0.17ρM insulin 3 10 40 48 

G2 + 1.7ρM insulin 9 9 34 47 

G2 + 1700ρM insulin 3 3 54 33 

The total number of embryos which had reached the specified morphological stage after 96h of 

culture, shown as a percentage. N≥69, (4 replicate experiments). No significant differences between 

treatments 

TABLE 4.3. THE EFFECT OF INSULIN ON DEVELOPMENT OF THE BLASTOCYST AT 115h 

Treatment Arrested(%) Blastocyst(%) Hatching 

blastocyst(%)  

Hatched 

blastocyst(%)  

G2 + 0ρM insulin 4 12 43 41 

G2 + 0.17ρM insulin 9 14 40 36 

G2 + 1.7ρM insulin 10 7 41 42 

G2 + 1700ρM insulin 4 10 54 31 

The total number of embryos which had reached the specified morphological stage after 115h of 

culture, shown as a percentage. N≥69, (4 replicate experiments). No significant differences between 

treatments  
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4.3.2  Pluripotency of ICM Cells in Cultured Blastocysts 
 

At 115h of culture there was no effect of insulin on total cell number or ICM cell numbers (Fig. 4.1A 

and B). However, culture in the presence of 1.7ρM insulin, significantly increased epiblast cell 

number (P<0.01, Fig. 4.1C). As the epiblast exists as a subpopulation of the ICM, this meant that 

there was an increase in the proportion of ICM cells that were ESC progenitor epiblast cells in the 

presence of 1.7pM insulin (P<0.01, Fig. 4.1D). Trophectoderm cell number was calculated by 

subtracting ICM cell number from TCN (Table 2.2) and primitive endoderm cell number was 

calculated by subtracting epiblast cell number from ICM cell number (Table 2.2), with no difference 

seen for either (Fig. 4.1E and F). No difference was observed in the percentage of blastocysts at 115h 

which possessed an epiblast (percent with epiblast, range 96-100%). Representative images are 

shown in (Fig. 4.2). 
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FIG. 4.1. Blastocyst culture in the presence of insulin. A; Total cell number as shown by Dapi staining, 

B; ICM cell number as shown by OCT4 staining, C; epiblast cell number as shown by OCT4 and Nanog 

staining, D; percentage of ICM cells that are epiblast cells, E; Trophectoderm cell number as shown 

by total cell number minus ICM cell number, and F; primitive endoderm cell number as shown by 

ICM minus epiblast cell number, in the blastocysts of embryos cultured in insulin at the 

concentrations indicated. Data are mean ± sem. Superscripts a and b are significantly different at 

P<0.01, N≥ 34 blastocysts per treatment.   
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FIG. 4.2. Representative images of immunocytochemically stained blastocysts after culture in the 

indicated concentration of insulin. All cell nuclei are stained blue with Dapi, OCT4 positive cells are 

stained red with rhodamine, Nanog positive cells are stained green with FITC. Scale bar equal to 

50μm. A; G2+0ρM insulin, B; G2+0.17ρM insulin, C; G2+1.7ρM insulin, D; G2+1700ρM insulin, E; 

Negative control 
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4.4  Discussion 
 

The aim of the present chapter was to determine investigate the effect of addition of insulin to 

embryo culture media from the 8-cell stage on embryo development and the formation of the 

epiblast. Culture of 8-cell embryos with 1.7ρM insulin increased the number of epiblast cells in the 

ICM without affecting the size of the ICM itself, and without increasing primitive endoderm, 

trophectoderm or total cell number.  This is an interesting finding as it suggests that rather than 

acting as a non-specific mitogenic factor, insulin is specifically acting on the ICM to shift the ratio of 

epiblast and primitive endoderm towards a larger population of pluripotent cells. As ESCs are 

derived from the pluripotent epiblast [14,442], the number of epiblast cells in a blastocyst is a key 

determinant of the capacity of a blastocyst to give rise to an ESC line [72,428,465]. Therefore, it is 

desirable to have conditions for the development of the blastocyst that maximise the number of 

epiblast cells. Although treatments using inhibitors can produce larger epiblasts [416,428], inhibitors 

frequently have non-specific activities [466,467], while insulin is present in vivo and a component in 

the propagation of ESC lines – although not routine in embryo culture. As such, culture in insulin 

could be a useful strategy for increasing pluripotency in embryos cultured in vitro – such as human 

embryos which are often donated for hESC derivation at the cleavage stage after 5-10 years of 

cryopreservation and culture in media now known to be perturbing [455] or upon identification of 

poor quality – without the use of inhibitors.  

The finding that culture with 1.7ρM insulin did not increase the number of ICM cells in the blastocyst 

was an unexpected result as it appears to contradict the work of Harvey and Kaye [384] who found a 

significant increase in ICM cell number in the mouse blastocyst at this concentration, which was the 

key finding which prompted the selection of insulin for investigation of its effect on the epiblast. 

However, this variation may be attributed to differences in the models used. In the study by Harvey 

and Kaye embryos were cultured in modified BMOC2; a simple culture medium as modelled by 

simple-G1 in chapter 3.0. Previous work using simple-G1 has shown that culture of embryos in 

simple media reduces their ICM cell number [468]. Furthermore, as discussed (section 1.6.1.1), the 

effects of growth factors are often most evident when embryos are cultured in perturbing 

conditions. As such, a possible explanation for this difference is that the increase in ICM cell number 

caused by insulin in the study by Harvey and Kaye is the result of insulin’s amelioration of the 

reduction caused by culture in simple medium, whereas no increase in ICM cell number is observed 

in this chapter due to the use of complex culture media. A review of the literature found no previous 

studies which demonstrated a positive effect of insulin in a physiological based medium. 

Furthermore, relative to the culture system used in this chapter, ICM cell number in [384] was 
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examined at approximately 80h (embryos were flushed at the 2-cell rather than zygote stage, which 

adds a confounding factor with regards to timing, but not insulin exposure as mouse embryos do not 

express the insulin receptor until the 8-cell stage [344]), whereas in this chapter assessment was 

carried out at 115h. This raises the question as to whether the differences observed could be the 

result of the time point at which ICM cell number was examined. Similarly, the results of Harvey and 

Kaye showed an improved rate of blastocyst development, whereas the results of the present 

chapter, where blastocyst development was assessed at different time points, showed no effect. The 

progression of insulin’s effect on blastocyst development and differentiation over time is 

investigated further in Chapter 6.0. 

An additional difference is that in [384] the ICM increase was maximal at 1.7ρM insulin, and that 

when the insulin concentration was increased to 1700ρM a plateau effect was demonstrated, 

whereas in this chapter the beneficial effects of insulin at 1.7ρM on epiblast cell number and 

percentage were lost when insulin concentration was increased to 1700ρM. One explanation for the 

loss of insulin’s positive effects is that at higher concentrations of insulin, the insulin receptor could 

stimulate different second messenger pathways to different degrees. Notably, the MAP kinase 

(MAPK) pathway has been shown to be activated by the insulin receptor [401], and to be 

antagonistic to Nanog transcription and pluripotency despite its ability to stimulate cell growth 

[428]. High levels of insulin (700nM) have been shown to cause apoptosis in cultured mouse 

embryos [469], and in human lymphocytes high levels of insulin (10nM) have been shown to reduce 

the number of insulin receptors on the cell surface [470]. Moreover, at high concentrations insulin 

can bind to and activate the IGF 1 receptor [402] whereas at lower concentrations insulin is only able 

to activate the insulin receptor [384] – which is relevant as mouse embryos cultured in high levels of 

IGF-1 (130nM) have reduced viability as a result of  increased resorption following transfer to 

pseudopregnant females [471], demonstrating that IGF-1 receptor activation could have a negative 

effect on embryo development.  

Insulin is a growth factor whose activity results in numerous downstream effects, many of which act 

in apparent antagonism of one another. This raises the question of exactly how insulin exerts its 

effect on Nanog transcription, ICM differentiation and epiblast cell number which is examined in the 

following chapter. 
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5.0  Insulin increases epiblast cell number of in vitro cultured 
mouse embryos via the PI3K/GSK3/p53 pathway 
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7.1  Introduction 
 

The embryo begins as a single totipotent cell, it then undergoes multiple rounds of division 

coupled with differentiation until it forms a blastocyst and has the potential to implant in the 

uterus. The pluripotent epiblast of the ICM then undergoes further division and differentiation 

to develop into the fetus, and eventually a fully developed organism. Epiblast cells can be 

isolated and cultured in conditions which allow ESC lines to be derived. The efficiency with 

which these lines can be derived is related   to the number of epiblast cells in the ICM 

[72,428]. ESC lines, especially hESC lines, hold great potential value in the fields of drug toxicity 

studies, drug discovery studies, developmental biology and regenerative medicine. However, 

the efficiency of hESC derivation is low. The aim of my thesis was to use a mouse model to 

identify and develop a strategy which improved the efficiency of ESC derivation. In particular, 

given that most embryos donated for human ESC derivation are of poor quality and/or have 

been cultured in relatively simple media now known to perturb embryo development prior to 

being frozen at the precompaction stage up to 10 years earlier, the hypothesis that the period 

where they are cultured to the blastocyst stage could be exploited to improve their quality and 

ability to give rise to hESCs by the addition of insulin was examined.  

The results from chapter 3 showed that in vitro culture of embryos during the precompaction 

stage in simple medium, which model the historic culture conditions that human embryos 

available for hESC derivation were exposed to, reduces the quality of those embryos as 

evidenced by a range of criteria including retarded developmental rates, decreased epiblast 

cell number and altered gene expression in outgrowths. Some aspects of this reduction in 

quality could be restored post-compaction by culture in a medium designed to support post-

compaction embryo development in vitro (G2), including epiblast cell number. However, 

epiblast cell number was only partially improved. Later results suggest that increased epiblast 

cell number correlates with an increased capacity to give rise to ESCs. Culture in G2 medium 

post compaction also increased the proportion of embryos which reached the hatched 

blastocyst stage which was subsequently shown in Chapter 6.0 to be correlated with an 

increased capacity to give rise to ESCs. Together these findings highlight that subsequent 

culture in improved culture media may improve the efficiency of ESC derivation from embryos 

initially cultured in relatively simple media. 
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One of the components not routinely included in culture media for human embryos, but which 

is nevertheless known to influence development, is growth factors. However, a role for growth 

factors is well established in the ESC field with LIF being vital to the retention of pluripotency 

of mESC. This led to the hypothesis that addition of growth factor could further improve 

blastocyst development, pluripotency, outgrowth and ESC derivation. To this end, insulin was 

chosen for investigation because it has previously been shown to increase ICM cell number 

when included in embryo culture media [344,369]. 

 

The inclusion of insulin in post-compaction culture medium was able to improve the number 

of pluripotent cells in blastocysts, working through the PI3K, GSK3, p53 pathway to shift the 

balance of differentiation versus pluripotency within the ICM to increase epiblast number and 

proportion. This resulted in a permanent increase in the quality of embryos as demonstrated 

by their capacity to give rise to outgrowths with more pluripotent cells. These increases in 

blastocyst quality translated into an increase in capacity to give rise to primary ESC colonies 

(Fig.7.1). These results suggest that the inclusion of insulin in embryo culture medium post-

compaction could be used to improve the quality of cryopreserved or fresh human embryos 

donated at or near compaction.  
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FIG. 7.1. Summary of main findings of thesis. D4, D5 and D6 are day 4, day 5 and day 6 respectively. Pluripotent cells are shown in green, differentiated cells 

are shown in red. 
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7.2  Impact of culture conditions on epiblast and pluripotency 
 

The low derivation efficiency of hESCs has been attributed to the reduced quality of human embryos 

available for derivation attempts [5,6,73]. In vitro culture of embryos is typically associated with 

reductions in embryo quality and viability [163].  Human embryos for hESC derivation have often 

been cryopreserved for 5-10 years prior to their donation for research purposes [165,166], as a 

result many have been cultured in media now known to be perturbing to embryo viability and which 

support only low levels of blastocyst development, necessitating cleavage stage transfers for the 

majority of IVF cycles performed.  

To model this system for human embryos, experiments in Chapter 3.0 cultured mouse embryos in a 

simple medium for the first 48h to the 8-cell stage to approximate the culture period commonly 

used in human IVF. These experiments determined that culture of embryos in simple medium 

retarded the development of blastocysts and significantly reduced the average number of epiblast 

cells per blastocyst, which was consistent with previous studies in human and mouse [8,9,215-218]. 

However, these experiments did establish that there was some capacity to improve blastocyst 

development and epiblast cell number by transferring embryos to G2 medium from the 8-cell stage. 

Despite this there was a lasting negative impact of the initial culture period on development. 

Furthermore, an additional novel finding was made that embryos cultured in simple medium were 

less likely to contain an epiblast irrespective of the culture medium for the second 48h and therefore 

lack the capacity to generate an ESC line. Additionally, assessment of outgrowths generated from 

these blastocysts showed that the perturbing conditions of a simple medium had lasting effects on 

the gene expression of the outgrowths, with altered gene expression of Atrx and Nanog. 

Human embryos donated for hESC derivation are likely to have been exposed to conditions such as 

simple style culture medium, examples of which include HTF,  Earle’s, and T6, which were widely 

used in IVF and can still be found in use.  Collectively, the data generated in Chapter 3.0 therefore 

indicate that these embryos are likely to have significantly reduced capacities to give rise to hESCs. 

This in turn suggests that the characteristics of hESC lines could be being affected by the culture 

conditions to which the embryos from which they were derived were exposed to prior to donation. 

As many human embryos are cryopreserved at the cleavage stage [167-169] and therefore donated 

for ESC generation at the cleavage stage, they must be further cultured to the blastocyst stage 

before ESC derivation. This additional culture period represents a window where the pluripotency of 

embryos which have previously been exposed to perturbing culture conditions can be improved. 
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The results of chapter three demonstrated that while the quality of mouse embryos could be 

improved by culturing them in modern complex medium purpose designed to support embryo 

development from the 8-cell stage, additional interventions would likely be necessary to fully exploit 

the cleavage to blastocyst culture period. In future work these findings would be reinforced by 

experiments where these embryos were used to establish mESCs and the relative efficiencies 

compared.  

 

7.3  Insulin stimulation of pluripotency of post-compaction embryos 
 

The inclusion of select growth factors in embryo culture media has previously been shown to be 

capable of improving embryo development and viability [344,345], however, growth factors are not 

routinely included in culture media commercially available for human embryo culture [347,349,527-

529]. To further examine how interventions to the culture medium for the post-compaction stage 

embryo may effect epiblast cells and pluripotency, the growth factor insulin was added to the 

culture medium. Insulin has previously been shown to increase the ICM cell number of embryos and 

was selected as the most promising candidate from a large panel of growth factors previously used 

to improve embryo culture.  

The data in Chapter 4.0 demonstrated that 1.7ρM insulin increased epiblast cell number without 

affecting ICM cell number. This resulted in a significant increase in the proportion of ICM cells which 

were epiblast as opposed to primitive endoderm. This novel finding suggested that insulin was acting 

to shift the balance of differentiation within the ICM towards more pluripotent cells, rather than 

acting as a general mitogenic factor and stimulating overall cell growth. This was further highlighted 

by the finding that total cell number and trophectoderm cell number were also unaffected by the 

presence of insulin.  However, as in previous studies there was a threshold concentration where the 

effect of insulin was maximal, above which further increases in concentration led to the loss of the 

increase in epiblast cell number. If this strategy is implemented in the human it may be necessary to 

repeat dose response experiments to establish the optimal dose for maximal epiblast cell number 

increases. Although the work presented has shown that insulin as an additive to culture media is 

able to maintain pluripotency in the ICM and direct differentiation towards epiblast, other growth 

factors, such as those discussed in the literature review (section 1.6.1, specifically LIF and GM-CSF) 

may also have beneficial effects. It is likely that a combination of growth factors may produce a 
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synergistic effect and improve blastocyst quality and pluripotency beyond what can be achieved by 

insulin alone and this should be the subject of further systematic experiments.  

 

7.4  Molecular mechanism of action of insulin on pluripotency in the 
blastocyst 
 

Having demonstrated that the culture of post-compaction stage embryos with insulin increases 

pluripotency in the blastocyst, experiments in Chapter 5.0 investigated the signalling pathways 

behind this effect. At the concentration identified as increasing epiblast cell number and proportion 

in Chapter 4.0 (1.7ρM), insulin is known to activate the insulin receptor [384]. One of the primary 

second messengers of the insulin receptor is PI3K, which has previously been shown to be integral 

for maintaining pluripotency in ESCs [266]. Using inhibitors it was demonstrated that PI3K activity 

was necessary for insulin to increase epiblast cell number (Fig. 7.1). One target of PI3K is GSK3, 

which is phosphorylated by active PI3K, inactivating it. When active, GSK3 is capable of 

phosphorylating many second messengers which converge to reduce Nanog transcription, which is 

important for the retention of pluripotency [53,478-483]. Inhibiting GSK3, theoretically reproducing 

the effect of culture with insulin and active PI3K, increased epiblast cell number. Additionally, 

activating GSK3 blocked insulin’s ability to increase epiblast cell number without affecting the 

epiblast cell number of embryos cultured without insulin – replicating the effect of PI3K inhibition. 

These results strongly suggest that the inactivation of GSK3 is an important component of the insulin 

signalling pathway with regards to increasing epiblast cell number. Additionally, the pro-apoptotic 

protein p53, which is also regulated by  PI3K, specifically via PI3K activated ubiquitinase MDM2, 

causes cell death and differentiation when active, and binds to the Nanog promoter region to 

repress Nanog transcription. As with GSK3, inhibition of p53 increased epiblast cell number, while 

activation blocked insulin mediated epiblast increases, strongly suggesting that p53 is involved in 

insulin mediated increases to epiblast cell number. Interestingly there are multiple points of cross 

reactivity between GSK3 and p53 [491-495], however, no additional epiblast increases were found 

for co-inhibition of the two factors. This suggests that the potential of GSK3 inhibition to cause the 

accumulation of p53 [494,495] did not create a confounding effect in these experiments.  Therefore, 

the results of Chapter 5.0 demonstrated that insulin increased the epiblast cell number via the 

activation of PI3K (most likely via its interaction with the insulin receptor), which subsequently 

inactivates the second messengers GSK3 and p53, to increase Nanog transcription and therefore 

promote pluripotency and the epiblast. Further work in this area could include analysis PI3K 
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localisation as well as levels of phosphorylated GSK3 and ubiquitinated p53 in blastocysts cultured in 

control and insulin supplemented media to directly confirm the mechanism of insulin. 

 

7.5  Expression of OCT4 and Nanog in blastocysts 
 

Studies in Chapter 6.0 determined the localisation of OCT4 and Nanog in blastocysts on day 4 (early 

blastocysts) compared to those which develop to day 5 (predominantly expanded blastocyst) and 

day 6 (hatching blastocysts).  Of note, it was found that at the stage of development where literature 

sources suggested that OCT4 and Nanog would be restricted to the ICM and epiblast respectively 

[198,416], both were still widely expressed.  A comparison of methodologies suggests that this 

difference is likely the result of  collecting and beginning in vitro embryo culture at the zygote stage 

in this study rather than at the 2-cell stage or later.  

Human embryos are ubiquitously cultured from the zygote stage following in vitro fertilisation. As 

such, this finding suggests that future researchers who use the mouse blastocyst to model the in 

vitro development of human embryos, particularly with regards to epiblast development, culture 

embryos from the zygote stage, as the discrepancy appears to produce a meaningful difference in 

the progression of epiblast development. Future work in this area should include the direct 

comparison of OCT4 and Nanog expression of in vitro and in vivo grown mouse embryos as well as 

the characterisation of Oct4 and Nanog expression in human blastocysts. 

 

7.6  Effect of insulin in embryo culture medium persists in outgrowths 
 

Despite the increase in Nanog positive cell number due to culture with insulin, I found that when 

blastocysts were plated before the transcription factor was restricted to the epiblast, outgrowths 

from insulin treated embryos contained no more epiblast cells than outgrowths from control 

embryos. Further, my results showed that despite earlier stage blastocysts possessing more OCT4 

and Nanog positive cells than later stage blastocysts, they gave rise to outgrowths with significantly 

fewer epiblast cells. This finding supports the use of mouse blastocysts in modelling human embryo 

development and hESC derivation, as hESCs have been shown to be most efficiently derived from 

blastocyst where OCT4 has been restricted to the ICM [202], an event I observed at the same time 

point where Nanog was restricted to the epiblast. The important finding from these experiments, 
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however, was that when embryos were allowed to develop until Nanog was restricted to the 

epiblast and OCT4 was restricted to the ICM before plating, culture of embryos in insulin post 

compaction resulted in the generation of outgrowths which were more likely to contain an epiblast 

and which contained a larger number of epiblast cells.  

Future work in this area should include a more precise investigation of the optimal time point for 

plating on day 6 as well studies to assess whether outgrowth quality could be improved by plating 

blastocysts based on spatial rather than temporal development.  

 

7.7  Insulin in culture media and the effect of ESC colony generation 
 

Ultimately epiblast cell number is a marker of blastocyst competence for ESC derivation, and as such 

there is a need to generate ESCs to validate the conclusions made based on epiblast findings. 

Blastocysts were twice as likely to give rise to primary ESC colonies if they were cultured with insulin 

for the post-compaction stage. Interestingly, examining how the inclusion of insulin interacted with 

this process led to the novel observation that culture of embryos with insulin increased the 

proportion of embryos which, at the point of plating, were at the most advanced morphological 

stage (hatched) and also increased the proportion of those hatched blastocysts which gave rise to 

ESCs. As such, hatched insulin cultured blastocysts are more plentiful, and more likely to give rise to 

ESCs than hatched control cultured blastocysts. This result demonstrates that insulin improves ESC 

isolation through mechanisms beyond simply improving morphology, which has previously been 

linked to increased ESC derivation rates. It is likely that the improved capacity of insulin cultured 

blastocysts with the highest morphological quality to give rise to primary ESC colonies is the result of 

the increased epiblast cell numbers demonstrated in Chapters 4.0 and 6.0. 

Modelling of the experimental outcomes enabled conclusions to be made around the most 

significant characteristics that an embryo must contain to generate a primary ESC colony; the 

greatest predictor of a control cultured blastocyst giving rise to a primary ESC colony was it 

cavitating on day 4, whereas for blastocysts cultured with insulin the greatest predictor was being 

hatched on day 6. For day 4 this observation is likely the result of insulin increasing the rate of 

cavitation and thereby making the marker less selective, the finding on day 6 is suggestive that in the 

control group hatched blastocysts, which have shown the best development, have no more epiblast 

cells than their more slowly developing counterparts. Both of these observations warrant further 

investigation. 

169 
 



  7.0 General discussion 

The results of this work demonstrate that the addition of insulin to embryo culture medium from the 

cleavage stage, which is the stage at which human embryos are most often donated, to the 

blastocyst stage, which is the stage at which ESC derivation is most often attempted, improves the 

efficiency with which ESCs can be generated from these embryos. As such, application of this 

strategy may have the potential to improve hESC derivation efficiency, a matter of key importance 

due to the limited availability of human embryos for ESC derivation. 

Future work which would be necessary to validate these findings is the expansion of mESC colonies 

from control and insulin cultured embryos to fully characterised mESC lines and the reproduction of 

these experiments in the human. Further, my work has shown that the effect of insulin persists 

beyond embryo culture through the outgrowth phase and into ESC derivation. This suggests that 

during embryo culture insulin may have a permanent positive effect on cell properties and that ESC 

lines derived from embryos cultured with insulin may have altered characteristics. As such, future 

work should include not just the characterisation of ESC lines from control and insulin cultured 

embryos for pluripotency and self renewal, but also more in depth characterisation including, 

metabolic profile, an assessment of DNA methylation and acetylation, and gene expression, to 

provide a more detailed and precise picture of the quality and differentiation status of ESC lines, 

with a view towards investigating whether the culture of embryos with insulin results in the 

derivation of higher quality ESC lines. 

 

 

FIG. 7.2 Summary of the culture effects investigated in this thesis and their observed effect on the 

retention of pluripotency towards ESC derivation. 
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7.8  Conclusion  
 

In conclusion, the data presented in this thesis show that while culture in simple medium during the 

cleavage stage decreases pluripotency, the inclusion of insulin in embryo culture medium from the 

compaction stage stimulates pluripotency supporting pathways to increase the number of epiblast 

cells in the fully developed blastocyst, resulting in an increased capacity to generate ESCs (Fig. 7.2). 

This strategy is ultimately intended to be applied to hESC derivation where embryos are most often 

donated at the cleavage stage and of reduced quality. 
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8.1  Mouse embryo bioassay 
 

For consistent in vitro embryo development and quality, research has shown that it is 

necessary that consumables used undergo quality control [300]. As such, plasticware and all 

chemicals used for embryo culture and handling were pre-screened using a 1-cell mouse 

bioassay. For this test mouse zygotes were collected (section 2.4) from prepubescent F1 

hybrid female mice (C57Bl/6×CBA) crossed with Swiss males. These zygotes were grown in 

simple G1.2 with 5% HSA to the 2-cell stage under test conditions. These embryos were then 

transferred to simple G1.2 without albumin, under test conditions and cultured to the 

blastocyst stage. HSA was excluded in the second stage of culture because it is a chelator and 

could mask the negative effects of the test conditions. Embryo culture was scored at 74h and 

91hr, and the result was compared to the development of control embryos grown alongside 

the test embryos which were cultured using consumables which had previously passed the bio 

assay. A minimum of thirty embryos were used for each test condition and consumables had 

to have greater than 50% early blastocyst development (cavity <2/3rds the volume of the 

blastocyst) at 74h and greater that 75% expanded blastocyst (cavity >2/3rds the volume of the 

blastocyst) at 91hr. 

Where culture dishes were tested embryos were grown in them for the test’s duration as the 

test condition. To assay test tubes culture media were stored in them at 4oC for a week and 

embryos were then cultured in that medium. When amino acids were tested blastocyst 

trophectoderm and ICM cell number were assessed by differential staining. Differential 

staining was performed at 37oC under mineral oil in dishes which were prewarmed for a 

minimum of one hour prior to the experiment. Embryos were placed in 0.5% pronase in MOPS 

medium with no HSA to dissolve the zona pellucidia. Zona dissolution took 2-5 minutes during 

which embryos were observed by a microscope. When the process was judged complete, 

embryos were removed from the pronase and washed in MOPS without HSA. Embryos were 

then incubated in 10mM 2.4.6-trinitrobenzensulfonic acid (TNBS) at 4oC in the dark for 10min. 

They were then washed 3 times to remove any trace of TNBS and placed in 0.1mg/ml anti-DNP 

(anti-dinitrophenol-BSA) for 10 min. During this period tight junctions between trophectoderm 

cells prevented ICM cells being exposed to the anti-DNP. Embryos were then placed in 

compliment (guinea pig serum and 50µg/μl propidium iodide (PI)) for 5-10 minutes, resulting 

in trophectoderm cells, which had been exposed to the anti-DNP, partially lysing due to the 

binding of the compliment, which allowed the PI to enter the trophectoderm cells and stain 

their nuclei. Following this, embryos were transferred to 25µg/ml bisbenzamide (Hoechst 
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33258) in ethanol and incubated overnight at 4oC in the dark. As bisbenzamide stains all cell 

nuclei, the trophectoderm is stained with both PI and bisbenzamide, while the ICM is stained 

with bisbenzamide only. 

The next day embryos were transferred to 100% ethanol and kept for a maximum of one week 

prior to counting. In order to count the cells of the blastocysts, embryos were loaded in a small 

drop of glycerol on a siliconised slide (with minimal transfer of medium). A cover slip was then 

gently placed over the drop while still watching down the microscope, and small dots were 

made near each embryo with a red permanent marker to aid in their subsequent location. The 

cover slip was then gently compressed to flatten the blastocysts and put all cells on a single 

plane. Blastocysts were then visualised by a fluorescent microscope with a UV filter (ex: 330-

380nm) which causes the nuclei of the ICM to fluoresce blue and the nuclei of the 

trophectoderm cells to fluoresce pink. Due to photo bleaching of light sensitive PI the most 

accurate way to assess cell numbers is to first count both pink and blue nuclei under the UV 

filter to obtain total cell number, then count trophectoderm cells under a green filter (ex: 

530nm em 615nm). ICM cell nuclei number could then be calculated by subtracting 

trophectoderm cell number from total cell number.   

 

FIG. 8.1 Differential stain of a blastocyst. ICM nuclei stained blue, trophectoderm nuclei 

stained pink. Scale bar is 50μM 
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8.2  Insulin dilution 
 

In Chapter 4.0 embryos were cultured in G2 medium supplemented with 0.17, 1.7 and 
1700ρM insulin prepared as per the following protocol. 

Working in sterile conditions 9.75mg of insulin powder was dissolved in 10ml Milli Q 
water reduced to pH 2.0-3.0 with 1M HCl (insulin will not dissolve at neutral pH) (solution α). 

10µl of solution α was added to 10ml Milli Q water which was then sterile filtered with 
a 0.2 µm filter (solution β). 

 10µl of solution β in 990µl of G2 made the 1700ρM insulin medium. 

 10µl of solution β was added to 10ml Milli Q water which was then sterile filtered with 
a 0.2 µm filter (solution γ). 

 10µl of solution γ in 990µl of G2 made the 1.7ρM insulin medium. 

 1µl of solution γ in 990µl G2 (with 9µl Milli Q water sterile filtered with a 0.2 µm filter) 
made the 0.17ρM insulin medium.  
 
 
 
 

8.3  Inhibitor dilutions 
 

8.3.1  LY294002 
 

In Chapter 5.0 embryos were cultured in media supplemented with 50µM LY294002. 

 Working in sterile conditions LY294002 powder was dissolved in DMSO at 20mg/ml 
(solution α) and kept stored at -20oC. 

 10µl of solution α was diluted with 120µl G2 (solution β). 

 10µl of solution β in 990µl G2 made 50µM LY294002 medium. 

 

8.3.2  CT99021 
 

In Chapter 5.0 embryos were cultured in media supplemented with 0.04, 0.3, 3 and 15µM 
CT99021. 

Working in sterile conditions CT99021 powder was dissolved in DMSO at 20mg/ml 
(solution α) and kept stored at -20oC. 
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10µl of solution α was diluted with 276.5µl G2 (solution β) 

10µl of solution β in 990µl G2 made 15µM CT99021 medium 

2µl of solution β with 8µl DMSO in 990µl G2 made 3µM CT99021 medium 

10µl solution β was diluted with 90µl G2 (solution γ) 

2µl of solution γ with 9µl DMSO in 989µl G2 made 0.3µM CT99021 medium 

10µl of the 15µM solution was diluted with 27.5µl G2 (solution δ) 

10µl of solution δ with 10µl DMSO in 980 G2 made 0.04µM CT99021 medium 

 

8.3.3  H-89 
 

In Chapter 5.0 embryos were cultured in media supplemented with 10µM H-89. 

Working in sterile conditions H-89 powder was dissolved in DMSO at 10mM (solution 
α), and kept stored at -20oC. 

 10µl of solution α was diluted with 90µl G2 (solution β) 

 10µl of solution β in 990µl G2 made 10µM H-89 medium 

 

8.3.4  Pifithrin-α 
 

In Chapter 5.0 embryos were cultured in media supplemented with 30µM pifithrin-α 

Working in sterile conditions pifithrin-α powder was dissolved in DMSO at 20mg/ml 
(solution α), and kept stored at -20oC. 

20µl of solution α was diluted with 343µl G2 medium (solution β) 

10µl of solution β in 990µl G2 made 30µM pifithrin-α medium 

 

8.3.5  Nicotinamide 
 

In Chapter 5.0 embryos were cultured in medium supplemented with 10µM Nicotinamide 

 Working in sterile conditions 122.2mg of Nicotinamide powder was dissolved in 1ml 
Milli Q water and sterile filtered with a 0.2µm filter (solution α) 
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 10µl of solution α in 990µl G2 made 10µM Nicotinamide medium 

 

 

8.4  Hormone preparation 
 

8.4.1  Saline solution 
 

Working in sterile conditions 0.9g of ultra pure (99.5%) sodium chloride was dissolved in 
100ml Milli-Q water and then sterile filtered with a 0.2µm filter, making 0.9% sterile saline 
solution. Saline solution was filtered into a sterile container for immediate use. 

 

8.4.2  Equine chorionic gonadotropin (eCG) 
 

Working under sterile conditions eCG lypholized powder was dissolved in 0.9% sterile saline 
solution to a concentration of 50IU/ml. eCG solution was stored for up to 1 week at 2-4oC or 3 
weeks at -20oC. 

 

8.4.3 Human chorionic gonadotropin 
 

Working under sterile conditions hCG lypholized powder was dissolved in 0.9% sterile saline 
solution to a concentration of 50IU/ml. hCG solution was stored for up to 1 week at 2-4oC or 3 
weeks at -20oC. 

 

 

8.5  Solutions for immunocytochemistry 
 

8.5.1  Paraformaldahyde 
 

1g of paraformaldahyde powder was suspended in 25ml PBS and one drop of 1M NaOH. The 
powder was then dissolved by heating to 60oC with occasional agitation, making 4% w/v 
paraformaldahyde solution for the fixation of cells. Paraformaldahyde solution was stored at 
4oC for a maximum of 1 week. 
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8.5.2  Glycine 
 

37.5mg Glycine powder was dissolved in 5ml PBS, making 0.1M Glycine for the unmasking of 
fixed cells. Glycine solution was stored at 4oC. 

 

8.5.3  Triton-X solution 
5ml of PBS was added to 12.5µl of Triton-X which was dissolved by incubation for 1h at 37oC, 
making 0.25% PBS-TX solution for the permeabilisation of cells. PBS-TX was made fresh for 
each use. 

 

8.5.4  Donkey Serum 
 

50µl donkey serum was diluted with 950µl PBS, making 5% donkey serum solution for the 
blocking of cells. 5% donkey serum solution was made fresh for each use. 

 

8.5.5  Dapi 
 

5mg Dapi was dissolved in 1.428ml Milli-Q water making 10mM stock (solution α) 
which was kept at -20oC and protected from light.  

2µl of solution α was diluted with 198µl PBS (solution β) 

5µl solution β was diluted with 495µl PBS making 3µM Dapi solution for counter 
staining cell nuclei. 

 

 

8.6  Antibody validations 
 

8.6.1  OCT4 and Nanog 
 

OCT4 and Nanog antibodies used for immunocytochemistry were validated by negative 
controls where secondary antibodies were applied without primary antibodies first being 
applied. To confirm the specificity of the stain the negative controls were imaged by confocal 
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microscopy and gain was adjusted down to the level at which no fluorescence could be seen, 
experimental samples were then imaged at the same setting with the presence of 
fluorescence being taken as positive. 

 

8.6.2  SSEA1 
 

The SSEA1 mouse monoclonal antibody was validated using the differentiated MEFS on which 
the ESC colonies it stained were cultured as negative controls. As viewing these differentiated 
cells under epifluorescence showed no staining, the specificity of the SSEA1 antibody to 
pluripotent ESCs was confirmed. 

 

8.6.3  Antibodies for markers of germ cell lineage 
 

Antibodies for VEGFRII, CXCR4, SOX17 and Nestin were validated with both positive and 
negative controls. Differentiated cells from the established commercial D3-ES cell line, which 
are known to be capable of differentiating to the desired cell types, were used as positive 
controls (section 2.13.4.4). For the negative control secondary antibodies were applied 
without primary antibodies first being applied, with the lack of fluorescence under 
epifluorescent microscopy confirming specificity. As the techniques used to direct 
differentiation are known to not be 100% efficient, further evidence of the specificity of the 
primary antibodies was provided by the anticipated presence of a subpopulation of cells which 
did not express the stained for markers within the differentiated cell populations.  
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