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1. Introduction 

Delayed child-bearing has increased greatly in recent decades (Balasch and Gratacos, 

2012). In women approaching the end of their reproductive age, there is an increased 

risk of pregnancies with aneuploidy (Hassold and Hunt, 2001), like trisomy 21 (Down 

syndrome), trisomy 18 (Edwards syndrome) and trisomy 13 (Patau syndrome). 

Chromosome non-disjunction during meiosis leads to aneuploidy and the frequency of 

aneuploidy increases in older mothers (Hassold and Hunt, 2009). Maternal age does not 

only relate to the risk of genetic abnormalities in children, but also affects mother’s 

fertility (Balasch and Gratacos, 2012). Assisted reproductive technologies use several 

methods including ovarian hyperstimulation and pre-implantation genetic diagnosis to 

give the chance in older mothers not only to increase their fertility but also to identify 

embryos with potential genetic abnormalities (Chang et al., 2015). However, there is no 

success guarantee (Johnson et al., 2012) and side effects for both mother and embryo 

can occur (Hansen et al., 2005; Johnson et al., 2012).  

The potential mechanisms that may play a role in improper chromosome segregation 

with increasing maternal age have been under investigation for many years. The factors 

that have been proposed to play a role in improper chromosome segregation can be 

classified in intrinsic and extrinsic factors. The intrinsic factors within oocytes include the 

deteriorated cohesion (Duncan et al., 2012, Chiang et al., 2010), aberrations in the 

spindle organization (Volarcik et al., 1998), failure of the spindle assembly checkpoint 

(Hunt et al., 1995, LeMaire-Adkins et al., 1997), improper recombination (Cheng et al., 

2009), histone modification changes (Akiyama et al., 2006), telomere shortening (Liu et 

al., 2002a) and TGF-β signaling pathway mutations (Trombly et al., 2009). Extrinsic 
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factors such as the endocrinological microenvironment (Acevedo et al., 2007), 

environmental factors (Hunt et al., 2003) and lifestyle habits (Jennings et al., 2011) have 

been also proposed to play a role in chromosomal missegregation.  

Highly evolved confocal laser scanning microscopy has given the chance to obtain high 

resolution images and has enabled the reconstruction of three-dimensional cell 

structures (Fellers and Davidson, 2007). Taking advantage of this continuous improving 

method, important structures of the oocyte meiotic machinery can be visualized with 

eliminated or reduced background information in extremely high-quality images. This 

has given the opportunity to examine various meiotic structures with high accuracy, and 

subsequently detect differences between oocytes from young and old populations.  

Earlier studies have shown in many different organisms a relation between maternal 

age, chromosomal distribution and microtubular cytoskeleton (Volarcik et al., 1998; 

Tremoleda et al., 2001; Pickering et al., 1988; Eichenlaub-Ritter et al., 1988b). Using the 

advantages of high resolution confocal microscopy, visualization of cytoskeletal proteins 

could reveal important and interesting information concerning chromosomal aberration 

and cytoskeletal proteins configurations with increasing maternal age. 

Recent studies focus on the hypothesis that maternal age-associated increase in 

aneuploidy is related to a failure to effective replace cohesion proteins that are lost from 

chromosomes during aging taking advantage of confocal laser scanning microscopy 

(Duncan et al., 2012; Chiang et al., 2010; Hodges et al., 2005; Jessberger, 2012; Lister 

et al., 2010; Garcia-Cruz et al., 2010; Merriman et al., 2013). However, while data from 

mouse models are consistent with the idea that increased inter-kinetochore distance 

results in nondisjunction due to weakened interactions of cohesion proteins with 
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microtubules-anchored chromatids (Chiang et al., 2010), similar studies performed with 

human oocytes show controversial results (Garcia-Cruz et al., 2010; Duncan et al., 

2012).  

Goals of this study were to examine the effect of increasing maternal age on 

superovulation efficiency in both mouse and human. Furthermore, using the advantages 

of high resolution confocal microscopy, specific alterations of microtubular and actin 

cytoskeleton in a mouse model during meiosis II were evaluated. Additionally, a new 

option for distance measurement in 3D confocal reconstructions was proposed to 

examine loss of chromosome cohesion as a cause of age-related aneuploidy in human 

oocytes. 
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1.1 HUMAN FEMALE REPRODUCTIVE SYSTEM 

1.1.1 Anatomy of the ovary 

The ovary is part of the female pelvic reproductive system. Vertebrates possess a pair of 

ovaries and each ovary is in the human pubescent female about 2.5-5 cm in length, 1.0-

3 cm in width and 0.5-1.5 cm in thickness (Stauber and Weyerstahl, 2007). Ovaries are 

located on either side of the uterus attached to the broad ligament through the mesovary 

below the uterine tubes. They have three components: 1. the outer limit of the ovary, 

called 'tunica albuginea', which is a thick fibrous subepitheal layer of loose connective 

tissue-cells (Bukovsky et al., 2005; Bukovsky et al., 2004). Mesenchymal cells in tunica 

albuginea differentiate into surface epithelium, a source of germ cells entering blood 

vessels and contributing to follicular renewal (Bukovsky et al., 2005). This ovarian 

surface epithelium covers the ovary and is composed of a single layer of flat-to-cuboidal 

epithelial cells (Auersperg et al., 2001). 2. the cortex (outer part of the ovary) which is 

largely composed of a connective tissue stroma and contains approximately 952000 

ovarian follicles at birth (Faddy et al., 1992) and 3. the medulla (inner part of the ovary), 

which contains neurovascular structures, clusters of hilar cells and some smooth muscle 

cells (Lowe and Anderson, 2015) (Fig.1).  
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Fig. 1: Anatomy of the ovary. 

The ovary has three components, the tunica albuginea, the cortex and the medulla. 

Neurovascular structures enter the hilum of the ovary via the mesovarium. The ovaries contain 

all the oocytes that will eventually mature and be released during ovulation. Primordial follicles 

develop into primary, secondary and tertiary follicles. After rupturing and extraction of the 

ovulated oocyte, the follicle is turned into a corpus luteum.  

(Schematic illustration modified from Benjamin Cummings 2001, an imprint of Addison Wesley 

Longman, Inc.; Images adapted from histological slides prepared at the Institute for Functional 

and Applied Anatomy, Hannover Medical School (https://www.mh-hannover.de/19194.html)). 

 

1.1.2 Function of the ovary 

The ovary has both a generative (oocyte maturation) and an endocrine (hormone 

secretion) function. Ovaries nurture and prepare oocytes for the process of ovulation 

and also secrete estrogen, progesterone and testosterone. These hormones are vital to 

a normal reproductive development and fertility (Stauber and Weyerstahl, 2007). 
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1.1.3 Oogenesis 

Ovum production or oogenesis begins before a female’s birth, from the second to the 

seventh month of gestation. The oocytogenesis is the process of developing oogonia. 

The oogonia divide rapidly from the second to the seventh month of fetal development 

and they complete their mitotic divisions before birth. After the seventh month of 

embryonic development most oogonia die, while the remaining oogonia, the daughter 

cells, or primary oocytes, prepare to undergo the first meiotic division (Pinkerton et al., 

1961) (see 1.2.1). This process stops at prophase of meiosis I and the primary oocytes 

remain in a state of suspended development (dictyate stage) until puberty, when rising 

levels of follicle stimulating hormone (FSH) trigger the beginning of the ovarian cycle. 

Each month thereafter, some of the primary oocytes will be stimulated to undergo further 

development. Not all primary oocytes produced during development survive until puberty 

(see 1.1.4). Oogenesis produces one functional ovum, which contains most of the 

original cytoplasm, and two or three polar bodies, nonfunctional cells that later 

disintegrate (Table 1). The ovary releases a secondary oocyte rather than a mature 

ovum. The secondary oocyte is suspended in metaphase of meiosis II; meiosis will not 

be completed unless and until fertilization occurs (Moore et al., 2013; Gilbert, 2000) 
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Table 1: Oogenesis.  

The stages of oogenesis including formation of oogonium and its development into mature 

ovum.  

 

1.1.4 Folliculogenesis 

Folliculogenesis describes the progression of a number of small primordial follicles into 

mature follicles that enter the ovarian cycle. At about 5 months post-conception, the 

cortex of the ovary contains its peak number of follicles (about 7 million). After the 

seventh month of development, cell-degeneration starts taking place. Many oogonia and 

primary oocytes degenerate in a process called atresia. The ovaries have roughly 

600,000 to 800,000 primordial follicles at birth, each containing a primary oocyte. By the 

time of puberty, the number has dropped to about 400,000. Only about 500 of these 

follicles reach the pre-ovulatory stage. The remaining primordial follicles degenerate 

(Sadler, 2008).  

Follicles are surrounded and enmeshed in a framework of collagen fibers, with 

fibroblasts and other cells among them. The individual follicles, each of which contains 

Process Cell type Process completion 

Oocytogenesis oogonium  before birth 

Mitosis primary 

oocyte  

dictyate in prophase I (some oocytes stay 

arrested for nearly 50 years) 

Meiosis I secondary 

oocyte  

arrested in metaphase II until fertilization  

Meiosis II mature ovum  
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an oocyte that can potentially be ovulated, progress through various maturation stages. 

The primordial follicle is the earliest maturation stage. It contains a small primary oocyte 

arrested in the dictyate state of prophase and a single layer of a thin, squamous follicular 

epithelium of granulosa cells closely apposed to the oocyte. The primary follicle, the next 

stage, also has a single layer of epithelium, but it is cuboidal in shape. In the next stage, 

the follicular epithelium becomes distinctly stratified and the oocyte develops a thick, 

glycoprotein membrane, the zona pellucida. This is the secondary follicle. Meanwhile, in 

the region outside of the developing follicle interstitial cells are forming the „theca“. The 

thecal cells will eventually come to form an envelope around the outside of this follicle. 

As the follicular epithelium proliferates and stratifies, it is also producing fluid and 

secreting it into the interstitial space. This fluid forces the cells apart and a fluid-filled 

cavity, the antrum, is formed. This is the tertiary or antral follicle. By the time a follicle 

reaches this stage, the thecal cells are forming a distinct zone of their own. The oocyte 

has become isolated onto a mound of follicular cells, the cumulus oophorus. The corona 

radiata is the innermost layer of the cumulus oophorus and is directly adjacent to the 

zona pellucida, the glycoprotein membrane that surrounds the plasma membrane of the 

oocyte. During ovulation, the oocyte is released from the follicle, along with the corona 

radiata. Following ovulation, the granulosa cells divide rapidly and enlarge to from the 

yellow corpus luteum. When the corpus luteum degenerates, it forms the white corpus 

albicans (Sadler, 2008; Williams CJ, 2012) (Fig. 1). 

 

1.1.5 The ovarian cycle 

The ovarian cycle lasts about 28 days, beginning at the first day of menstruation (Fig. 2).  
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o Follicular phase 

The follicular phase is the phase of the ovarian cycle during which follicles in the ovary 

mature. It lasts from the beginning of menstruation and ends with the ovulation. 

Follicular development begins under FSH stimulation. The elevation of FSH level allows 

the recruitment of a cohort of ovarian follicles in each ovary, one of which is destined to 

ovulate. These cyclic increases in the number of antral follicles, referred to as 

“recruitment of a follicular cohort” have been observed at regular intervals during the 

ovarian cycle in women (Baerwald et al., 2003). There is inconsistency in the literature 

however, regarding the number of recruitment episodes that occur during the human 

menstrual cycle (Baerwald et al., 2012). As the follicles enlarge, thecal cells produce 

androgens. Within the granulosa cells these androgens are converted to estrogens, the 

major ovarian hormones.  

o Ovulation 

Ovulation occurs in the middle of the ovarian cycle, after the follicular phase and is 

followed by the luteal phase. The process of ovulation is controlled by the hypothalamus. 

Estrogen levels peak towards the end of the follicular phase, which causes a surge in 

levels of luteinizing hormone (LH) and follicle-stimulating hormone (FSH). The surge of 

the LH leads the oocyte to complete the meiosis I and arrest at the metaphase of 

meiosis II. Smooth muscle cell contractions of the ovary result in the rupture of the 

ovarian follicle (a hole called stigma is formed), causing the cumulus-oocyte complex 

(COC) to be released (Reed and Carr, 2011; Sadler, 2008).  
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o Luteal phase 

The luteal phase is the later phase of the ovarian cycle. It begins with the formation of 

corpus luteum and ends in either pregnancy or luteolysis. The main hormone associated 

with this phase is progesterone. Without the oocyte, the follicle transforms into the 

corpus luteum, a steroidogenic cluster of cells that produces particularly progesterone 

and to a lesser extent estrogen. Progesterone plays a vital role in making the 

endometrium receptive to implantation and supportive of the early pregnancy. Estrogen 

causes one or two days of fertile cervical mucus. The hormones produced by the corpus 

luteum suppress production of the FSH and LH that the corpus luteum needs to maintain 

itself. With continued low levels of FSH and LH, the corpus luteum atrophies and 

estrogen and progesterone levels fall too. This triggers the end of the luteal phase and 

the beginning of menstruation. The corpus luteum undergoes luteolysis and forms a scar 

tissue, called corpus albicans. If implantation occurs, the human embryo produces 

human chorionic gonadotropin (hCG), which is structurally similar to LH. The corpus 

luteum continues producing progesterone until the placenta takes over this function 

(eight to twelve weeks later) (Sadler, 2008; Reed and Carr, 2011). 
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Fig. 2: The ovarian cycle. 

Rising and falling hormone levels result in progression of the ovarian cycle. Schematic 

illustration modified from Wira et al. (Wira et al., 2015).  

 

1.1.6 Superovulation 

As part of assisted reproductive technologies, such as in vitro fertilization (IVF), a 

regimen of fertility medication is used to stimulate the development of multiple follicles of 

the ovaries in one single ovarian cycle, resulting in superovulation. Generally, IVF 

stimulation protocols involve the use of three types of drugs. At first, a medication that 

suppresses the LH surge and ovulation until the developing oocytes become mature. 

There are two classes of drug used for this: GnRH-agonist and GnRH-antagonist. Then, 

a FSH (follicle stimulating hormone) product is used to enhance the development of 
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multiple oocytes and finally HCG (human chorionic gonadotropin) to cause final 

maturation of the oocytes (Felberbaum et al., 2009). Using the superovulation technique 

for experimental reasons, it has been shown that female mice can be used to ovulate a 

greater number of oocytes than normal at a predictable time (Luo et al., 2011).  

However, the mean number of oocytes recovered from superovulated female mice 

appears to be reduced in older female mice compared to younger ones (Pan et al., 

2008; Merriman et al., 2012) 

1.2 MEIOSIS IN FEMALES 

Meiosis is a special type of cell division, which only takes place in reproductive tissue 

and leads to the reduction of the diploid chromosome number by half, creating haploid 

gametes. In females, meiosis occurs in oogonia. Each oogonium that initiates meiosis 

divides twice (meiosis I and meiosis II) unequally each time. Meiosis in females is an 

asymmetrical cell division and results in three products, the oocyte and two polar bodies 

(Fig. 3).  

1.2.1 Meiosis I 

The first stage of meiosis begins with a diploid oogonium that has two copies of each 

type of chromosome, one from each the mother and father, called homologous 

chromosomes. During prophase I the homologous chromosomes align, and exchange of 

genetic material between the chromatids of different homologues (homologues 

recombination) in a process called “crossing over” may occur (Nagaoka et al., 2012). In 

human fetal oogenesis, all developing oocytes develop to this stage, called diplotene 

(dictyate) stage of prophase I and remain so until puberty (dictyate arrest). Once the 



1. Introduction 

20 
 

female reaches puberty, small clutches of these arrested oocytes proceed the meiotic 

process and complete meiosis I. At metaphase I, homologous chromosomes line up on 

the equatorial plate. During anaphase I, chromosomes from each pair move to opposite 

poles of the cell. The centromeres of the chromosomes do not divide, so each 

chromosome still consists of two sister chromatids, which now may not be genetically 

identical due to crossing over. At the time of ovulation, the oocyte has completed 

meiosis I, yielding two cells: the larger secondary oocyte that contains all of the 

cytoplasmic material and a smaller, inactive first polar body (Sadler, 2008; Moore et al., 

2013) 

1.2.2 Meiosis II 

During the second half of meiosis, in prophase II, the chromatin again condenses into 

discrete chromosomes. At metaphase II, the chromosomes have lined up in the 

equatorial plate. Microtubules from opposite poles attach to each sister chromatid of a 

chromosome. Meiosis II is arrested in the metaphase until fertilization. During anaphase 

II, the centromeres divide, and both chromatids move to opposite poles. If no fertilization 

occurs, the oocyte degenerates (Sadler, 2008; Moore et al., 2013) (Fig. 4).  
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Fig. 3: Meiosis I and II. 

 (A) Homologous recombination (B) Homologous separate at anaphase I, with one remaining in 

the egg and the other segregating to the first polar body. The ovulated egg is arrested at 

metaphase II (C) Fertilized egg. Fertilization triggers the second meiotic division, which results in 

the separation of sister chromatids, one remaining in the egg and the other segregating to the 

second polar body. Adapted and modified from Nagaoka et al. (Nagaoka et al., 2012). 

 

 

 

Fig. 4: Oogenesis and the female meiotic cycle. 

Prophase: after DNA replication, homologous chromosomes undergo pairing, synapsis and 

recombination, and arrest at the diplotene (dictyate) stage. Dictyate arrest: oocytes remain in 

meiotic arrest until the female reaches maturity and the oocyte has completed an extensive 

period of growth following follicle formation. The divisions: the luteinizing hormone surge that 

triggers ovulation also causes resumption and completion of the first meiotic division in the 

oocyte. The ovulated mature oocyte is arrested at second meiotic metaphase, and anaphase 

onset and completion of meiosis II only occur if the egg is fertilized. Adapted from Nagaoka et al. 

(Nagaoka et al., 2012). 
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Because the oocyte remains arrested in prophase for most of its lifetime, age-related 

errors that affect chromosome segregation could arise during this stage. However, there 

is evidence that meiotic prophase and the meiotic divisions all contribute as well 

(Hassold and Hunt, 2009). 

1.2.3 Activation of MII arrested oocyte 

Oocytes are arrested at meiosis II after ovulation and complete meiosis after fertilisation. 

Although sperms supply the natural stimulus responsible for oocyte activation, oocytes 

may also be activated parthenogenetically by a variety of physical and chemical stimuli 

(Ibanez et al., 2005). Even if mammalian oocytes, under appropriate stimuli, can 

undergo parthenogenetic activation, parthenogenesis is not a natural form of 

reproduction in mammals (Paffoni et al., 2008). This results in the anaphase II onset and 

extrusion of the second polar body without fertilization.  

1.3 CYTOSKELETON AND MEIOSIS-ASSOCIATED PROTEINS 

1.3.1 Microtubules 

Microtubules are a principal component of the cytoskeleton. These dynamic and polar 

structures are composed of a globular protein, called tubulin, a dimer consisting of two 

polypeptides, α-tubulin and β-tubulin (Moores, 2008). Tubulin dimers polymerize to form 

microtubules, which consist of protofilaments assembled around a hollow core. 

Microtubules have different polymerization rates at the two ends. In each protofilament, 

the αβ heterodimers are oriented with their β-tubulin monomer pointing towards the 

faster-growing end (plus end) and their α-tubulin monomer exposed at the slower-

growing end (minus end) (Conde and Caceres, 2009). A characteristic property of 
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microtubules is their ability to undergo cycles of rapid growth and disassembly, known 

as dynamic instability. These results from the hydrolysis of GTP bound to β-tubulin 

during or shortly after polymerization, which reduces its binding affinity for adjacent 

molecules. However, if GTP is hydrolysed more rapidly than new subunits are then 

added, the presence of GDP-bound tubulin at the end of the microtubule leads to 

disassembly and shrinkage (Raynaud-Messina and Merdes, 2007; Conde and Caceres, 

2009). Microtubules extend outward from a microtubule organizing centre (MTOC) 

(Luders and Stearns, 2007). In animal cells the major microtubule organizing centre is 

the centrosome. It contains a third tubulin isoform (γ-tubulin) and it plays a critical role in 

initiating microtubule assembly (Fig. 5).  

                                             

Fig. 5: Microtubules. 

Microtubules are polarized structures composed of α- and β- tubulin 

heterodimer subunits assembled into linear protofilaments. A third 

tubulin isoform, γ-tubulin, functions as a template for the correct 

assembly of microtubules. Microtubules show “dynamic instability”. 

This refers to ability of dynamically switching between growing and 

shrinking phases at the ends of the microtubules. The GTP bound to 

α-tubulin is stable and it plays a structural function in this bound 

state. However, the GTP bound to β-tubulin may be hydrolysed to 

GDP shortly after assembly. Adapted from Weisenberg et al. 

(Weisenberg et al., 1976).  

 

During meiosis, microtubules similarly extend outward from duplicated centrosomes to 

form the meiotic spindle, which is responsible for the separation and distribution of 

http://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3406/
https://en.wikipedia.org/wiki/Hydrolysis
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chromosomes to daughter cells. The attachment of microtubules to chromosomes is 

mediated by kinetochores, which actively monitor spindle formation and prevent 

premature anaphase onset. Once the two sets of chromosomes are bi-oriented, 

anaphase commences and cohesin, a protein complex that regulates the separation of 

sister chromatids (see 1.3.4), is severed, permitting the transit of homologous 

chromosomes (meiosis I) or sister chromatids (meiosis II) to opposite poles (Cooper, 

2000; Maiato et al., 2004).  

1.3.2 Actin filaments 

The actin cytoskeleton plays crucial roles in the oocyte maturation process, especially 

during events that involve an asymmetric spatial organization of cell division 

machineries. Actin filaments are instrumental for asymmetric spindle positioning and the 

establishment of oocyte polarity needed for extrusion of polar bodies during oocyte 

meiotic division (Yi and Li, 2012; Li and Albertini, 2013). At the end of meiosis I, the 

bipolar spindle migrates toward the oocyte cortex. Spindle migration induces the local 

reorganization of the cortex of the oocyte and the first polar body is extruded (Brunet 

and Maro, 2005). Actin forms a region of polarized accumulation of actin filaments, 

called actin cap (Sun et al., 2011; Delimitreva et al., 2012) (Fig. 6).   
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Fig. 6: Cortex organization and actin cap formation during meiosis. 

Schematic illustration created according to Yi and Li (Yi and Li, 2012). 

 

Changes in the organization of microtubules and microfilaments provide the framework 

for chromosomal reorganization and play a fundamental role in the resumption of 

meiosis in mammalian oocytes (Kim et al., 1998), (Tremoleda et al., 2001). Delimitreva 

et al. described variations in the organization of microtubules, actin microfilaments and 

chromatin in marmoset oocytes arrested at metaphase I and metaphase II  (Delimitreva 

et al., 2012) (Fig. 7).  

Since proper segregation of chromosomes is dependent on their attachment to the 

spindle microtubules, spindle malformation is accompanied with chromosome 

missegregation (Wang et al., 2011b; Battaglia et al., 1996; Volarcik et al., 1998) (see 

1.6.1). Abnormal or incomplete chromosomal condensation has been found to be related 

to increased frequency of missing actin caps and large and disorganized spindles in 

marmoset oocytes (Delimitreva et al., 2012). 
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Fig. 7: Different phenotypes of 

cytoskeletal and chromatin structures of 

metaphase MI and MII.  

In vitro matured marmoset oocytes. 

Microtubules are labeled with green, fibrillar 

actin-red, chromatin-blue; bar equals 20μm. 

Modified from Delimitreva et al. 

(A) MI oocyte showing normal actin cap 

formation, broad spindle poles and normally 

condensed unaligned chromosomes  

(B) MI oocyte showing split actin cap, 

extremely broad spindle poles and normally 

condensed unaligned chromosomes.  

(C) MII oocyte with polar body (pb) showing a small actin cap, normal spindle and normally 

condensed aligned chromosomes. (D) MI oocyte with missing actin cap, disorganized spindle 

and decondensed unaligned chromosomes (Delimitreva et al., 2012). 

1.3.3 Centromere and kinetochore 

The centromere is the region of a chromosome that joins two sister chromatids. It is 

involved in cell division as the point of meiotic spindle attachment. The sister chromatids 

are attached all along their length, but they are closest at the centromere. During 

meiosis, spindle fibers attach to the centromere via the kinetochore (Mehta et al., 2010). 

The kinetochore is the protein structure on chromatids where the spindle fibers attach 

during cell division to pull sister chromatids apart. The kinetochore contains two regions: 

an inner kinetochore, which is tightly associated with the centromere DNA and an outer 

kinetochore, which interacts with microtubules (Maiato et al., 2004). 
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1.3.4 Cohesin 

Cohesin is a protein complex that is involved in the separation of sister chromatids 

during cell division (Prieto et al., 2004). It is formed by four protein subunits (SMC1, 

SMC3, SCC1 and SCC3) and/or specific subunits such as REC8 (meiotic SCC1), 

STAG3 and SMC1β. Centromere cohesion is established at meiosis I and this depends 

on REC8 scaffolding activity. At the onset of anaphase I, cohesion along the 

chromosome arms, but not at centromeres, is cleaved by separase, so that homologues 

separate to opposite sides. The pericentromeric cohesion complex is separated in 

meiosis II to produce the sister chromatids (Hagstrom and Meyer, 2003) (Fig. 8). Recent 

studies have shown that the pericentromeric cohesion relates to age-related aneuploidy. 

Particular weakened centromere cohesion and/or sister chromatid cohesion has been 

shown to be a cause of increasing chromosome segregation errors in oocytes of a 

mouse model with maternal aging (Chiang et al., 2010; Lister et al., 2010) (see 1.6.1).  
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Fig. 8: Cohesin. 

Cohesin is a four-member protein complex that is required to hold together the sister chromatids 

of newly replicated chromosomes. (B) Cohesin contains a heterodimer of the SMC proteins 

SMC1 (blue) and SMC3 (purple), which is associated with the non-SMC proteins SCC1 (orange) 

and SCC3 (yellow). (A) During meiosis I when homologues are paired, cohesin REC8 (meiotic 

SCC1) localizes along chromosome arms, but when sister chromatids are paired during meiosis 

II, cohesin is only found between centromeres. Dissociation of cohesin at anaphase is triggered 

by the proteolytic cleavage of its SCC1 or REC8 subunit by a protease called separase. 

Cleavage of SCC1 is necessary for sister-chromatid separation, and is an irreversible entry into 

anaphase. Adapted and modified from Hagstrom and Meyer (Hagstrom and Meyer, 2003). 
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1.4 MEIOTIC NON-DISJUNCTION 

Non-disjunction refers to an error in cell division. It is either the failure of homologous 

chromosomes to separate properly during meiosis I or the failure of sister chromatids to 

separate properly during meiosis II (Hassold and Hunt, 2001) (Fig. 9). If non-disjunction 

occurs in meiosis I, both chromosomes of a homologous pair migrate to the same pole, 

leaving one daughter cell without a chromosome. The cells go normally through meiosis 

II, producing four gametes with unusual numbers of chromosomes. Two gametes have 

one complete set of chromosomes plus one extra chromosome, indicated by n+1. The 

other two gametes lack a chromosome and are designated n-1. The results are different 

when non-disjunction occurs in meiosis II rather than meiosis I (Hassold and Hunt, 

2001). In this case, meiosis I proceeds normally, with each chromosome of a pair 

migrating to opposite poles. During meiosis II, both sister chromatids of a chromosome 

migrate to the same pole of the cell and this results in two abnormal cells. The abnormal 

gametes produced by meiotic errors have major consequences in the next generation. If 

a gamete with n+1 chromosomes fuses with a normal gamete, the result is a diploid 

zygote with a third copy of a chromosome. This chromosome abnormality is called 

trisomy. In humans, a few of the smaller chromosomes can be tolerated in three copies, 

such as chromosome 21, which results in Down syndrome. However, most trisomic 

conditions are lethal (Freemann, 2006). 
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Fig. 9: Meiotic non-disjunction. 

Gametes resulting from (A) either the failure of homologous chromosomes to separate properly 

during meiosis I or (B) the failure of sister chromatids to separate properly during meiosis II 

(created according to Ahmad et al. (Ahmad et al., 2010)).  

1.5 AGE-ASSOCIATED ANEUPLOIDY 

All organisms or cells that have either an additional chromosome or lack one are called 

aneuploid. It is already known that there is a relationship between increasing maternal 

age, meiotic non-disjunction and human trisomies resulting in aneuploidy (Hassold and 

Hunt, 2009; Hunt and Hassold, 2008). The risk of trisomy increases sharply with 

maternal age, particularly as women approach the end of their reproductive life span 

(Fig. 10). Trisomies can arise from segregation errors in either parent and in either 

meiotic division (Chiang et al., 2012). However, it has been shown that the 

overwhelming number of trisomies arises from errors during maternal meiosis I (Hassold 
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and Hunt, 2001). This observation could be related to the fact that human oocytes can 

be arrested in prophase I for several decades.  

 

Fig. 10: Relationship between maternal age and incidence of trisomy. 

Adapted from Hassold and Hung (Hassold and Hunt, 2001). 

 

1.6 FACTORS OF AGE-ASSOCIATED NON-DISJUNCTION 

Several hypotheses have been proposed as potential mechanisms of maternal age-

related aneuploidy. The related factors, such as centromeric cohesion reduction, 

weakened homologous recombination, improper spindle organization, spindle assembly 

checkpoint malfunction, chromatin epigenetic changes and extra oocyte function can be 

classified into two categories: intrinsic factors within oocytes and extrinsic factors that 

affect oocytes (Wang et al., 2011b).  



1. Introduction 

32 
 

1.6.1 Intrinsic factors 

o The deteriorated cohesion 

Chromosome cohesion is established by a multi-protein cohesin complex along the 

chromosome arms and at the centromere. It keeps the homologues chromosomes and 

sister chromatids together until completion of meiosis I and II, respectively (Duncan et 

al., 2012). Current evidence suggests that the cohesions are established in the 

embryonic pre-meiotic phase, and there is no or little replenishment for the cohesions 

during the growing phase in oocytes, so when the cohesion amount declines to under a 

threshold level with maternal aging, this will cause increased chromosome segregation 

errors and aneuploidy (Chiang et al., 2010). 

o Aberrations in spindle organization 

In oocytes, proper segregation of chromosomes requires the proper attachment to the 

spindle microtubules and the correct alignment at the equatorial plane. The spindle 

malformation is associated with failure in chromosome congression and subsequent 

missegregation. Cottichio et al. classified different configuration of the microtubule and 

chromatin components in meiosis II according to their morphology (Fig. 11) (Coticchio et 

al., 2010).  



1. Introduction 

33 
 

 

Fig. 11: Representative images of categories of spindles showing different microtubule 

and chromosome configurations.  

Classification adapted from Coticchio et al. (Coticchio et al., 2010): (A) bipolar spindle with 

aligned chromosome at the equatorial plate; (B) bipolar spindle with nonaligned chromosomes in 

varying degree of misalignment; (C) disarranged spindle with aligned chromosomes and (D) 

severely disarranged or absent spindle with dispersed or absent chromosomes. 

 

Early studies showed a relationship between morphologically abnormal spindles, 

chromosome misalignments and maternal age. Volarcik et al. used human oocytes 

retrieved from antral follicles from donors <35 years and donors >35 years to show, after 

in vitro maturation, age-related aberration in spindle formation and chromosome 

alignment at the second meiotic metaphase (Volarcik et al., 1998). Liu and Keefe 

examined oocytes of senescence-accelerated mice (SAM) to show the association 

between maternal aging and spindle disruption and/or chromosome misalignments at 

meiosis I and II (Liu and Keefe, 2002). However, there are only few studies examining 

the morphological changes of the cytoskeleton that take place during oocyte aging. The 

molecular mechanisms linking the age-related cytoskeletal abnormalities with the 

chromosomal missegregation during female meiosis still remain unclear (Wang et al., 

2011b). 
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o Failure of the spindle assembly checkpoint 

Accurate chromosome segregation depends on the proper chromosome congression in 

the metaphase equator. The spindle assembly checkpoint (SAC) is a feedback control 

mechanism that monitors kinetochore-microtubules interactions and delays the onset of 

anaphase until all chromosomes are correctly attached to the spindle apparatus. Several 

studies have reported that the transcripts or proteins of main SAC components change 

with oocyte aging in vitro or with increasing maternal age, accompanied by the 

increased incidence of chromosome missegregation. That means, reduced strength of 

the SAC in older oocytes may be a cause for aneuploidy with increasing maternal age 

(Hunt et al., 1995; LeMaire-Adkins et al., 1997).  

Other intrinsic factors have also been proposed to explain age-related aneuploidy. 

Improper recombination (Cheng et al., 2009), histone modification changes (Akiyama et 

al., 2006), telomere shortening (Liu et al., 2002) and TGF-β signaling pathway mutations 

(Trombly et al., 2009) belong to the potential mechanisms. 

1.6.2 Extrinsic factors 

The endocrinological microenvironment (Acevedo et al., 2007), environmental factors 

(Hunt et al., 2003), as well as lifestyle habits (Jennings et al., 2011) are some 

exogenous causes that have been reported to play a role in determining proper 

chromosome segregation. However, this is not a part of this thesis.  

  



1. Introduction 

35 
 

1.7 OBJECTIVES OF THIS STUDY 

The objectives of this study were:  

1) To test the association between advanced maternal age and oocyte number extracted 

after superovulation in both mouse and human females.  

2) To evaluate the hypothesis that there is a higher frequency of abnormal spindle 

structure, chromosomal misalignment and improper actin cap formation on metaphase II 

equatorial plate in oocytes from old female mice compared with those from young mice. 

3) To introduce a method that may allow a more precise analysis of the interspace 

between sister-chromatids and determination of the kinetochore distances in human 

oocytes, using 3D confocal reconstructions of chromosome-kinetochore complexes. 
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2. Material and methods 

2.1 ANIMAL MODEL AND PREPARATION OF OOCYTES 

2.1.1 Animal experimental project approval and legislation 

All animal experiments were performed after attending the lecture series 'Basics in 

Laboratory Animal Science and Perioperative Management' at Hannover Medical School 

and obtaining the corresponding laboratory animal science certificate. The experimental 

project with the title 'Cell biological investigations of the cytoskeleton of native and 

fertilized mouse oocytes for the elucidation of the molecular mechanisms underlying 

meiotic nondisjunction' was approved by the Lower Saxony State Office for Consumer 

Protection and Food Safety (LAVES) pursuant to the German animal welfare act, 

Application Number 33.9-42502-14. 

2.1.2 Animals 

C57BL/6J mice (Fig. 12) were supplied from Charles-River DE. The C57BL mouse is 

one of the most widely used strains in both animal research and the development of 

mutant mouse lines. C57BL/6J female mice have a high response to superovulation and 

they are sexual mature at 6-8 weeks after birth. The age of both females and males was 

8 weeks at the day of arrival. Part of the delivered males and females were mated to 

obtain offspring for this study. In total, 30 female mice were used for oocyte extraction.  
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extracted and transferred into a petri dish containing HTF. Using a fine pincette and 

under the stereo microscope (Leica, Microsystems, Wetzlar) (Fig. 13) the cumulus 

clouds were released into HTF covered with oil. Subsequently, the released cumulus 

clouds were transferred into a new IVF- petri dish containing 450 μl HTF. 

2.1.5 Histological preparation of cumulus cells-oocyte complex 

The cumulus cells were removed with short incubations (40s) in a HEPES-HTF solution 

containing 80 IU/ml hyaluronidase and then they were washed by transferring them in 

different drops of 0.3% BSA + H-HTF. The zona pellucida was then removed by placing 

the oocytes in a drop of tyrodes acid for 15 seconds (Fig. 14). Afterwards, the oocytes 

were washed again in drops of 0.3% BSA + H-HTF. For the permeabilization and 

fixation, 0.5% Triton X-100 and 2% formaldehyde solution was used for 30 minutes at 

37°C. Fixed oocytes were washed into different drops of a blocking solution and they 

were kept in a drop of blocking solution containing PBS, Glycine, BSA fraction V, FBS 

and Triton X-100 for 1 hour at room temperature (Rawe and Chemes, 2009). 
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Fig. 14: Oocyte before (A) and after removal (B) of zona pellucida. 

Photography of an oocyte displaying the successful removal of the zona pellucida after 

treatment with tyrodes acid.  

 

2.1.6 Antibody labeling 

After incubation, immunocytochemistry was performed. Oocytes were stained with anti-

α-tubulin antibody to visualize microtubules, fluorescently labeled phalloidin to visualize 

F-actin, and DAPI for DNA detection. Therefore, oocytes were placed in drops of 

antibody dilution for 40 minutes at room temperature and then rinsed by transferring 

them in drops of blocking solution. Secondary antibodies were used for fluorescence 

detection. The secondary antibodies were applied in the same way (Table 2) and the 

oocytes were incubated for one hour in a dark chamber at room temperature. Finally 

they were rinsed in drops of blocking solution (Rawe and Chemes, 2009).  
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Table 2: Stain protocol for mouse oocytes. 

 

2.1.7 Mounting 

Coverslips were mounted in an anti-fade-medium to prevent photobleaching. A 5 μl drop 

of the anti-fade-medium was placed in a slide and the oocytes were transferred into it. 

The coverslip was mounted on the slide and all four sides of the coverslip were sealed 

with clear nail polish to prevent drying (Rawe and Chemes, 2009). 

2.2 HUMAN EXPERIMENTS AND PREPARATION OF OOCYTES 

2.2.1 Oocytes donation 

The donation of the unfertilized oocytes was approved by the Ethical Committee of 

Hannover Medical School, Application Number 6251: 'Molekulare und ultrastrukturelle 

Untersuchungen zur Pathophysiologie der meiotischen non-Disjunktion humaner 

DNA staining   

Fluorescent stain DAPI 1 mg/ml  

Microtubules staining   

Primary antibody anti-α-tubulin 0.2 mg/ml 

Secondary antibody Goat Anti-Mouse Alexa Fluor ® 488/594 2 mg/ml      

F-actin staining   

Fluorescently-labeled 

antibody 

Phalloidin Alexa Fluor® 594 0.2 mg/ml 
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Oozyten' and written informed consent was obtained from pairs undergoing IVF or ICSI 

treatment. Only oocytes which despite IVF/ICSI treatment remained unfertilized were 

donated. Each oocyte donated was photo documented for forensic reasons during 3 

stages of treatment: 1. before treatment, 2. after removal of the zona pellucida and 3. 

after fixation. 

2.2.2 Preparation of human oocytes 

Human oocytes underwent similar permeabilization, fixation, antibody labeling and 

mounting experimental procedures as in the mouse model. Kinetochores were 

visualized with fluorescent CREST antibody (Table 3). 

 

 

 

 

 

 

 

Table 3: Stain protocol for human oocytes. 

 

2.2.3 Monastrol treatment 

To measure distances between sister-kinetochores, oocytes were treated with 

monastrol, an inhibitor of kinesin-5, a motor protein required for spindle bipolarity and 

then fixed and stained for DNA and kinetochores. Monastrol treatment causes the 

bipolar MII spindle to collapse into a monopolar spindle and results in the dispersion of 

DNA staining   

Fluorescent stain DAPI 1 mg/ml  

Kinetochores staining   

Fluorescently-labeled 

antibody 

CREST-FITC 1.1 mg/ml  
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chromosomes (Mayer et al., 1999). This allows to obtain unaligned metaphase 

chromosomes and clearly visualize individual kinetochore pairs to correctly measure 

kinetochore distances between sister chromatids. 

2.3 VISUALIZATION OF OOCYTES 

Using an inverted confocal laser scanning microscope from Leica Microsystems (Leica 

Microsystems, Wetzlar), stained oocytes were visualized and analyzed. The 

chromosomal distribution as well as the spindle morphology and other proteins, such as 

F-actin and kinetochores were visualized and images were recorded. Projections and 

3D-reconstructions of meiotic events were generated using Image J software (Preibisch 

et al., 2009) as image processing program. 

2.3.1 Projections of spindle apparatus-chromosomes-F-actin complexes in mouse 

oocytes 

To visualize and compare the chromosome distribution, morphology of the spindle 

apparatus and actin filaments, image stacks were collected with a confocal laser 

microscope, using a HCX PL APO CS 40.0 x1.25 oil UV objective. Projections of image 

stacks were developed in order to span the entire region of the spindle using Image J 

software. Finally, spindle aberrations, chromosomes misalignment and F-actin 

morphology abnormalities were analyzed. 
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2.3.2 3D reconstructions for kinetochores-distance measurement in human 

oocytes 

Image stacks were collected with a confocal laser microscope at 0.3 to 0.8 μm intervals 

to span the entire region of the spindle, using a HCX PL APO CS 40.0 x1.25 oil UV 

objective. 3D reconstructions of the interspace between sister-chromatids were 

developed using Image J 1.48v (Wayne Rasband, National Institutes of Health, USA). 

2.4 OUTCOME MEASURES 

2.4.1 Number of oocytes extracted from superovulated young and old mice 

Mouse oocytes were used to examine the age-associated effect on superovulation. 

Therefore the number of oocytes collected from superovulated young females (mice < 

16 weeks; n=10) was compared with the number of oocytes collected from 

superovulated old females (mice > 39 weeks; n=10). The other 10 females were 

excluded from this evaluation since they belonged to the group of age between 16 and 

39 weeks. The oocytes retrieved from these females were used for development of the 

methods, testing of a variety of antibodies and for the determination of the best antibody 

dilutions for visualizing of their corresponding structures. The average life expectancy of 

C57BL/6 mice in conventional conditions is about 692 days in females (Storer, 1966). 

Using an average life expectancy of human females of 84 years, the old mice group 

would correspond to women between 33 and 52 years, assuming a linear relationship 

(Pan et al., 2008). 



2. Material and methods 

44 
 

2.4.2 Number of oocytes extracted from young and old human females 

Advanced maternal age is defined as pregnancy in women aged 35 years or older 

(Laopaiboon et al., 2014). Human oocytes donated from 15 women aged from 28 to 41 

years (young women aged<35 n=9; old women aged>35; n=6) were used to examine 

the age-associated effect on superovulation. 

2.4.3 Observation of spindle apparatus, chromosomes and F-actin distribution in 

mouse oocytes 

To examine the effects of maternal aging on the meiotic apparatus, chromosome 

distribution, spindle and actin filaments, the morphologies of these structures were 

observed and compared between young and old metaphase II oocytes. In total, 25 

oocytes from young mice and 27 oocytes from old mice were used for visualization of 

the spindle formation. In nine of these 25 oocytes from young mice and in eight from 27 

oocytes from old mice, phalloidin for actin detection was applied. Some of the extracted 

oocytes had to be excluded from the evaluation because of poor staining quality or no 

classifying ability (young mice; n=5, old mice; n=1) or parthenogenetic activation (young 

mice; n=2, old mice; n=4) (see 2.4.4). 

Spindle organization was considered as morphologically normal when a dense, barrel-

shaped structure with poles formed by organized microtubules traversing from one pole 

to the other was visualized under confocal microscopy. Chromosome distribution was 

regarded regular when sister chromatids were aligned on a compact metaphase plate at 

the equator of the structure (Christopikou et al., 2010; Coticchio et al., 2010) (Fig. 15). A 

well-formed region of polarized accumulation of filamentous actin at oocyte periphery 
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above the meiotic spindle, known as actin cap, was regarded as normal (Delimitreva et 

al., 2012)  (Fig. 16). 

 

Fig. 15: Classification of microtubule and chromosome configurations at metaphase II in 

mouse oocytes. 
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2.4.4 Parthenogenetic activation in mouse oocytes 

The mouse oocytes were not fertilized in vivo or in vitro. The oocytes entered into 

anaphase, separation of the sister chromatids and extrusion of the second polar body 

were considered to be induced and activated parthenogenetically (Wang et al., 2011a; 

Vincent et al., 1992) (Fig. 17-18). 

 

Fig. 17: Parthenogenetic activation and polar body extrusion. 

Oocytes extracted from (A) an 8 weeks old mouse, (B) 42 weeks old mouse and (C) 46 weeks 

old mouse showing parthenogenetic activation.  Chromosomes (DAPI) are labeled with blue, 
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microtubules (anti-tubulin) are labeled with green. Images are projections of confocal series, 

scale bars 5 μm. 

 

Fig. 18: Parthenogenetic activation and polar body extrusion 

Oocyte extracted from a 45 weeks old mouse showing parthenogenetic activation. 

Chromosomes (DAPI) are labeled with blue, microtubules (anti-tubulin) with green and fibrillar 

actin (phalloidin) with red. Images are projections of confocal series, scale bars 5μm. 

 

2.4.5 Measurement of kinetochore distances in human oocytes 

Human oocytes donated from young and older women were studied to clarify whether 

changes in kinetochore distances contribute to age-related nondisjunction. For that 

reason, a method of precise analysis of the interspace between sister-chromatids and 

determination of the kinetochore distances using 3D confocal reconstructions was 

introduced (see 3.4.1).  
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2.5 STATISTICAL ANALYSIS 

Descriptive statistics were calculated (mean ± standard deviation, median and range). 

Due to small sample size and non-normality of the data, the following non-parametric 

tests were used for further statistical analyses: Spearman rank correlation analysis was 

used to assess correlations between the age and the number of extracted oocytes. A 

Mann-Whitney U test was performed to compare medians of the ordinal outcome 

parameters between the two groups of mice and women respectively (young vs. old). 

Associations between two categorial variables were calculated by Pearson’s chi-square 

tests. For all tests, p ≤ 0.05 was considered significant. Statistical analysis was carried 

out using SPSS software version 18.0 (SPSS Inc, Chicago, Illinois) and IBM SPSS 

statistics 22 (IBM Corp., Armonk, USA). 
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3. Results 

3.1 ANALYSES OF NUMBER OF EXTRACTED OOCYTES WITH RESPECT TO AGE 

AND NUMBER OF EXTRACTED OOCYTES 

3.1.1 Number of extracted oocytes from superovulated mice 

After superovulation procedures of C57BL/6J mouse females, oocytes were collected 

and counted. Significantly less oocytes (Mann-Whitney U test, p < 0.001) were extracted 

from the older mice (median, 0.5 oocytes) compared to the number of oocytes extracted 

from the younger mice (median, 17 oocytes) (Fig. 19). One outlier with the extraction of 

37 oocytes occurred among the group of the older mice. Accordingly, correlation 

analysis between the age of the mice and the number of extracted oocytes (Fig. 20) 

revealed a statistically significant negative linear correlation (r = -0.727; p < 0.001) 

(Spearman rank correlation analysis).  
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Fig. 19: Median and degree of dispersion of the data in the groups of young and old mice.  

Boxplot representing the number (No.) of extracted oocytes per mouse in young mice (mice age 

> 39 weeks; n=10) compared to old mice (mice age < 16 weeks; n=10). 

(*) represents an outlier in the group of old mice. 
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Fig. 20: The number of extracted mouse oocytes was reduced with increasing age.  

Scatter plot representing the number of extracted oocytes per mouse in correlation with age. A 

strong negative correlation (grey line) was observed between the numbers of extracted mouse 

oocytes and increasing age (Spearman rank correlation analysis; r = -0.727; p < 0.001). 
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3.1.2 Number of extracted oocytes from women 

Statistical analysis of the collected data of the oocyte numbers extracted from women 

was performed in order to detect differences between the two groups (young vs. old). On 

average, more oocytes were extracted in the group of the young women (median, 9 

oocytes) in comparison to the group of older women (median, 6 oocytes). However, this 

was not statistically significant (Mann-Whitney U test, p = 0.181) (Fig. 21). Two outliers 

were observed among the group of the young women with the extraction of 17 and 20 

oocytes, respectively. Although the data may suggest a very weak tendency towards a 

higher ovulation rate among the group of younger women (Fig. 22), correlation analysis 

revealed no statistical significance (r = -0.439; p < 0.102) (Spearman rank correlation 

analysis).  
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Fig. 22: No statistically significant reduction of the number of extracted human oocytes 

with increasing maternal age. 

Scatter plot representing the number of extracted oocytes per woman in correlation with age. No 

statistically significant correlation was observed between the numbers of extracted human 

oocytes and increasing age (Spearman rank correlation analysis; r = -0.439; p = 0.102). 
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3.2 EFFECT OF MATERNAL AGE ON MEIOTIC SPINDLE FORMATION AND 

CHROMOSOME ALIGNMENT 

Four different classes of spindle and chromosomal configurations were observed to 

define deviations from the commonly observed MII phenotype and classified according 

to the publication by Coticchio et al. (Coticchio et al., 2010):  

Class 1: Chromosomes are aligned at the equatorial plate and microtubules are bipolar 

organized.  

Class 2: Chromosomes are misaligned. Microtubules are well-organized, meeting at 

both poles. 

Class 3: Aligned chromosomes associated with microtubules. Spindle is disarranged 

with disorganized microtubules or multipolar spindle.  

Class 4: Chromosomes are dispersed with no alignment at the equatorial plate. Spindle 

is disarranged.  

Older oocytes showed more frequently (56.5%) poorly aligned chromosomes at the 

equatorial plate of metaphase II and disorganized microtubules (class 4 phenotype) 

compared to those from young mice (5.6%). The majority of the young mouse oocytes 

belonged to the phenotype of classes 1 and 2 (83.3%). Oocytes from young mice were 

significantly more frequent assigned to class 1 and class 2, whereas oocytes from old 

mice were significantly more frequent assigned to class 4 (p=0.003) (Fig. 23). The 

assignment to class by age was analyzed by nonparametric Mann Whitney U procedure. 
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3.3 ACTIN CAP FORMATION 

3.3.1 Effect of maternal age on actin cap formation 

A part of mouse oocytes (oocytes from young mice n=9; oocytes from old mice n=7) was 

used for actin staining procedures and evaluation of actin cap formation. Actin cap 

formation of mouse oocytes was described and compared with respect to age in order to 

detect any age-related abnormalities.  

Proper cap formation was significantly more frequent in younger mice, whereas no or 

improper cap formation was significantly more apparent in older mice (p=0.04) (Fig. 24). 
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Fig. 24: Influence of age of mice on actin cap formation.  

Representation of actin cap formation with respect to mouse age. Bar graph shows more 

frequently proper actin formation in the group of oocytes extracted from young mice (number of 

oocytes n=9) compared to the group of oocytes extracted from old mice (number of oocytes 

n=7). Pearson's chi-square test, p=0.04. 

 

3.3.2 Effect of MII chromosome alignment on actin cap formation 

Abnormal or incomplete chromosomal condensation has been found to be related to 

increased frequency of missing actin caps in marmoset oocytes (Delimitreva et al., 

2012). This has been examined in this study on mouse oocytes.  
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Proper cap formation was more frequent in aligned chromosomes whereas no or 

improper cap formation was more apparent in misaligned chromosomes. This 

association appeared to be statistically significant (p=0.013) (Fig. 25). 

 

 

Fig. 25: Influence of chromosome alignment on actin cap formation.  

Representation of actin cap formation with respect to chromosome alignment. Bar graph shows 

more frequently proper actin formation in combination with chromosome alignment and no or 

improper actin cap formation in combination with chromosome misalignment. Pearson's chi-

square test, p=0.013. 
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3.4 DETERMINATION OF INTER- AND OUTER- KINETOCHORE DISTANCES WITH 

RESPECT TO MATERNAL AGE 

3.4.1 Introduction of a method for image processing and measurement of 

kinetochore-distances 

In order to measure the kinetochore-distances with high accuracy, confocal microscopy 

to scan the oocytes and obtain a three dimensional picture was used. Fig. 26 shows an 

example of 20 optical sections taken through the whole oocyte. After that, the optical 

sections were used to reconstruct a projection using image J software (Fig. 27). 

 

Fig. 26: Single optical sections taken through the whole oocyte. 

Human oocyte. Chromosomes (DAPI) are labeled with blue.  
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Fig. 27: Projection of optical sections. 

Human oocyte. Chromosomes (DAPI) are labeled with blue. 

 

Compared to any single image in Fig. 26, the reconstruction of Fig. 27 presents a much 

better view of the oocyte in the real space. Each image or single section contains some 

information. However, from any one section it is difficult to visualize what the complete 

morphology of the chromosomes looks like. The projected view produced from the 

optical sections (Fig. 27) provides information about the three-dimensional specimen of 

the oocyte in a form of two-dimensional image and represents the entire data set. 

Furthermore, the stacks of optical sections can be used to make 3-D animations. (Fig. 

28-29). 
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Fig. 28: Gallery of the reconstructed video frames for creating a 3D animation.  

Chromosomes (DAPI) are labeled with blue. Numbers display the angle of rotation.  

 

 

Fig. 29: Gallery of the reconstructed video frames for creating a 3D animation. 

Chromosomes (DAPI) are labeled with blue; kinetochores (CREST) are labeled with green. 

Numbers display the angle of rotation. 
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measured from the outer edges of the pairs were defined as outer-kinetochore 

distances. Only inter-kinetochore-distances that were clearly visible were registered. 

Table 4 demonstrates exemplarily inter- and outer-kinetochore measurements 

performed at first in a normal image projection and next using 3D reconstructions. For 

distance determination of 3D reconstructions, the greatest distance measured during 

rotation in different angles was registered. Due to a very low number of human oocytes 

available during this study, no evaluation of these preliminary results was possible in this 

point, but only an exemplarily demonstration of this method.  

 

 

Table 4: Examples of inter- and outer-kinetochore distance measurements in normal 

projections and 3D reconstructions of the meiotic events.     

Exemplarily demonstration of inter- and outer-kinetochore measurements performed in a normal 

image projection and in different angles of rotation (greatest registered). Using 3D 

reconstructions the distance registered was greater than the distance measured at normal 

projections.  

 Inter-

kinetochore 

distance [μm] 

 

Normal 

projection 

Inter-

kinetochore 

distance [μm] 

 

3D 

reconstruction 

Outer-

kinetochore 

distance [μm] 

 

Normal 

projection 

Outer-

kinetochore 

distance [μm] 

 

3D 

reconstruction 

Example 

No.1 

0.319  0.517  

(50° rotation) 

1.053 2.104 

(50° rotation) 

Example 

No.2 

0.155 0.805  

(60° rotation) 

0.734 1.969 

(60° rotation) 
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3.4.2 Determination of inter- and outer- kinetochore distances using 3D 

reconstructions of chromosome-kinetochore complexes in human oocytes 

Figure 31 presents the inter-kinetochore distances measured in four oocytes from a 32 

years old woman and in one oocyte from a 37 years old woman. Figure 32 presents the 

outer-kinetochore distances measured in the same oocytes. 

 

 

Fig. 31: Inter-kinetochore distances measured in oocytes from young and old women.  
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Fig. 32: Outer-kinetochore distances measured in oocytes from young and old women.  

 

Due to the low number of evaluated oocytes from women aged 32 years (n=4) and 

women aged 37 years (n=1), no statistical analyses on the effect of age to inter- and 

outer-kinetochore distances could be performed.  
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4. Discussion 

Advancing maternal age remains a difficult problem in infertility treatment. Several 

intrinsic and extrinsic factors have been proposed as potential mechanisms of maternal 

age-related aneuploidy including the deteriorated cohesion, aberrations in spindle 

organization, failure of the spindle assembly checkpoint, improper recombination, 

histone modification changes, telomere shortening and TGF-β signaling pathway 

mutations, the endocrinological microenvironment, environmental factors, as well as 

lifestyle habits (Duncan et al., 2012; Chiang et al., 2010; Volarcik et al., 1998; Hunt et 

al., 1995; LeMaire-Adkins et al., 1997; Cheng et al., 2009; Akiyama et al., 2006; Liu and 

Keefe, 2002; Trombly et al., 2009; Acevedo et al., 2007; Jennings et al., 2011; Hunt et 

al., 2003). 

The objectives of this study were to evaluate age related effects on superovulation 

efficiency, the occurrence of increased frequency of abnormal spindle structure, 

chromosomal misalignment and abnormal actin cap formation.  In contrast to previous 

studies, high resolution confocal microscopy and 3D reconstructions of the meiotic 

events were used to describe age-related morphological abnormalities of several 

cytoskeletal structures with age and a new option for kinetochore distance termination 

was introduced to test deteriorated centromere cohesion as a possible cause of age-

related aneuploidy in human oocytes.  
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4.1 ASSOCIATION BETWEEN LOWER OOCYTE NUMBER AND ADVANCED 

MATERNAL AGE 

The first objective of this study, that there is an association between advanced maternal 

age and decreased oocyte number extracted after superovulation could be confirmed in 

the mouse model. The absolute number of ovulated C56BL/6J mouse oocytes 

decreased with increasing (8 to 61 weeks of age) age of females. Oviducts from the 61 

weeks old mice contained no oocytes, suggesting that the ovarian follicular reserve had 

become exhausted. This confirms earlier findings that showed reduced oocytes numbers 

recovered from superovulated older Swiss CD1 females (Merriman et al., 2012) and 

hybrid (C57Bl/6JIco female x CBA/Jico male) females (Tarin et al., 2001). Another study 

performed with senescence-accelerated mice (SAM) also demonstrated decreased 

ovarian resource with increasing SAM mouse age (Liu and Keefe, 2002). A suggested 

major cause for age-related decline of fertility is the deterioration of oocyte quality and 

ovarian response (Navot et al., 1991; Tarin et al., 2001). Poor ovarian response to 

stimulation is a reflection of ovarian aging, which is associated with a decline in the 

quantity of the primordial follicle pool. This decreased response to ovarian stimulation is 

a major problem, limiting the number of oocytes to be used for assisted reproduction 

techniques (Nichi et al., 2011). It is though still not known whether poor ovarian 

response to the superstimulation protocol is accompanied by impaired oocyte quality 

(Nichi et al., 2011). 

The rate of follicle disappearance in human ovaries increases with age (Gosden, 1987). 

Studies have shown that follicular depletion accelerates dramatically in the last decade 

of menstrual life (Richardson et al., 1987). The age related decrease in follicle numbers 
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and the parallel decay in oocyte quality contribute to the gradual decline in fertility and 

the final occurrence of natural sterility (Broekmans et al., 2009). Assisted reproductive 

technologies can only partially increase the rates of pregnancy on older women, since 

the effectiveness also decreases with maternal age (Cabry et al., 2014)  

A recent retrospective study showed that women with higher age had worse IVF 

outcomes (Yan et al., 2012). Specifically, women with advanced maternal age (age 36-

40 years, n=9.18 oocytes; age > 41 years, n=7.04 oocytes) had lower retrieved oocyte 

numbers than women from younger age periods (age 21-30 years; n=12.66 oocytes; 

age 31-35 years; n=7.04 oocytes). Accordingly, more oocytes were extracted on 

average in this study in the group of the young women (age < 35 years, median 9 

oocytes) in comparison to the group of older women (age > 35 years, median 6 

oocytes). However, this difference was not statistically significant. This could be 

explained by the small population examined (women aged < 35 years; n=9; women 

aged > 35 years; n=6) and the narrow age span (28 to 41 years).  Further evaluation in a 

greater population is necessary.  

4.2 SPINDLE ORGANIZATION AND CHROMOSOME CONFIGURATION 

ABNORMALITIES IN AGED FEMALE MICE  

Proper segregation of chromosomes is dependent on their correct alignment at the 

equatorial plane and their attachment to the spindle microtubules. Therefore, 

disturbances in the spindle morphology may predispose oocytes to aneuploidy (Liu and 

Keefe, 2002). Early studies in human oocytes demonstrated high frequencies of 

abnormal MI and MII spindles as well as chromosome misalignment in oocytes from 

older women compared with those from young women (Volarcik et al., 1998; Battaglia et 
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al., 1996; Eichenlaub-Ritter et al., 1988b). In other studies, the senescence-accelerated 

mouse (SAM) was used as a model animal for aging. SAM mice exhibit early 

senescence compared with normal mice (Takeda et al., 1997). Oocytes from old SAM 

showed meiotic aberrations, including chromosome misalignment and in some cases 

disruption of spindle morphology (Liu and Keefe, 2002). The above mentioned findings 

indicate that aberrations in spindle organization are associated with age-related 

abnormal chromosome segregation.  

Thus, the second hypothesis of this study was that there is a higher frequency of 

abnormal spindle structure and chromosomal misalignment on the metaphase II 

equatorial plate in oocytes from old female C57BL/6J mice compared with those from 

young mice. In contrast to earlier studies, high resolution images of meiotic events were 

obtained with help of improved confocal laser scanning microscopy. The ability to 

serially produce thin optical sections through fluorescent specimens enabled a precise 

examination and demonstration of spindle morphology and chromosome configurations. 

This prevents loss of information due to poor image resolution. As seen from the results 

of this study, older MII mouse oocytes showed more frequently misaligned 

chromosomes and disorganized microtubules compared to those from young animals. 

Only 5.6% of the young oocytes showed disarranged spindles and dispersed 

chromosomes (class 4 morphology), whereas old oocytes showed a high frequency 

(56.5%) of disorganized microtubules and misaligned MII chromosomes. On the other 

side, 44.4% of the young oocytes showed a bipolar spindle with aligned chromosomes 

at the equatorial plate, while only 21.7% of the old oocytes belonged to the class 1 

morphology type showing a normal phenotype. These findings display similar results to 
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other studies, in which older oocytes also showed a higher percentage of displaced 

chromosomes (Eichenlaub-Ritter et al., 1988a) and spindle abnormalities (George et al., 

1996). In contrast to these studies, oocytes were directly retrieved and stained after 

hormone stimulation and did not age in vitro (Eichenlaub-Ritter et al., 1988b; 

Christopikou et al., 2010), or being exposed  to cryoprotectant (George et al., 1996). 

Furthermore, poor image resolutions in the above mentioned studies make the proper 

spindle and chromosome morphology difficult to present. The spindle disorganization 

and the misalignment of chromosomes at metaphase II which has been demonstrated in 

a large proportion of oocytes coming from females approaching the end of their 

reproductive life in this study could be the result of a non-disjunction event in the first 

meiotic division.  However, direct evidence to link the spindle aberration to increased 

chromosome missegregation leading to aneuploidy is still missing. It should be noted 

that some oocytes had to be excluded from evaluation due to no classifying ability. The 

above mentioned classification from Cottichio et al. presents an initial reference point. 

However, an extended classification in a greater population including the other 

morphologies as well could reveal further important information about the cytoskeletal 

organization and age-related abnormalities.   
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4.3 ACTIN CAP FORMATION ABNORMALITIES IN AGED FEMALE MICE WITH 

MISALIGNED CHROMOSOMES 

Both meiotic divisions of the mouse oocyte are asymmetric (Brunet and Verlhac, 2011). 

They produce a small cell called the polar body and the oocyte, which conserves its 

original size. In mature mammalian oocytes, actin filaments play a great role in the 

control of asymmetric meiotic division (Schuh and Ellenberg, 2008; Sun and Schatten, 

2006). The subcortical positioning of the chromosomes after the first meiotic division and 

during metaphase II arrest is followed by a local reorganization of the oocyte cortex, 

which consists of enrichment in actin microfilaments (Azoury et al., 2009). Remodelling 

of actin at this site, referred to as actin cap, is fundamental to the spindle migration and 

anchoring (Brunet and Maro, 2005) but also to contractile mechanisms affecting polar 

body extrusion (Coticchio et al., 2014; Yi and Li, 2012).  

Previous studies in marmoset oocytes showed that most of the disorganized spindles 

had abnormal chromosomes and frequently abnormal actin organization, indicating a 

relationship between actin and chromosomal quality (Delimitreva et al., 2012). The 

results of the current study showed for the first time in a mouse model a significant effect 

of maternal age and of proper alignment of the chromosomes at the MII equatorial plate 

on actin cap formation. This demonstrates like previous studies (Brunet and Maro, 2005) 

the leading role of the chromosomes for actin organization during female meiosis in 

mouse oocytes. Subsequently, there is a relationship between maternal aging and 

improper actin cap formation, probably originating from the frequent misalignment of 

chromosomes in aged oocytes.  
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4.4 WEAKENED CENTROMERE COHESION AS A HYPOTHESIS TO EXPLAIN 

MATERNAL AGE-ASSOCIATED ANEUPLOIDY 

The incidence of aneuploidy increases with increasing maternal age (Hassold and Hunt, 

2001). Although the phenomenon of age-related aneuploidy is well known, the molecular 

basis for the meiotic chromosome segregation errors is unclear. Many potential 

mechanisms have been proposed to explain meiotic non-disjunction. Centromere 

cohesion reduction (Jessberger, 2010; Jessberger, 2012; Gilliland and Hawley, 2005; 

Hodges et al., 2005; Duncan et al., 2012; Tsutsumi et al., 2014; Chiang et al., 2010), 

weakened homologous recombination (Lamb et al., 2005), improper spindle organization 

(Miao et al., 2009), spindle assembly checkpoint (SAC) malfunction (Mailhes, 2008), 

chromatin epigenetic changes (Liu et al., 2002) and extra-oocyte factors (Tarin, 1995) 

may cause chromosome errors. The deteriorated cohesion is considered as an 

important cause for the age-related chromosome missegregation including aneuploidy 

(Liu and Keefe, 2008; Pellestor et al., 2003; Wolstenholme and Angell, 2000).  

4.4.1 3D reconstructions of meiotic events suggests being a precise method for 

inter- and outer- kinetochore distance measurement 

Two-dimensional (2D) visualizations of three-dimensional (3D) structures include bias 

and may incompletely characterize the differences between different cell morphologies 

(Kopecky et al., 2012). Furthermore, 2D analysis may not accurately allow quantitative 

comparisons (e.g. inter- and outer-kinetochore distance measurement in oocytes) due to 

incomplete data or cell compression. Although confocal microscopy dramatically 

enhances the ability to visualize the details of cytoskeletal organization in large cells, 

such as oocytes, individual optical sections provide only a cross-section of the oocyte. 
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Additional information can be gained by collecting serial optical sections, which can be 

projected to create a high quality 3D image with extended depth of focus. Although 

confocal microscopy images are already regarded as much sharper than standard 

epifluorescence ones, the use of “deconvolution” as an additional image processing 

technique might lead to even more precise evaluation (Dey et al., 2006). 

In this study, the use of 3D confocal reconstructions of chromosome-kinetochore 

complexes suggested to allow a more precise analysis of the interspace between sister-

chromatids and determination of the kinetochore distances in human oocytes. Serial 

optical sections of oocytes were created using confocal microscopy. Creating an 

animated 3D image of an oocyte, corresponding to the true size of the cell, inter- and 

outer-kinetochore distances were suggested to be measured with higher accuracy. This 

method could be a new instrument for more accurate distance measurement of 

kinetochore distances in further studies. However, further validation of the methodology 

and optional improvement by the use of the deconvolution technique appears crucial to 

test the hypothesis that sister kinetochores are further apart in older human oocytes, 

suggesting weakened centromere cohesion. This is currently performed in an ongoing 

study. 

4.4.2 Association between increased kinetochore distances and women age 

Studies in the mouse model showed that chromosomal REC8 levels decreased with age 

(Chiang et al., 2010) while sister kinetochore distances increased in old oocytes 

(Merriman et al., 2012; Merriman et al., 2013; Chiang et al., 2010), suggesting 

weakened centromere cohesion. Similar studies performed with human oocytes showed 

controversial results. Metaphase II oocytes obtained from women of different ages 
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undergoing IVF were stained and compared with the aim of elucidating whether there 

was some evidence of cohesion deterioration as women. No clear differences were 

found in cohesion signal intensity or distribution among oocytes between young and old 

women oocytes (Garcia-Cruz et al., 2010). On the other hand, Tsutsumi et al. could 

show an age-related decrease of meiosis- specific cohesin subunits REC8 and SMC1b 

in dictyate human and mouse oocytes (Tsutsumi et al., 2014). Duncan et al. studied 18 

in-vitro maturated human oocytes collected from the ovarian tissue of six cancer female 

patients aged from 16.4 years to 37.3 years undergoing ovarian tissue cryopreservation. 

The results of this study demonstrated an absolute inter-kinetochore distance increase 

between the youngest and the oldest woman. The average inter-kinetochore distance 

was 0.82 ± 0.03 μm in the youngest woman (16.4 years) and 1.1 ± 0.03 μm in the oldest 

woman (37.3 years) (Duncan et al., 2012). In the current study, inter- and outer-

kinetochore distances of a woman aged 32 and a woman aged 37 years have been 

measured by the above mentioned method and registered. Due to a very small 

population of donated oocytes, no statistical analysis could be performed. Additional 

studies to investigate whether similar aging mechanisms are conserved in a greater 

population are needed to supplement the results. This is currently performed in an 

ongoing study. 
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5. Summary 

The incidence of aneuploidy increases with advancing maternal age. The present study 

aimed to evaluate the effect of increasing maternal age on superovulation efficiency in 

both mouse and human.   Specific alterations of microtubular and actin cytoskeleton in a 

mouse model during meiosis II were examined using the advantages of high resolution 

confocal microscopy. Additionally, an option for distance measurement in 3D confocal 

reconstructions was proposed to examine loss of chromosome cohesion as a cause of 

age-related aneuploidy in human oocytes. 

Ovulated oocytes from C57BL7/6J female mice at the age of 8 to 61 weeks retrieved 

after exogenous ovarian stimulation and unfertilized oocytes donated from women at the 

age of 28 to 41 years undergoing IVF or ICSI treatment, were analyzed. Mouse oocytes 

were stained with anti-α-tubulin antibody, DAPI, and fluorescently labeled phalloidin 

antibody for microtubules, chromosomes and actin detection respectively. Human 

oocytes were stained with fluorescently labeled CREST-FITC antibody and DAPI for 

kinetochores and chromosomes detection respectively. Secondary antibodies were used 

for fluorescence detection. Chromosomal distribution, spindle and actin filament 

morphology in the mouse model, as well as kinetochores in humans were analyzed by 

confocal microscopy and image J software as image processing program. 3D confocal 

reconstructions of the interspace between sister-chromatids were used to determine 

kinetochore distances.  
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The age of the mice and the number of extracted oocytes revealed a statistically 

significant negative linear correlation (r = -0.727; p < 0.001) with significantly less 

oocytes extracted from the older mice (median 0.5 oocytes, p < 0.001 ) compared to the 

number of oocytes extracted from the younger mice (median, 17 oocytes). No 

statistically significant correlation (r = -0.439; p < 0.102) was found in human females. 

However, this could be explained by the small population of the women and the narrow 

age span in this study. Microtubule morphology abnormalities and misalignment of 

chromosomes at the metaphase II equator plate were significantly (p=0.003) more 

frequent in older oocytes compared to younger oocytes. Furthermore, improper cap 

formation was significantly more frequent in older mice (p=0.003) and in misaligned 

chromosomes (p=0.003) in mice. 

It was demonstrated that the introduced method of distance measurement in 3D 

confocal reconstructions is feasible and could be used for further validation and studies 

on the hypothesis that deteriorated cohesion is a cause of age-related aneuploidy. 

In conclusion, there is an apparent relation between maternal age and superovulation 

efficiency, frequency of changes in spindle-chromosomes-organization and abnormal 

actin cap formation in a mouse model. Further analysis of kinetochore distances in 

correlation with age using a more accurate method proposed in this study needs to be 

performed in a greater population of human females in order to examine the hypothesis 

that increasing maternal age is related to loss of cohesion.  
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6.2 DONOR INFORMATION 

Spenderinnen/ Spenderinformation  

 

Titel des Versuchsvorhabens: „Molekulare und ultrastrukturelle Untersuchungen 
zur Pathophysiologie der meiotischen non-Disjunction humaner Oozyten.“ 

 

Sehr geehrte Teilnehmerin, sehr geehrter Teilnehmer, 

wir laden Sie ein, an der oben genannten Studie teilzunehmen. Die Aufklärung darüber 

erfolgt in einem ausführlichen ärztlichen Gespräch. 

Ihre Teilnahme an dieser Prüfung erfolgt freiwillig. Sie können jederzeit ohne 

Angabe von Gründen aus der Studie ausscheiden. Die Ablehnung der Teilnahme 

oder ein vorzeitiges Ausscheiden aus dieser Studie hat keine nachteiligen Folgen 

für Ihre medizinische Betreuung. 

Klinische und experimentelle Studien sind notwendig, um verlässliche, neue medizinische 

Forschungsergebnisse zu gewinnen. Unverzichtbare Voraussetzung für die Durchführung 

einer Studie ist jedoch, dass Sie Ihr Einverständnis zur Teilnahme an dieser Studie 

schriftlich erklären. Bitte lesen Sie den folgenden Text als Ergänzung zum 

Informationsgespräch mit Ihrem Arzt sorgfältig durch und zögern Sie nicht, Fragen zu 

stellen. 

Bitte unterschreiben Sie die Einwilligungserklärung nur 

 wenn Sie Art und Ablauf der Studie vollständig verstanden haben, 

 wenn Sie bereit sind, der Teilnahme zuzustimmen und 

 wenn Sie sich über Ihre Rechte als Teilnehmer an dieser Studie im Klaren sind. 

Diese Studie wurde von der zuständigen Ethikkommission der MHH genehmigt. 
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1. Was ist der Zweck dieser Studie? 

Der Zweck dieser Studie ist, menschliche unbefruchtete Eizellen (keine 

Verschmelzung von Ei- und Samenzelle) zu untersuchen, um die Ursachen des 

häufigen Auftretens des Down Syndroms (Trisomie 21) und anderen 

Erbgutveränderungen, die zu schwerwiegenden Krankheitsbilden bei den 

Nachkommen älteren Frauen führen können, besser zu verstehen.  

Das Down Syndrom (Trisomie 21) ist die bekannteste und häufigste 

Erbgutveränderung, die durch die Verdreifachung des entsprechenden Erbgutes 

geschieht (das Chromosom 21 ist dreifach anstatt doppelt vorhanden). Es ist 

bekannt, dass die Wahrscheinlichkeit für eine Trisomie 21 beim Kind mit steigendem 

Alter der Mutter zunimmt. Menschen mit Down Syndrom sind kognitiv beeinträchtigt, 

darüber hinaus kommen sie häufig mit einem angeborenen Herzfehler zur Welt. In 

einem späteren Lebensstadium (ab dem 40. Lebensjahr) entwickeln fast alle Down-

Syndrom Patienten Zeichen der Alzheimer-Krankheit. 

Andere schwerwiegende Krankheitsbilder, die mit einem fortgeschrittenen Alter der 

Mutter in Verbindung stehen, sind die Trisomie 18 (Edwards Syndrom) und die 

Trisomie 13 (Pätau Syndrom). Beide Syndrome zeichnen sich durch eine hohe 

Sterblichkeit der Kinder während der Schwangerschaft oder in den ersten 

Lebensjahren aus. 

2. Wie läuft die Studie ab? 

Diese Studie wird an der Medizinischen Hochschule Hannover durchgeführt.  

Es werden Eizellen von bis zu 100 Spenderinnen/Spendern untersucht. Ihre 

Teilnahme an dieser Studie wird im Rahmen Ihrer IVF/ICSI-Behandlung durchgeführt 

und benötigt keine aktive Teilnahme von Ihnen. 

Bei Durchführung einer künstlichen Befruchtung liegt die durchschnittliche 

Befruchtungsrate der Eizellen gemäß der Daten des Deutschen IVF Registers bei 

51,5% bei Durchführung einer IVF sowie bei 65,1% bei Durchführung einer ICSI (DIR 

Jahrbuch 2010).  
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Die zu untersuchenden Eizellen sind nicht für eine Kinderwunschtherapie bzw. einen 

späteren Embryotransfer geeignet (da die Eizellen nicht befruchtet sind). Die 

unbefruchteten Eizellen werden ansonsten im Rahmen der Kinderwunschtherapie 

verworfen. Hier gelten die Vorgaben des Deutschen Embryonenschutzgesetzes.  

Die Chancen auf den Eintritt einer Schwangerschaft werden durch diese 

Untersuchung in keiner Weise beeinflusst!  

3. Worin liegt der Nutzen einer Teilnahme an der Studie? 

Es ist nicht zu erwarten, dass Sie aus Ihrer Teilnahme an dieser Studie 

gesundheitlichen Nutzen ziehen werden.  

Jedoch birgt die Studie potentiell die Möglichkeit, in Zukunft diagnostische Methoden 

zu entwickeln, welche die Schwangerschafts- und Geburtenrate bei Durchführung 

einer künstlichen Befruchtung erhöhen könnten. 

4. Wann wird die Studie vorzeitig beendet? 

Sie können jederzeit, auch ohne Angabe von Gründen, Ihre Teilnahmebereitschaft 

widerrufen und aus der Studie ausscheiden, ohne dass Ihnen dadurch irgendwelche 

Nachteile für Ihre weitere medizinische Betreuung entstehen. 

5. In welcher Weise werden die im Rahmen dieser Studie gesammelten Daten 

verwendet? 

Sofern gesetzlich nicht etwas anderes vorgesehen wird, haben nur die Prüfer und 

deren Mitarbeiter Zugang zu den vertraulichen Daten, in denen Sie namentlich 

genannt werden. Diese Personen unterliegen der Schweigepflicht. 

Die Weitergabe der Daten erfolgt ausschließlich zu statistischen Zwecken, Sie 

werden darin ausnahmslos nicht namentlich genannt. Auch in etwaigen 

Veröffentlichungen der Daten dieser klinischen Studie werden Sie nicht namentlich 

genannt. 
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6. Entstehen für die Teilnehmer Kosten? Gibt es einen Kostenersatz oder eine 

Vergütung? 

Durch Ihre Teilnahme an dieser klinischen Studie entstehen für Sie keine 

zusätzlichen Kosten.  

Sie erhalten für Ihre Teilnahme an dieser klinischen Studie keine Vergütung. 

 

7. Möglichkeit zur Diskussion weiterer Fragen 

Für weitere Fragen im Zusammenhang mit dieser Studie stehen Ihnen Ihr Prüfarzt 

und seine Mitarbeiter gern zur Verfügung. Auch Fragen, die Ihre Rechte als Patient 

und Teilnehmer an dieser klinischen Studie betreffen, werden Ihnen gerne 

beantwortet. 

 

Verantwortlicher Projektleiter: 

 

Univ.-Prof. Dr. med Constantin v. Kaisenberg, 

Bereichsleiter Geburtshilfe und Pränatalmedizin, 

 

Univ.-Prof. Dr. rer nat Georgios Tsiavaliaris 

Professor für Zelluläre Biophysik 

 

Stellvertreter (Ansprechpartner für IVF) 

Frau Dr. C. Schippert 

Leitung Bereich Assistierte Reproduktion 

 

Doktorandin 

Maria-Nefeli Malliou 
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6.3 INFORMED CONSENT 

 

Einwilligungserklärung 

zur wissenschaftlichen Verwendung von Eizellen  

und personenbezogenen Daten 

 

Sehr geehrte Frau ___________________ , 

Sehr geehrter Herr ___________________ , 

hiermit bitten wir Sie um Ihr Einverständnis zur wissenschaftlichen Verwendung Ihrer 

trotz der künstlichen Befruchtung (IVF/ICSI) nicht befruchteten Eizellen und Ihrer 

personenbezogenen Daten, wie sie Ihnen in der Spenderinnen und Spender Information 

näher erläutert worden ist. 

Titel der Studie: „Molekulare und ultrastrukturelle Untersuchungen zur Pathophysiologie 

der meiotischen non-Disjunction humaner Oozyten.“ 

Medizinische Hochschule Hannover 

Verantwortliche Projektleiter: 

Univ.-Prof. Dr. med Constantin v. Kaisenberg, 

Bereichsleiter Geburtshilfe und Pränatalmedizin, 

 

Univ.-Prof. Dr. rer nat Georgios Tsiavaliaris 

Professor für Zelluläre Biophysik 

 

Stellvertreterin (Ansprechpartnerin für IVF / ICSI) 

Leitung Bereich Assistierte Reproduktion 

OÄ Frau Dr. C. Schippert 

 

Doktorandin 

Maria-Nefeli Malliou 
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A. Allgemeines 

 

Wir sind durch den Studienarzt über den Zweck, den Ablauf, die Bedeutung der 

klinischen Studie sowie die Vorteile und Risiken, die damit verbunden sein können, 

mündlich aufgeklärt worden.  

 

Die schriftliche Spenderinnen- und Spender- Information haben wir gelesen. Alle 

unsere Fragen sind zu unserer Zufriedenheit beantwortet worden. 

Wir haben eine Kopie der Spenderinnen- und Spender- Information und 

Einverständniserklärung ausgehändigt bekommen. Wir hatten genügend Zeit, um 

unsere Entscheidung zur Studienteilnahme zu überdenken und frei zu treffen.  

 

Unsere folgenden Erklärungen reichen nur so weit, wie uns dies im Rahmen der 

schriftlichen Spenderinnen- und Spender- Information bzw. in der mündlichen 

Erläuterung näher dargelegt wurde.  

 

Unsere folgenden Erklärungen berechtigen und verpflichten die oben einleitend 

genannte Institution. 

 

B. Einwilligung in die Nutzung der nach IVF/ ICSI unbefruchteten Eizellen 

 

B 1 Wir sind mit der Nutzung unserer trotz IVF/ ICSI- Therapie unbefruchteten Eizellen 

einverstanden und überlassen die mir entnommene Eizellen hiermit der oben genannten 

Institution.  

Wir stimmen zu, dass die Eizellen unter der Verantwortung der oben genannten 

Institution in verschlüsselter Form (d.h. so, dass eine Zuordnung zu meiner Person bzw. 

zu uns nur über weitere Hilfsmittel – etwa eine Referenzliste – möglich ist) für Studien 

mit der oben genannten Fragestellung verwendet wird. 
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B 2 Wir sind uns bewusst, dass wir für die Überlassung der Eizellen kein Entgelt 

erhalten. 

Wir sind uns bewusst, keinerlei Ansprüche auf Vergütung, Tantieme oder sonstige 

Beteiligung an finanziellen Vorteilen und Gewinnen zu haben, die möglicherweise auf 

der Basis der Forschung mit den Eizellen erlangt werden. 

 

B 3 Widerruf der Zustimmung zur Probenverwendung 

Wir wissen, dass wir unsere Zustimmung zur Verwendung der Eizellen jederzeit und 

ohne Angabe von Gründen gegenüber der oben genannten Institution / Person 

widerrufen können und dass dies keinen Einfluss auf etwaige weitere ärztliche 

Behandlung hat.  

Im Falle des Widerrufs sind wir damit einverstanden, dass die unbefruchteten/nicht 

korrekt befruchteten/befruchteten aber nicht zu verwendenden Eizellen zu 

Kontrollzwecken weiter aufbewahrt werden. Wir haben jedoch das Recht, deren 

Vernichtung zu verlangen. 

Wir sind uns bewusst, dass eine Vernichtung der Eizellen auf unseren Wunsch nicht 

möglich ist, wenn sie soweit verschlüsselt („anonymisiert“) wurde, dass eine Verbindung 

zwischen den Proben und meiner Person nicht oder nur mit einem unverhältnismäßig 

großen Aufwand an Zeit, Kosten und Arbeitskraft möglich ist.  

 

C. Datenschutzrechtliche Einwilligungserklärung 

 

Wir sind damit einverstanden, dass die einleitend genannte Person bzw. Mitarbeiter der 

einleitend genannten Institution Einblick in meine Original-Krankenunterlagen nimmt. 

Wir stimmen zu, dass Daten, die meine Person betreffen (hierzu gehören insbesondere 

auch Krankheitsdaten aus meinen Krankenunterlagen bzw. des Paares) unter der 



6. Appendix 

97 
 

Verantwortung der oben genannten Institution in verschlüsselter Form für Studien mit 

der oben genannten Fragestellung gespeichert und verarbeitet werden. 

 

Widerruf der Zustimmung zur Datenverwendung 

 

Wir wissen, dass wir unsere Zustimmung zur Verwendung unserer Daten jederzeit und 

ohne Angabe von Gründen gegenüber der einleitend genannten Institution bzw. Person 

widerrufen können und dass dies keinen Einfluss auf meine / unsere etwaige weitere 

ärztliche Behandlung hat. 

Im Falle des Widerrufs sind wir damit einverstanden, dass unsere Daten zu 

Kontrollzwecken weiterhin gespeichert bleiben. Wir haben jedoch das Recht, deren 

Löschung zu verlangen, sofern gesetzliche Bestimmungen der Löschung nicht 

entgegenstehen. 

Wir sind uns bewusst, dass im Falle einer anonymisierten Speicherung unserer Daten 

deren Löschung auf unseren Wunsch nicht möglich ist. 

 

 

Datum   Name der Spenderin     Unterschrift 

 

Datum   Name des Spenders     Unterschrift 
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6.4 LIST OF ABBREVIATIONS 

2D two-dimensional 

3D three-dimensional 

BSA bovine serum albumin 

COC cumulus-oocyte-complex 

CREST calcium-responsive transactivator 

DAPI 4′,6-Diamidin-2-phenylindol 

FBS fetal bovine serum 

Fig. Figure 

FITC fluorescein isothiocyanate 

FSH follicle-stimulating hormone 

GnRH gonadotropin-releasing hormone 

HCG human choriongonadotropin 
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Hepes-HTF 2-Hydroxyethyl-1-piperazinyl-ethansulfonsäure-Human 

tubal fluid 

HTF human tubal fluid 

ICSI intracytoplasmic sperm injection 

IVF in vitro fertilization 

LH luteinizing hormone 

MI metaphase I 

MII metaphase II 

MTOC microtubule organizing centre 

PBS phosphate buffered saline 

PMSG pregnant mare’s serum gonadotropin 

REC8 meiotic recombination protein REC8 homolog 

SAC spindle assembly checkpoint 
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SAM senescence-accelerated mouse 

SCC1/3 sister chromatid cohesion protein 1/3 

SMC1/1β/3 structural maintenance of chromosomes 1/1beta/3 

STAG3 stromal antigen 3 

TGF-β transforming growth factor beta 
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