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CHAPTER 1
General introduction and outline of the thesis
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The preimplantation stage of human development is a fascinating biological process where 
within a very short period of time the two gametes fuse to become a new diploid zygote 
that can give rise to all cells of the future body. The molecular events that occur during 
human preimplantation embryo development are poorly understood, but experimental 
studies in animal model systems (mainly mice) have provided considerable insights into 
these processes.

The entry of the sperm into the oocyte triggers a cascade of events before the formation 
of the zygote. These events include amongst others the completion of the second meiotic 
division of the oocyte, the extraction of the second polar body and chromatin remodeling 
of the paternal nucleus, thereby permitting the two nuclei to fuse and form the zygote [1]. 
The zygote is a totipotent cell capable of differentiating into every specialized cell type of 
the human body to be, including the extra embryonic tissues (placenta). Subsequently, 
the zygote undergoes a series of mitotic divisions (early cleavages) producing increasing 
numbers of progressively smaller cells, known as blastomeres, without changing the overall 
size of the embryo (Figure 1). In humans, the first cleavage occurs at about 24 hours after 
fertilization and the next cleavages take place at intervals of approximately 24 hours [2, 3]. 
The cell-cycle length varies not only among embryos but also among blastomeres of the 
same embryo; thus, the total blastomere number of an embryo can vary from the expected 
even numbers given in Figure 1. An intriguing characteristic of the early preimplantation 
embryo during the first four divisions is its adaptability. Exemplary of this is that early 
embryos can easily withstand removal, addition or rearrangement of cells [4, 5].

The advent of assisted reproductive technologies greatly boasted research on human 
preimplantation embryos. The first successful in vitro fertilization (IVF) of a human oocyte 
was performed in 1944 by John Rock and Miriam Menkin [6] but it took until 1978 until 
the first live birth after IVF was reported by Patrick  Steptoe and Robert Edwards [7]. Since 
then, more than five million children have been conceived using assisted reproductive 
technologies (ART) [8]. In these thirty-five years, some of the major developments in assisted 
reproduction include improved ovarian stimulation, intracytoplasmic sperm injection 
(ICSI) to obtain fertilization using only a single spermatozoon [9], blastocyst culture [10, 11], 
embryo biopsy to diagnose genetic defects [12], egg and embryo cryopreservation [13, 14], 
and egg and sperm donation [15]. Even though assisted reproductive techniques are well-
established treatments for infertility, and despite the above mentioned advancements, the 
major quest still is to increase success rates. Less than 20% of embryos selected for transfer 
implant and the two largest data collections report a delivery rate per started cycle of only 
20% and 22% for IVF and ICSI respectively [16, 17]. 

During an IVF/ICSI treatment, oocytes and preimplantation embryos are cultured in the 
laboratory for a period of two to six days. An inappropriate culture environment could 
lead to changes in the (epi) genome, transcription, and metabolism of the embryos 
potentially impairing embryo quality and hence the chance of pregnancy [18-28]. Aspects 
of in vitro embryo culture that could affect embryo quality include culture media, oxygen 
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concentration, mineral oil overlay, temperature, embryo density, air quality, osmolality and 
pH [23, 27, 29-31].

The first culture media used for human IVF were those that were initially developed for 
somatic cell and tissue culture and then adapted for embryo culture, at first in laboratory 
animals (e.g. Ham’s F10, Earle’s balanced salt solution, Tyrode’s T6 and WM1) [32]. Specific 
culture media for human embryos were further developed halfway the nineteen eighties 
with the addition of serum albumin as a source for amino acids [33] and the introduction 
of HTF medium [34] that was based on the then-known chemical composition of human 
tubal fluid [35]. Over the past decades considerable effort has been made to optimize 
culture media by reducing glucose concentrations [36], adding amino acids [37-40] and 
supplementing media with growth factors [41-43]. At the time the research in this thesis 
was initiated little was known on the response of developing human preimplantation 
embryos to their environment, but it was well accepted that optimizing culture media 
could increase embryo quality and hence success rates of the IVF/ICSI treatment.

Background

Molecular control of preimplantation embryo development

During the early cleavages, the human embryo is transcriptionally silent [44, 45] and cell 
divisions are under control of maternally inherited mRNA and proteins. During this period, 
maternally synthesized products that were essential for oocyte development are no longer 
necessary and products that are necessary for proper embryo development should start 
to be expressed. The time from fertilization to embryonic genome activation varies among 
different species; in humans, transcription of the embryonic genome does not start until 
the third day of development at the four-to-eight cell stage [44, 45], whereas in the mouse 
it already commences at day one at the two-cell stage [46]. 

The eight-to-sixteen cell human embryo subsequently undergoes compaction, where the 
intercellular adhesion is increased and the cells adopt a more flattened morphology. After 

Figure 1: The stages of human preimplantation embryo development.
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the fifth cleavage, a small cavity (the blastocoel) starts to form among the blastomeres. The 
cavity continues to expand and the embryo is then called a blastocyst. At this point, the 
first cell fate decision is made; external cells (now defined as trophectoderm, TE) adopt an 
epithelial morphology and surround the whole embryo whereas internal cells (now defined 
as inner cell mass, ICM) aggregate as a single mass that is attached to the TE [47]. TE is 
essential for implantation by directly interacting with the mother’s uterus, and gives rise to 
the extra-embryonic tissues including the placenta. The ICM is the pluripotent progenitor 
of the embryo proper. A study in day 5 human blastocysts has shown that, unlike in mice 
blastocysts, human TE cells are not yet committed and they can still differentiate into ICM 
cells when repositioned in the center of an embryo [5].

The mechanisms that govern this decision involve cell polarity, cell position, transcriptional 
regulation and epigenetic modifications. At the level of transcription, TE cells have more 
Cdx2 transcripts than cells that form the ICM. The expression of Cdx2 down-regulates the 
expression of Oct4 and Nanog which further promotes the specification of the TE [48]. In 
contrast, expression of Oct4 and Sox2 transcription factors promote the expression of Nanog 
that ensures the pluripotency of the ICM. Cell polarity affects the spatial distribution of Cdx2 
transcripts within a given cell and in turn, Cdx2 expression reinforces cell polarity [49-51]. 
In regards to epigenetic regulation, during gametogenesis genome-wide demethylation 
occurs followed by remethylation before fertilization [52]. Early embryo development is 
characterized by a second genome-wide demethylation event [52]. At the blastocyst stage, 
de novo methylation is observed specifically in the ICM, but not in the TE, indicating an 
important role of DNA methylation in lineage specification [53]. DNA methylation of the 
TE occurs after the segregation of ICM and TE in the mouse preimplantation embryo [54]. 
Further, post-translational modifications of histone proteins restrict or facilitate access of 
transcription factors to the above mentioned genes (Cdx2, Nanog, and Oct4) involved in 
differentiation, controlling their expression in particular cell types [55-57]. 

Chromosomal aneuploidies in human preimplantation embryos

Studies into the chromosomal content of human preimplantation embryos have revealed 
a high rate of errors in the number of chromosomes (chromosome aneuploidy). Only 22% 
of human preimplantation embryos on day 3 have a normal number of chromosomes 
(diploid), 5% contain the same aneuploidy in all cells and 73% contain cells with different 
aneuploidies (mosaicism). From the mosaic embryos, 80% are diploid-aneuploid mosaics 
containing both diploid and aneuploid cells [58]. Chromosomal aneuploidy has a 
negative impact on embryo quality causing embryos to arrest in their development, to fail 
implantation, to spontaneously abort or to result in a child with a genetic defect [59-63]. 

Chromosomal aneuploidies can be inherited from an aneuploid oocyte or - more rarely - 
from an aneuploid spermatozoon or can arise de novo after fertilization. When every cell 
of an individual embryo carries the same aneuploidy, then the error most probably was 
caused during meiosis and aneuploidies that are present in some, but not all, cells most 
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likely have arisen during the mitotic divisions of the developing embryo.  The exact causes 
of these chromosomal errors are not yet fully understood. 

The in vitro environment of IVF embryos

It is known from IVF treatments that embryo quality varies among embryos and that the 
(morphological) quality of the embryo correlates with pregnancy chances after IVF [64, 
65]. It is therefore important to define the basic mechanisms controlling human embryo 
quality, especially in relation to culture conditions. This will enable the design of better 
culture environments for embryos, thereby minimizing the negative influences of in vitro 
embryo culture, and improving healthy development during pregnancy and healthy 
post-gestational life. Although multiple embryo culture media are being used in daily IVF 
practice it is unknown if, and if so to what extent, these media vary in their effect on the 
embryos cultured in it, on the quality of the embryos, and on the outcomes and success 
rates of IVF/ICSI treatment. 

Aim and outline of the thesis

The goal of this thesis was to improve embryo quality in assisted reproductive technologies 
by gaining more insight into human preimplantation embryo development and by 
improving in vitro culture conditions. To do so, we investigated an intriguing feature of 
the human preimplantation embryo, i.e. its mosaic nature, and the occurrence of mitotic 
aneuploidies. To improve in vitro culture conditions, we aimed to elucidate the effect of 
culture media on human preimplantation embryo development, and on the success rates 
of IVF/ICSI treatment. 

In Chapter 2 we assessed which preimplantation stages and divisions of human 
preimplantation development are most susceptible to aneuploidies.

Next, we reviewed the mechanisms causing these abnormalities, and the fate of aneuploid 
cells within human preimplantation embryos (Chapter 3).

To gain more insight into the molecular events that regulate early development of human 
preimplantation embryos, we developed a protocol that allows accurate and reproducible 
gene-expression analysis in single cells (Chapter 4). 

In Chapter 5, we used this protocol to determine the influence of various biological and 
environmental factors, such as the medium used for culturing embryos and the maternal 
age, on the gene-expression profiles of human embryos. 

In order to assess the clinical effect of culture media on IVF/ICSI success rates we first 
conducted a systematic review to assess their impact on embryo quality and IVF outcomes 
(Chapter 6). 
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Subsequently, we directly compared two commonly used culture media by means of a 
multi-center randomized controlled trial (Chapter 7). 

In Chapter 8 we discussed the relevance of the work performed in this thesis and presented 
suggestions for future research. 

The results of this work were summarized in Chapter 9. 
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