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 Zusammenfassung 1

EINLEITUNG: Bis zum heutigen Zeitpunkt sind schätzungsweise mehr als fünf 

Millionen Kinder durch assistierte Reproduktion (künstliche Befruchtung) auf die 

Welt gebracht worden. Seit 1997 ist die Zahl der durchgeführten assistierten 

Reproduktionszyklen (ART-cycles) jedes Jahr stetig gestiegen. Allerdings 

haben sich Schwangerschafts- und Lebendgeburtenraten nicht wesentlich 

verändert. Trotz der enormen Kosten ist das Ergebnis immer noch 

unzureichend, mit einer Erfolgsrate von nur etwa 30% bei Frauen im Alter von 

35 Jahren. Embryokulturbedingungen scheinen das Ergebnis der In-vitro-

Fertilisation (IVF) nachteilig zu beeinträchtigen. Im Gegensatz zu den in-vivo 

Bedingungen verfügen die Kulturmedien nicht über die optimale 

Zusammensetzung der Faktoren, wie sie in den Flüssigkeiten im 

Reproduktionstrakt vorliegen. Zudem wird die Embryokultivierung häufig unter 

nicht physiologischen Umgebungssauerstoff-Konzentrationen durchgeführt. 

Dies führt zu einer hohen Frequenz an Fehlentwicklungsraten bei den in-vitro 

erzeugten Embryonen. 

Zellalterung wird durch Stressstimuli getriggert und durch permanenten 

Zellzyklusarrest definiert. Eine vorherige Studie ergab erhöhte Marker für 

zelluläre Seneszenz in in-vitro gezüchteten Blastozysten im Vergleich zu in-vivo 

entwickelten. Dies zeigt, dass ein der Seneszenz ähnlicher Zustand durch 

oxidativen Stress und suboptimale Kulturbedingungen induziert werden kann. 

Jedoch war weiterhin fraglich, ob diese Effekte durch optimierte 

Embryokulturbedingungen beeinflusst werden können und ob atmosphärische 

O2-Bedingungen zur Bildung von reaktiven Sauerstoffradikalen (ROS) führen. 

 

Das Ziel dieser Arbeit war zu untersuchen, ob optimierte Kulturbedingungen 

einen Einfluss auf die Expression der Seneszenz-Marker in murinen 

Blastozysten haben und ob Sauerstoffradikale in lebendigen Blastozysten 

nachweisbar sind. 

 

MATERIAL UND METHODEN: Einzellige Maus-Embryonen wurden aus super-

ovulierten FVB Mäusen gewonnen und in vier verschiedenen Versuchsgruppen 
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(5% /20% O2 Level +/- Proteinzusatz zum Kulturmedium) in-vitro bis zum 

Blastozystenstadium kultiviert. Die Blastozysten wurden fixiert und für 

Seneszenz-assoziierte-β-Galactosidase (SA-β-Gal ) und phosphorylierte H2A.X 

(y-H2A.X) (repräsentative Marker der zellulären Seneszenz) gefärbt. Der 

Umfang des oxidativen Stresses wurde in lebendigen Blastozysten mit dem 

ROS Detektor CM- H2DCFDA erfasst. 

 

ERGEBNISSE: Unter reduzierten O2 Bedingungen (5%) wurde im Vergleich zu 

Umgebungssauerstoffbedingungen (20%) eine signifikante Abnahme der 

Expression der untersuchten Seneszenz-Marker (SA-β-gal/ y-H2A.X) sowie 

ROS Werte (via CM- H2DCFDA gemessen) festgestellt. Die Zugabe von Protein 

in das Kulturmedium reduzierte die untersuchten Marken zusätzlich. 

 

SCHLUSSFOLGERUNG: Die Ergebnisse zeigen, dass in reduziertem 

Sauerstoffgehalt kultivierte Embryonen eine verminderte Expression der 

zellulären Seneszenz-Marker aufzeigen. Dies ist potentiell auf eine erniedrigte 

Bildung von reaktiven Sauerstoffradikalen zurückzuführen. Die Zugabe von 

Protein scheint eine zusätzliche Wirkung als anti-oxidativer Radikalfänger zu 

haben. Die Kultivierung von Blastozysten in 5% O2 mit Proteinzusatz reduzierte 

die gemessenen Marker auf Werte ähnlich derer gemessen in in-vivo 

Embryonen. Die Ergebnisse liefern weitere Beweise für die möglichen 

negativen Auswirkungen der Embryonenzucht bei atmosphärischen 

Sauerstoffkonzentrationen. Zusätzliche Untersuchungen von DNA-Schäden, 

dem zellulärem Seneszenz-Signalweg in Embryonen, der Rolle von oxidativem 

Stress und anderen Embryokulturbedingungen sind erforderlich, um eine 

genauere Kenntnis über das Zusammenspiel oben genannter Faktoren in der 

Embryokultivierung zu erhalten. 
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 Summary 2

INTRODUCTION: To the present it is estimated that more than five million 

children were born through assisted reproduction. Since 1997, the number of 

assisted reproductive technology (ART) cycles performed each year increased 

steadily. However, pregnancy and live birth rates did not change considerably. 

In spite of its tremendous cost, the outcome is still insufficient, with a success 

rate of only approximately 30% for women under the age of 35. Embryo culture 

conditions seem to affect the outcome of in-vitro fertilization (IVF) adversely. 

Contrary to the in-vivo ambience, culture media lack the optimal composition of 

the factors present in the reproductive tract fluid and embryo culture frequently 

occurs under non-physiological ambient O2 concentrations, leading to a high 

frequency of developmental failure in the in-vitro produced embryos. 

Cellular senescence is defined by stable cell cycle arrest that is triggered by 

stress stimuli. A prior study showed that markers of cellular senescence were 

elevated in in-vitro derived blastocysts compared to in-vivo ones. Indicating that 

a senescence-like state may be induced through oxidative stress and 

suboptimal culture conditions. But it was still to be determined whether these 

effects can be influenced by optimized embryo culture conditions and if ambient 

O2 conditions lead to the formation of reactive oxygen species (ROS). 

 

In this study the aim was to investigate if optimized culture conditions have an 

influence on the expression of cellular senescence markers in murine 

blastocysts and if amounts of radical oxygen species (ROS) are detectable in 

live blastocysts. 

 

MATERIALS AND METHODS: Single-cell mouse embryos were collected from 

super ovulated FVB mice and cultured in-vitro to the blastocyst stage in four 

different experimental groups (5%/ 20%O2 levels +/- protein addition to the 

media). Blastocysts were fixed and stained for Senescence-associated-β-

galactosidase (SA-β-gal) and phosphorylated H2A.X (y -H2A.X) (as 

representative markers of cellular senescence). The level of oxidative stress in 

live blastocysts was detected using the ROS detector: CM-H2DCFDA. 
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RESULTS: In reduced O2 conditions (5%) in comparison to ambient O2 (20%), a 

significant decrease in the expression of the studied senescence markers (SA-

β-gal/ y-H2.A.X) as well as ROS values (measured via CM-H2DCFDA) was 

detected. The addition of protein to the culture medium further decreased 

measured markers. 

 

CONCLUSION: Results indicate that decreased O2 during embryo culture 

minimizes the expression of markers of cellular senescence, maybe due to the 

reduction of ROS formation. Protein seems to aid as additional antioxidant 

scavenger. Culture of 5% O2 with protein reduced markers to levels similar to 

those seen in in-vivo embryos. Results provide further evidence for potential 

adverse effects of culturing embryos at ambient O2 concentrations. Additional 

studies of DNA damage, the cellular senescence pathway in embryos, the role 

of oxidative stress and other embryo culture conditions are demandable to 

further investigate the impact of above-mentioned factors on blastocysts in 

culture. 
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 Abbreviations 3

 
AR - Assisted Reproduction 
 
ART - Assisted Reproductive Technologies 
 
BSA  - Bovine serum albumin 
 
CASP3/ 8/ 9  - Caspase3/ 8/ 9 
 
CF-1 mice  - Inbred mouse colony (1); from Carworth Farms  
 
CM-H2DCFDA   - 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein 

diacetate 
 
CO2  - Carbon dioxide 
 
DAPI  - 4’-6-Diamidino-2-phenylindole 
 
DMSO  - Dimethyl sulfoxide 
 
DNA  - Deoxyribonucleic acid 
 
DPBS  - Dulbecco's phosphate buffered saline 
 
e.g.  - exempli gratia 
 
FAS/FASLG - FAS ligand (type-II transmembrane protein that belongs to 
 the tumor necrosis factor family) 
 
FVB mice  - Inbred mouse colony for the Fvb1 gene (in–house) 
 
GLB1  - Galactosidase, beta-1 
 
GPX  - Glutathione peroxidase 
 
HCG  - Human chorionic gonadotropin 
 
HEPES   - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
 
HSA  - Human serum albumin 
 
HTF  - Human tubal fluid 
 
H2A.X  - Histone of H2A histone family; member: X 
 
i.a. - inter alia 
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IACUC  - Institutional Animal Care and Use Committee 
 
ICM - Inner cell mass 
 
ICSI  - Intracytoplasmic Sperm Injection 
 
IU  - International unit 
 
IVF  - In-Vitro Fertilization 
 
KSOM-AA  - Potassium simplex optimization medium with amino acids 
 
LSM780  - Laser scanning microscope (Zeiss; model: 780) 
 
M  - Molar 
 
ml  - Milliliter 
 
mM  - Milimolar 
 
n  - Particle number (N); n=1 ≡ 1 embryo 
 
nm  - Nanometer 
 
N2  - Nitrogen 
 
O2  - Oxygen 
 
PBS  - Phosphate buffered saline 
 
PMS  - Pregnant Mare’s Serum 
 
Polysorbate20  - Polyoxyethylene (20) sorbitan monolaurate (Tween20) 
 
PVA  - Polyvinyl alcohol 
 
ROS  - Reactive Oxygen Species 
 
SA-β-gal  - Senescence associated beta-galactosidase 
 
Ser-139  - Serine 139 
 
SSS  - Serum Substitute Supplement 
 
TG  - Treatment group 
 
TX100  - Polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-

phenylether 
 
UV- light  - Ultraviolet light 
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v/v - Volume-in-volume solution 
 
X-gal  - 5-bromo-4-chloro-3-indoyl β-D-galactopyranoside 
 
Z-stack  - 3-dimensional imaging (x-y-z) 
 
γ-H2A.X  - Phosphorylated H2A.X 
 
µl  - Microliter 
 
µM  - Micromolar 
 
%  - Percent 
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In this day and age there is a widespread use of assisted reproductive 

technologies (ART). The use of ART increased steadily and got simplified after 

the first baby, Louise Brown, was born in England in 1978 after being conceived 

using in-vitro fertilisation. In Germany, the law on the protection of embryos 

(Embryo Protection Act), enacted on 13th of December in 1990, governs the 

legal framework for the implementation of in-vitro fertilization (Diedrich, 2007). A 

couple is called sterile if is has unprotected intercourse for one year without 

resulting in a pregnancy. Nowadays already one out of six couples experiences 

problems with fertility and takes the plunge to direct towards ART to procure 

help receiving a baby on their own (Farquhar, Jr, Brown et al., 2013). One of the 

reasons is that women in these days tend to decide to have a baby of their own 

at a more advanced age, which also increases the risk of aberration and 

abortion. Reproductive medicine gained in importance and by now many 

couples experienced the unique sensation of giving birth to a child with the help 

of ART. To the present it is estimated that since 1997 more than five million 

children were born worldwide through assisted reproduction (Kupka et al., 

2014). A cross sectional survey showed that in 2006 over 1.0 million ART 

cycles were performed worldwide, which resulted in an estimated number of 

>250,000 babies born (Mansour et al., 2014). 

In-vitro fertilization describes a process where one or more oocytes are 

retrieved from stimulated ovaries, which can be achieved through transvaginal 

follicular puncture with sonographic guidance after hormone and sonographic 

control (Schorge et al., 2008). In a sterile laboratory environment, oocytes are 

coupled with spermatozoa in-vitro in a special media. Due to spontaneous 

insemination, “normal” selection of viable and rapid spermatozoa occurs and 

after successful fertilization, viable embryos are implanted into the uterus 

transcervically with sonographic guidance. Despite its increased utilisation and 

importance, being sterile and the consecutive use of reproductive medicine is 

still complicated in many respects, especially for the couples affected. The 

problematic toopics include: costs, psychological aspects, technological 

improvement, socio-political acceptability as well as political and legal 
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dimensions. In spite of its tremendous cost, the outcome is still insufficient, with 

a success rate of only approximately 30% for women under the age of 35 

(Ferraretti et al., 2013; Kupka et.al, 2014). Chances of success decrease and 

rates of abortion increase after the 35th year of age and the cumulative success 

rate for women over the age of 40 declines to just 5% (Jansen, 2003). In 

general a pregnancy results in 20-40% of the cases (early abortion rate 

approximately 80%, multiple pregnancy rate (twins) about 20%) and is highly 

dependent on the mother's age at the time of egg retrieval, national legislation 

as well as on modern IVF technologies (Kupka et al., 2014; Mansour et al., 

2014). Since 1997, the number of ART cycles performed each year increased 

steadily. The number of embryos transferred shifted from several to single 

embryo transfer, resulting in decreased multiple births rates. However, 

pregnancy and live birth rates did not change considerably (Nygren & 

Andersen, 2001; Mansour et al., 2014) . 

In defiance of already above mentioned fallouts on IVF outcomes, other factors 

which affect the outcome of IVF adversely come into addition. Most of all, 

embryo culture conditions themselves, particularly used media and incubator 

oxygen tension (Kind et al., 2005; Nelissen et al., 2012). Embryo culture, as an 

important part of the IVF procedure, deals with the handling of highly vulnerable 

cells at a critical state of development. It involves extracting oocytes and 

spermatozoa out of their natural surroundings and exposes them to an 

ambience which varies in many respects from their physiological milieu. During 

in-vitro development, embryos are exposed to a variety of exogenous and 

endogenous factors, including ions, buffers, growth factors, amino acids, energy 

substrates and the gas atmosphere (D Rieger et al. 1992), which can cause 

developmental arrest or degeneration, leading to a blastocyst rate less than 

50% (Plante, Betteridge, & King, 1989; Thomas et al., 2010). After embryo 

transfer, many blastocysts are unable to sustain viability and do not result in a 

pregnancy (Crosier et al., 2001). Contrary to the in-vivo ambience, culture 

media lack the optimal composition of the factors present in reproductive tract 

fluid and embryo culture frequently occurs under non-physiological atmospheric 

oxygen concentrations (a J. Harvey, 2007), leading to a high frequency of 

developmental failure in the in-vitro produced embryos. Reasons remain 

unclear but developmental arrest has been proposed as a protective 
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mechanism for preventing further development of abnormal, poor quality 

embryos (L. A. Favetta et al., 2007).  

When actively growing cells accumulate a critical level of cellular damage, 

proliferation ceases and cells undergo programmed death (apoptosis or 

autophagy) or permanent cell cycle arrest (senescence). Apoptosis represents 

an end point of cell fate: the culmination of cellular damage and the signature of 

a cell that is unable to overcome intrinsic defects or extrinsic insults. Cellular 

senescence is another programmed cell response to in-vitro stress that similar 

to apoptosis, represents the culmination of damage and corresponding cellular 

responses (Meuter, Rogmann et al., 2014). Due to a lack of apoptotic signs 

(chromatin condensation, nuclear fragmentation, apoptotic bodies) during early 

cleavage stages (Betts & King, 2001b) as well as the absence or very low 

abundance of transcripts for CASP3, CASP9, CASP8 and FAS/FASLG 

(Leidenfrost et al., 2011), it is questionable whether classical caspase-mediated 

apoptosis is the major cause of cell death in early embryo development. 

Assumingly embryos could be arrested in a senescent-like stage (Betts & 

Madan, 2008). Cellular senescence, first of all described by L. Hayflick in 1961, 

represents a phenomenon where cells enter a permanent cell cycle arrest state 

(Hayflick & Moorhead, 1961; L. A. Favetta et al., 2004;) while still being 

metabolically active (Tarin, 1996). This is in contrast to quiescent and terminally 

differentiated cells (Kurz et al., 2000) and senescent cells also seem to exhibit 

high levels of intracellular ROS (L. A. Favetta et al., 2007).  

The Senescence-associated-beta galactosidase assay is very useful for testing 

whether different conditions or compounds can induce or inhibit the appearance 

of senescent cells (Dimri et al., 1995; Debacq-Chainiaux et al., 2009). Classic 

acid beta-galactosidase is an enzyme present in the lysosomes of all eukaryotic 

cells and functions as a cellular waste component processor (Ishii et al., 1995). 

It is distinguishable from senescence-associated beta-galactosidase by its pKa 

due to augmented lysosomal mass accompanied by increased enzyme activity. 

Therefore the assay can be used to study the emergence of senescent cells 

after exposure to different types of stressors (Debacq-Chainiaux et al., 2005; 

Dumont et al., 2000; Frippiat et al., 2001). 
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It is extensively studied that reactive oxygen species are implicated in the 

induction of cellular senescence (Passos, Von Zglinicki, & Kirkwood, 2007). 

Under conditions of elevated oxidative stress, e.g. in culture, cellular 

senescence can occur prematurely (Dumont et al., 2000; von Zglinicki, 2000; 

Frippiat et al., 2001; Passos, Saretzki, & von Zglinicki, 2007) and can also be 

activated by the disruption of the telomere structure (Li, 2003; Stewart, Wang, 

Bignell, Taylor, & Elledge, 2003). This can be measured by gamma-H2A.X 

fluorescence, a marker of DNA damage to the telomeres, indicating telomere 

dysfunction-induced foci (M. B. Harvey et al., 1995; Herbig et al., 2004; Fragkos 

et al., 2009) or DNA damage-induced cellular senescence (Passos, Saretzki, et 

al., 2007). 

It has previously been shown that bovine embryos (at the 2 to 4 cell stage) 

cultured in 20% oxygen conditions reveal higher frequencies of permanent 

embryo arrest and significantly elevated levels of intracellular ROS compared 

with embryos cultured in 5% oxygen atmospheres (L. a Favetta et al., 2007). 

This evidence suggests a relation between near-atmospheric oxygen 

concentrations, intracellular ROS production and embryo arrest, although this is 

not yet shown for embryos at the blastocyst stage, being the most important 

developmental stage prior to implementation in the uterus cavity. Hence, 

oxygen tension is a substantial factor during embryo culture. Although IVF 

needs to take place at a certain oxygen concentration, it is well known that 

suboptimal culture conditions, where non-physiological O2 concentration 

appertains to, can cause a high frequency of developmental failure (Betts & 

King, 2001a; L. A. Favetta et al., 2004). Being part of the natural cell 

metabolism and important for intracellular signalling and cellular functions, 

oxygen radicals are existential in certain quantities, but can result into oxidative 

stress under pathological conditions and concentrations (Nasr-Esfahani & 

Johnson, 1991). An imbalance between over-abundant oxygen supply and 

metabolic needs may procure meiotic arrest and/ or apoptotic cell death 

induced by DNA breaks and damage through caspase 3 activation (Tatemoto, 

Muto, Sunagawa, Shinjo, & Nakada, 2004). During embryo culture this 

“imbalance” could be generated through ambient oxygen levels, which are not 

even close to physiological in-vivo conditions, but still commonly used 

(Bontekoe et al., 2012). 
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Methods to measure ROS in-vivo especially live imaging become more and 

more important and notable progress has been made in probe developing 

during the past years. The fluorogenic marker CM-H2DCFDA for reactive 

oxygen species in live cells can be used as an indicator for oxidative stress to 

cells in in-vitro culture (Badham et al., 2010; Kawamura et al., 2010). It 

passively diffuses into cells and accumulates mostly in the cytosol where 

intracellular oxidation yields a fluorescent adduct that can be measured using 

fluorescence microscopy (Halliwell & Whiteman, 2004).  

Nowadays single embryo transfer became more important, in order to avoid the 

additional risk of multiple pregnancies. Embryos are cultured until reaching the 

blastocyst stage (regularly under 20% oxygen conditions) and implanted in the 

uterus after morphological selection. Resulting implantation, pregnancy as well 

as live birth rates are not satisfying, considering the cost, effort and 

psychological impact on affected couples. Therefore the need of optimal-quality 

embryos is high but methods to determine embryo health are not adequately 

and early embryonic markers to determine optimal embryo development are yet 

to be identified. Prior to this study, the same working group around D.E. 

Morbeck compared senescence markers (SA-beta-galactosidase, y-H2A.X and 

p21, p16, IL6) respectively in in-vivo and in-vitro derived blastocysts (culture 

conditions: 20% oxygen without protein supplement) and showed that markers 

of cellular senescence were elevated in in-vitro derived blastocysts. Significant 

results were obtained for the SA-beta-galactosidase, y-H2A.X and p21 markers, 

supporting the hypothesis that markers of cellular senescence are expressed in 

murine blastocysts cultured in-vitro, indicating that a senescence-like state may 

be induced through oxidative stress and suboptimal culture conditions (Meuter, 

Rogmann et al., 2014). However, it was still to be determined whether these 

effects can be influenced by optimized embryo culture conditions and if 

atmospheric oxygen conditions lead to the formation of reactive oxygen 

species, a possible stressor during embryo development prior to implantation. 
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4.1 Research question 

Do optimized culture conditions have an influence on the expression of cellular 

senescence markers in murine blastocysts?  

 

Based upon the published knowledge two conditions were tested: 

1. In-vitro culture in atmospheric and reduced oxygen conditions  

2. Medium with or without protein supplementation (as a source of 

antioxidant)  

Cellular senescence was determined by expression of SA-beta galactosidase 

and y-H2A.X (as representative markers of cellular senescence). 

 

Secondly we aimed to investigate if amounts of radical oxygen species 

(ROS) are detectable in live blastocysts that were cultivated in either 

atmospheric or reduced oxygen culture settings with/ without protein 

supplement. 

 

Design 

 

Experiment one: 

Effects of oxygen and protein on markers of cellular senescence were studied 

using a 2×2 factorial design, with 2 levels of oxygen (5% vs 20%), with or 

without 10% v/v protein (serum substitute supplement (SSS)). 

After 96h of culture, blastocysts were obtained from a minimum of 3 replicates, 

with at least 30 blastocysts obtained from one out of the four different culture 

settings for both SA-β-galactosidase and γ- H2A.X assays. 

 

Experiment two: 

Effects of oxygen and protein on ROS formation in live blastocysts derived from 

two different culture systems: 5% oxygen with 10% v/v protein supplement and 

20% oxygen without protein supplement.  

After 96h of culture, blastocysts were obtained from a minimum of 3 replicates, 

with at least 30 blastocysts obtained from both culture settings for the CM-

H2DCFDA assay. 
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Materials 

Culture medium/ additives Abbr./ 

Quantity/ 

Type 

Manufacturer 

Dulbecco's phosphate buffered  

saline 

DPBS Life technologies, TM, USA 

Global medium   IVFonline; Guelph, Ontario, 

Canada 

Human chorionic gonadotropin HCG APP Pharmaceuticals, 

Schaumburg, IL, USA 

Human Serum Albumin HSA Cooper Surgical, Trumball, 

CT, USA 

Human tubal fluid medium HTF IVFonline; Guelph, Ontario, 

Canada 

Mineral Oil, Light O121-1 Fisher Scientific, Fair Lawn, 

NJ, USA 

Phosphate-buffered saline  PBS Invitrogen, Grand Island, NY, 

USA 

Polyvinyl alcohol  PVA Sigma Aldrich, St. Louis, 

MO, USA 

Pregnant mare’s serum PMS NHPP Torrance, CA, USA 

Serum Substitute Supplement SSS Irvine Scientific, CA, USA 

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid 

HEPES InVitro Care ; Frederick, MD, 

USA 

Embryo handling  Manufacturer 

Micropipetter: the STRIPPER®  Origio, New Jersey, USA 

Stripper tips  125µm Origio, New Jersey, USA 

Incubator   

CO2 free incubator   
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CO2 Water Incubator  3110 Thermo Forma Scientific  

Microscope   

Laser scanning microscope LSM780 Carl Zeiss, Jena, Germany 

Light microscope  Nikon, Melville, NY 

Labware   

Aerosol Resistant Tips ART® Taylor Scientific, St. Louis, 

Missouri, USA 

Four-well dish  Nunc™ Thermo Scientific, 

Rochester, NY, USA 

Microtube  1,5 ml Sarstedt, USA 

Orbital shaker VSOS-4P Pro Scientific; Oxford, CT, 

USA 

Petri dish  1006 Falcon ®, Becton Dickinson 

Labware; Franklin, NJ, USA 

Polypropylene round-bottom tube 5ml  

10ml 

20ml 

50ml 

Falcon ®, Becton Dickinson 

Labware; Franklin, NJ, USA 

Precision micro liquid transfer 

device  

Pipet-

Aid® 

Drummond Scientific, 

Broomall, PA, USA 

Serological glass pipet  5ml Falcon ®, Becton Dickinson 

Labware; Franklin, NJ, USA 

Stirrer plate   USA Scietific, Ocala, FL, 

USA 

Tissue culture dish  3001 Falcon ®, Becton Dickinson 

Labware; Franklin, NJ, USA 

Chemicals   

Bovine Serum Albumin powder BSA 

powder 

MP Biomedicals, LLC; 

Solon, Ohio, USA 

Citric acid pH6; pH4 Sigma Aldrich, St. Louis, 

MO, USA 

Dimethylsulfoxide DMSO Sigma Chemical, St. Luis, 

MO, USA 

Glutaraldehyde  Sigma Aldrich, St. Louis, 
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MO, USA 

Magnesium chloride  Boston BioProducts, 

Ashland, MA, USA 

Molecular water   Cellgro, Mediatech, Inc.  

Manassas, VA, USA 

Paraformaldehyde 10ml vial Electron Microscopy  

Sciences, Hatfield, PA, USA 

Polyoxyethylene (20) sorbitan 

monolaurate  

Tween20 Sigma-Aldrich, St. Louis, 

MO, USA 

Potassium ferracyanide  MP Biomedicals, Solon, OH, 

USA 

Potassium ferrocyanide  Sigma Aldrich, St. Louis, 

MO, USA 

Sodium chloride  Boston BioProducts,  

Worcester, MA, USA 

Triton-X-100 TX100 Thermo Fisher Scientific, 

Rockford, IL, USA 

Vectashield mounting medium  Vector Laboratories,  

Burlingame, CA, USA 

3% 4’-6-Diamidino-2-phenylindole 

(DAPI) in Vectashield mounting 

medium  

stock IVF laboratory, Mayo Clinic, 

Rochester, MN, USA 

4’-6-Diamidino-2-phenylindole DAPI Abbott Molecular, Chicago, 

IL, USA 

Laboratory Animals   

Friend Virus B; Inbred mouse 

colony; female mice 

FVB In-house , Mayo Clinic, MN, 

USA 

Inbred mouse colony (1); male mice CF-1™ Charles River, San Diego, 

CA, USA 

Special materials   

anti-rabbit IgG (Fab fragment) Alexa 

Fluor® 

Life Technologies, Carlsbad; 

CA, USA 

rabbit anti- mouse monoclonal IgG 

(whole antibody) 

Alexa 

Fluor® 

Life Technologies, Carlsbad; 

CA, USA 
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5-(and-6)-chloromethyl-2',7'-

dichlorodihydrofluorescein diacetate  

CM-

H2DCFDA 

Invitrogen, Molecular probes, 

Eugene, Oregon, USA 

5-bromo-4-chloro-3-indoyl β-D-

galactopyranoside 

X-gal  

 

American Bioanalytical, 

Natick, MA, USA 
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5.2 Methods  

5.2.1 Embryo Collection and Culture 

All procedures involving animals were approved by the Animal Ethics 

Committee, the Mayo Clinic Institutional Animal Care and Use Committee 

(IACUC). 

Female FVB mice (4-7 weeks old) were superovulated with intraperitoneal 

injections of 5 IU pregnant mare’s serum (PMS) followed 48 hours later by 5 

injections of human chorionic gonadotropin (hCG).  

Female mice were caged individually with male CF-1 mice for breeding 

overnight and were checked for copulation by observing a vaginal plug of 

semen the next morning. Pregnant mice with vaginal plugs were euthanized at 

18-20 hours post-hCG, oviducts excised and flushed with human tubal fluid 

medium (HTF-medium) containing 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid buffer (HEPES-buffer) and 5 mg/ ml human 

serum albumin (HSA).  

One-cell embryos were cultured in groups (2µl media per embryo) in tissue 

culture dishes (3001) in Global medium under embryo-tested laboratory grade 

mineral oil with and without protein supplementation (10% Serum Substitute 

Supplement) in 37°C humidified atmospheres at 5% and 20% O2, 6.5% CO2, 

72.5% N2 in modular CO2 water incubator chambers.  

Dishes were prepared at least 24 hours before embryo collection and contained 

5 media drops of 30µl each and were allowed to equilibrate in the incubator 

chambers with a minimum of 8 and maximum of 16 hours at their specific O2 

level to reach target pH (7.3-7.4).  

Embryo handling was performed with a micropipetter (using 125µm tips). Latex 

gloves were worn during all procedures involving embryo handling to avoid 

additional contamination and in order to obtain sterile working conditions to a 

certain degree. 
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A maximum amount of fifteen embryos were included in each drop of medium 

(1 embryo per 2µl media) and embryos were randomly assigned to one out of 

four separate tissue culture dishes used for each experiment.  

Experiment 1: Effects of oxygen and protein on markers of cellular senescence 

Figure 1 Post collection embryos used for Experiment 1 (2x2 factorial design) were cultured 

96 hours respectively in one out of four treatment groups (TG); TG1: 5% O2 with SSS 

supplementation; TG2: 5% O2 without SSS supplementation; TG3: 20% O2 with SSS 

supplementation; TG4: 20% O2 without SSS supplementation 

Experiment 2: Effects of oxygen and protein on ROS formation in live 

blastocysts 

Figure 2 Post collection embryos used for Experiment 2 were cultured 96 hours respectively 

in one out of two treatment groups (TG); TG1: 5% O2 with SSS supplementation; TG2: 20% O2 

without SSS supplementation. 

 

Embryos were cultured in their assigned culture conditions for 96 hours post 

embryo collection until reaching the blastocyst stage and development was 

surveyed every 24 hours. 

Blastocysts at the expanded and/ or hatching stage after 96 hours post 

collection were included in the study.  
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A minimum of 3 replicates and a total number of 30 blastocysts (n=30) were 

used for each marker studied. 

Experiment 1: After 96 hours of culture, blastocysts from each experimental 

group were washed three times in phosphate-buffered saline (PBS; pH=7.4) 

containing 0.1% polyvinyl alcohol (PVA) and were either immediately stained for 

SA-ß-Galactosidase or γ–H2A.X and DAPI. 

Experiment 2: After 96 hours of culture, blastocysts from each experimental 

group were directly rinsed with pre-warmed final working solution of the CM-

H2DCFDA assay after removal from their specific, experimental group 

dependent growth medium. 

 

5.2.2 Experiment 1: 

5.2.2.1 Senescence-associated ß-galactosidase Assay 

Prior to the commencement of the assay, the following accessories were set up 

and solutions freshly prepared: 

 

1) Four petri dishes, one for each treatment group, containing three rows 

composed of three drops à 30µl each.  

- First row: phosphate buffered saline- polyvinyl-alcohol (PBS-PVA) 

- Second row: fixation solution (composition see below);  

- Third row: PBS-PVA 

With a serological glass pipet (5ml) all nine drops were covered with 3ml of 

mineral oil (stored at room temperature in the dark), to prevent drops from 

desiccating. 

 

2) Fixation solution: containing 2% paraformaldehyde and 0.2% 

glutaraldehyde in PBS-PVA:  
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For a total of 3ml:  

- 24µl gluteraldehyde (stored at -80ºC) were mixed with  

- 246µl formaldehyde (stored at room temperature) and diluted in  

- 2.7 ml PBS-PVA 

Fixative was stored in 5ml polypropylene round-bottom tubes. 

 

3) SA-ß-galactosidase staining solution: 

- 50µl X-gal 

- 200µl 0.2M citric acid (pH=6.0) 

- 50µl 100mM potassium ferrocyanide  

- 50µl 100mM potassium ferracyanide  

- 30µl 5M sodium chloride  

- 2µl 1M magnesium chloride  

- 620µl molecular water  

With a precision micro liquid transfer device (pipet-aid) all ingredients were 

compounded in a 1.5ml microtube and mixed each time with the pipette 

when a new substance was added. The Microtube was directly closed and 

stored UV-light protected (covered with aluminum foil) at room temperature. 

 

A positive control for ß-galactosidase activity was performed at pH 4.0. 

Therefore a different staining solution was prepared with the same ingredients 

as stated above, except for citric acid: 

- 200µl 0.2M citric acid (pH=4.0) 
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Staining method: 

Embryo handling was performed with a micropipetter. 

Each experimental group was washed three times by using the first row of 

prepared PBS-PVA drops to free the blastocysts from cumulus cells and other 

impurities.  

To fix and permeabilize the cells, blastocysts were rinsed in the first two drops 

of fixative and then left in the third drop for 10 minutes at room temperature. 

To rinse off remnants of fixation solution, blastocysts were washed three times 

by using the third row of fresh drops of PBS-PVA and stored in the last drop at 

4ºC for a short time if necessary. 

Blastocysts were added to 0.5ml of the SA-ß-galactosidase stain in a four-well 

dish and incubated for 16 hours in a CO2-free incubator at 37°C covered in 

aluminum foil to shield from UV-light influence.  

Following the incubation period, the blastocysts were washed extensively with 

0.5ml PBS-PVA in a second four-well dish and immediately assessed using a 

light microscope at 400x magnification.  

Embryos were considered positive when blue precipitate was apparent.  

Assay results were assessed by two independent observers blinded to the 

treatments.  
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5.2.2.2 Gamma -H2A.X Immunofluorescence Staining 

Prior to the implementation of the assay, the following stock solutions were 

prepared: 

1) 4% Fixation solution:  

- From stock, 16% paraformaldehyde (10ml vial) was diluted with 30ml 

PBS. 

Fixative was stored in 50ml polypropylene round-bottom tubes at room 

temperature. 

2) 10% Tween20: 

- From stock 100µl Tween20 (stored at room temperature) was diluted 

with 10ml PBS and stored in 50ml polypropylene round-bottom tubes at 

room temperature. 

 

3) 1% Triton X-100: 

- From stock 100µl TX100 was diluted in 10ml PBS and stored in 50ml 

polypropylene round-bottom tubes at room temperature. 

 

4) Blocking solution (8% BSA/ PBS): 

- From stock 0.8g bovine serum albumin (BSA) powder  

 was mixed with 10ml PBS on a magnetic stirrer plate until dissolved and 

stored in 20ml polypropylene round-bottom tubes at 4 ºC. 

 

5) Antibodies: 

- Primary antibody (1:300): 1µl rabbit anti-mouse monoclonal IgG was 

diluted with 299ul of 1% BSA/PBS. 

 

- Secondary antibody (1:500): 1µl anti-rabbit IgG was diluted with 499ul of 

1% BSA/PBS. 

Antibodies were stored in micro tubes at 4ºC in the dark.  

 

- 1% BSA/ PBS: From stock 0.1g BSA powder was mixed with 10ml PBS 

on a magnetic stirrer plate until dissolved and stored in 20ml 

polypropylene round-bottom tubes at 4ºC. 
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6) Staining: 

A stock solution of 3% 4’-6-Diamidino-2-phenylindole (DAPI) in 

Vectashield mounting medium was available in the IVF laboratory of the 

Mayo Clinic. 

Dish preparation, each time prior to assay implementation:  

- One dish was used respectively for each treatment group. 

 

- Fixation: 3 drops of 30µl fixation solution in a polystyrene Petri dish 

covered with mineral oil. 

 

- Permeabilization:  

1) 3 drops of 30µl 0.1%Tween20 in a Petri dish covered with mineral oil. 

2) 0.5ml of 1%TX100 in a tissue culture dish 

 

- Blocking solution: 0.5ml 8%BSA/ PBS in a 4-well-dish 

 

- Incubation with antibody:  

1) Three drops (each 50µl) of 1:300 diluted primary antibodies in a Petri 

dish covered with mineral oil. 

2) Three drops (each 50µl) of 1:500 diluted secondary antibodies in a 

Petri dish covered with mineral oil. 

 

- Intermediate washing/ permeabilization: Two additional plates with 3 

drops of 30µl 0.1%Tween20 in a Petri dish covered with mineral oil. 

 

- Staining: 40µl of vectashield containing 3% DAPI (in the middle of the 

concavity) of an object slide 
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Immunofluorescence staining procedure for embryos on slides: 

Each experiment group was treated separately. Embryos were washed through 

two drops of fixative and left in the third drop of 4% paraformaldehyde in PBS 

under mineral oil for one hour at 4°C.  

Afterwards, embryos were washed three times in PBS with 0.1% Tween20, 

where they were left in each drop for 15 minutes at 4°C and were then 

permeabilized in PBS with 1.0% Triton X-100 for one hour at 4°C.  

Following, embryos were washed three times in PBS with 0.1% Tween20 and 

were then blocked in PBS containing 8% BSA in a 4-well dish overnight at 4°C.  

Embryos were then stained for 12 hours with the primary antibody (rabbit anti-

mouse monoclonal IgG) overnight at 4°C using a dilution of 1:300 in 1% 

BSA/PBS.   

Upon incubation, embryos were washed three times in PBS with 0.1% 

Tween20, where they were left in each drop for 10 minutes at 4°C and were 

then incubated with the secondary antibody (anti-rabbit IgG) using a dilution of 

1:500 in 1% BSA/PBS for 2 hours at room temperature in the dark.   

The immunostained embryos were washed again three times in PBS with 0.1% 

Tween20 at 4°C on an orbital shaker (speed: 30/min) where they were left in 

each drop for 15 minutes.  

Embryos were then counterstained with 3% DAPI in Vectashield mounting 

medium, whilst thawing a maximum of 5 embryos per object slide onto 40µl of 

vectashield/ 3% DAPI. The object slide concavity was covered with a cover 

slide and sealed with nail polish. Either evaluation with a confocal microscope 

(Zeiss LSM780) was performed directly to detect the fluorescent dye and obtain 

confocal images or slides were stored in the dark at 4°C with the cover slides 

down for subsequent evaluation. 

Blastocysts were scanned 3-dimensionally using the Z-stack function and Z-

stack images were projected as overlay. Each nucleus of a blastomere with 

more than 5 detectable foci was considered as γ -H2A.X positive.  

Scoring was performed by two individuals blinded to the treatments. 
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5.2.3 Experiment 2: CM-H2DCFDA Assay 

 

Before the start of each experiment following stock solution and accessories 

needed to be prepared: 

1) Concentrated stock solution (3mM), before using 5-(and-6)-

chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) 

for the first time : 

- 28.3µl dimethylsulfoxide (DMSO) were added to  

CM-H2DCFDA.Solution was kept tightly sealed until ready to use. 

 

2) Two petri dishes (1006): equipped with two 30µl drops of 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid-buffer (Hepes buffer) 

covered with mineral oil, preheated (1hour) to reach optimal embryo 

culture temperature (37°C) in a CO2 Incubator (6.5% CO2). 

 

3) PBS-PVA (600µl): in 5ml polystyrene round-bottom tubes (sterile, 

graduated, with screw cap) preheated (1hour) to reach optimal embryo 

culture temperature (37°C) in a CO2 Incubator (6.5% CO2); needed for 

concentrated working solution/ buffer media. 

 

4) Final working solution (5µM); each time freshly prepared before the 

start of experiment: 

- 1µl of stock solution was added to 600µl of PBS-PVA buffer  

- Two drops of final working solution were prepared in a petri dish: First 

drop of 100µl, second drop of 500µl 

 

Staining method: 

CM-H2DCFDA was freshly diluted to 5µM with PBS-PVA buffer from a 

concentrated stock solution of 3mM in DMSO. 

Blastocysts from two experimental groups (5% O2 with protein and 20% O2 

without protein) were removed from their specific, experimental group 

dependent growth medium and washed through the first drop (100µl) of pre-

warmed final working solution (PBS-PVA buffer containing the fluorescent dye) 
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and left in the second drop (500µl) for incubation in the presence of CM-

H2DCFDA at 37°C for 30 minutes in a CO2 Incubator (6.5% CO2).  

Embryos were then washed twice through drops (30µl) of prewarmed dye-free 

Hepes buffer to remove traces of the dye, placed seperately within 2µl of Hepes 

buffer on a glass dish under mineral oil and were immediately analyzed with a 

laser scanning confocal microscope (Zeiss LSM780), using excitation of 492–

495 nm and emission wavelength of 515–565 nm. 

A digital camera attached to the microscope acquired the images 3-

dimensionally using the Z-stack function and the mean intensity of the dye was 

measured from an overlay of the Z-stack images obtained from one blastocyst. 

Images were taken in normal display as well as artificial pseudo color palette 

rainbow display. 
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5.3 Statistical Analysis 

Results were analyzed by one-way analysis of variance (ANOVA) and 

significance was determined by the Student t test.  

P values less than 0.05 were considered statistically significant.  

All diagrammatic representations are shown with their respectively standard 

error of the mean (SEM).  

Analysis was performed using JMP software (SAS Institute, Inc) and Prism 

(GraphPad Software, Inc). 



Results  22 

 

6 Results 

6.1 Culture in 5% oxygen reduced markers of cellular 

senescence to levels similar to those seen in-vivo 

6.1.1  5% O2 environment revealed lowest Senescence-associated ß-

galactosidase staining 

Lysosomal β-D-Galactosidase (encoded by GLB1-gene) is a hydrolase, present 

in lysosomes of all cells with an optimal pH of 4.0 that cleaves the terminal beta-

galactose from ganglioside substrates and other glycoconjugates. Due to its 

highly increased enzymatic activity in senescent cells, its’ so called “senescent 

associated activity” is sufficient to be measured at an otherwise suboptimal pH 

of 6.0 and therefore is distinguishable from detection in non-senescent cells. 

By applying a cytochemical assay, GLB1-gene expression can be detected.  

 

Fixed cells are incubated with the chromogenic substrate X-gal (5-bromo-4-

chloro-3-indoyl β-D-galactopyranoside) which is hydrolyzed by SA-β gal into 

galactose and a blue insoluble indigo dye representing SA-β galactosidase 

activity. Cytochemical detection of SA-β gal is widely used as a biomarker of 

cellular senescence and can be used to detect senescent cells in embryos. 

 

For each treatment group a total number of 30 blastocysts (n=30) was  

assessed. Embryos were considered positive when blue precipitate was 

apparent. Assay results were assessed by two independent observers blinded 

to the treatments. 



Results  23 

 

 

Figure 3 Representative images of murine blastocysts developed in vitro in different culture 

conditions, after staining for senescence-associated (SA-) β-galactosidase (blue color; original 

magnification, ×400). 

Blastocysts cultured in 20% oxygen were positive for SA-β-galactosidase (Fig. 

4); the proportion of positive blastocysts was similar for embryos cultured with 

or without protein supplementation (50.0% vs 63.3%, respectively). In contrast, 

for blastocysts cultured in 5% oxygen, only 10.0% stained positive for SA-β-

galactosidase when protein was present but 26.7% were positive when protein 

was absent (P<.05). 
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Figure 4 Percentage of blastocysts positive for senescence-associated (SA-) β-galactosidase 

activity, stratified by oxygen concentration and protein supplementation. Data shown are 

mean±standard error. All culture conditions were compared individually in all possible 

combinations (each row shows the comparison with the condition indicated for the histogram 

bar above); those with significant differences (P<.05) are indicated (+). SSS denotes serum 

substitute supplement 

This study demonstrates for the first time that SA-β- galactosidase is expressed 

to a varyingly extent in blastocysts developed in different in-vitro culture 

conditions. 

As an internal control the ß-galactosidase-assay was performed at pH 4.0 and 

all experimental groups were positive for ß-galactosidase (data not shown). 
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6.1.2 The lowest amount of γ -H2AX positive stained embryos was 

shown in reduced (5%) oxygen concentrations with protein 

supplementation  

 →In addition 20% oxygen without protein conditions seems 

to reduce cell number in blastocysts 

 

DNA double strand breaks/ telomere uncapping induce a DNA damage 

response leading to phosphorylation of Ser-139 of histone H2A.X molecules 

resulting in phosphorylated H2A.X (γ-H2A.X) adjoining to the site of DNA 

damage. According to present knowledge, γ-H2A.X foci have not yet been 

detected in blastocysts derived from different in-vitro culture conditions in such 

a setting before. 

For each treatment group a total number of 30 blastocysts (n=30) was 

assessed. 

Following fixation, permeabilization and blocking, blastocysts were 

immunostained with a primary antibody (rabbit anti-mouse monoclonal IgG) for 

12 hours (overnight). 

Upon incubation, embryos were washed and then incubated with a secondary 

antibody (anti-rabbit IgG). Embryos were then counterstained with 3% 4’-6-

Diamidino-2-phenylindole (DAPI) in Vectashield mounting medium.  

Evaluation with a confocal microscope (Zeiss LSM780) was performed to detect 

the fluorescent dye and obtain confocal images. Blastocysts were scanned 3-

dimensionally using the Z-stack function and Z-stack images were projected as 

overlay and acquired in normal display as well as artificial pseudo color palette 

rainbow.  

Each nucleus of a blastomere with more than five foci was considered as γ-

H2A.X positive.  

Scoring was performed by two individuals blinded to the treatments. 
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Figure 5 In-vitro blastocysts stained with DAPI (blue) and overlaid with γ-H2A.X (green) from 

different experimental culture conditions: A.) 5% oxygen with protein; B.) 5% oxygen without 

protein; C.) 20% oxygen with protein; D.) 20% oxygen without protein; DAPI denotes 4’, 6-

diamidino-2- phenylindole; γ-H2A.X, phosphorylated histone H2A.X; Fluorescence microscopy 

performed in confocal mode (Zeiss LSM 780), normal display.  
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Figure 6 Presents images from Figure 5 in the artificial pseudo color palette rainbow display; 

highlighting the intensity of the increased amount of gamma-H2A.X positive stained 

blastomeres in ascending order as following: blue-green-yellow-orange-red. 

The DNA damage repair response marker, γ-H2A.X, was similarly affected by 

oxygen and by protein in the reduced oxygen group (Fig. 7). Fewer blastomeres 

per blastocyst in the reduced-oxygen group, with or without protein 

supplementation, had at least 5 foci in the nucleus (2.8 vs 11.2%, respectively) 

compared with blastocysts in the 20% oxygen group (29.3% vs 36.0%, 

respectively; P<.05). Although blastocyst development for all treatment groups 

exceeded 75%, total cell numbers were reduced in the group cultured in 20% 

oxygen without protein supplementation (P<.01; Fig. 8). 
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Figure 7 Percentage of cells in each blastocyst positive for γ-H2A.X (>5 γ-H2A.X 

foci/nucleus), stratified by oxygen concentration and protein supplementation. Data shown are 

mean± standard error. All culture conditions were compared individually in all possible 

combinations (each row shows comparison with the condition indicated for the histogram bar 

above); those with significant differences (P<.05) are indicated (+). SSS denotes serum 

substitute supplement 

These results may indicate that elevated oxygen concentrations during embryo 

culture lead to increased occurrence of DNA double strand breaks resulting in 

enhanced DNA repair mechanisms. 

Cell stress might also lead to embryo lethality because of the loss of a critical 

number of cells. Figure 8 shows the number of cells per blastocyst for each 

oxygen and protein supplementation group.  
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Figure 8 Number of cells per blastocyst for each oxygen and protein supplementation group. 

Data shown are mean± standard error. All culture conditions were compared individually in all 

possible combinations (each row shows comparison with the condition indicated for the 

histogram bar above); those with significant differences (P<.05) are indicated (+). SSS denotes 

serum substitute supplement. 

Total cell numbers were significantly reduced in the 20% O2 group without 

protein supplementation. This observation might reveal that blastocysts and 

their repair mechanisms decompensate in response to a certain amount of cell 

stress, leading to mitotic arrest or embryo lethality at some point.  
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6.2 Intracellular ROS levels in live blastocysts were reduced 

by 5% O2 culture 

5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein-diacetate (CM-

H2DCFDA ) can be used as an indicator for ROS in live cells: the fluorogenic 

marker for reactive oxygen species passively diffuses into cells, where its 

acetate groups are cleaved by intracellular esterases and its thiol-reactive 

chloromethyl group reacts with intracellular glutathione and other thiols. 

Subsequent oxidation yields a fluorescent adduct that is trapped inside the cell 

and mean staining intensity can be measured using fluorescence microscopy. 

Up to present knowledge this method was adjusted to blastocysts and used in 

such a setting for the first time. Therefore optimal dye-loading concentration, 

temperature, incubation and recovery retention time were adapted to assumed 

favorable conditions for this cell type and chosen for due to practical 

experience. 

A total number of 30 blastocysts (n=30) from the 5% O2 culture with protein and 

20% O2 culture without protein were assessed respectively. 

After loading live blastocysts with the fluorescent dye, they were immediately 

analyzed with a laser scanning confocal microscope (Zeiss LSM780), using 

excitation of 492–495 nm and emission wavelength of 515–565 nm. 

A digital camera attached to the microscope acquired the images 3-

dimensionally using the Z-stack function and the mean intensity of the dye was 

measured from an overlay of the Z-stack images obtained from one blastocyst. 

Images were taken in normal display as well as in artificial pseudo color palette 

rainbow. 



Results  31 

 

Figure 9 ROS detection with CM-H2DCFDA staining in blastocysts cultured at atmospheric 

oxygen (20%) levels without protein (A), compared to blastocysts cultured at 5% oxygen levels 

with protein (B). Fluorescence microscopy performed in confocal mode (Zeiss LSM 780); A1/B1: 

normal display; A2/B2: Artificial pseudo color palette rainbow 

An increase in the fluorescence intensity emitted by CM-H2DCFDA fluorescent 

dye was detected in embryos cultured under elevated oxygen culture conditions 

without protein supplement. These results may indicate that intracellular ROS 

levels can be increased by 20% O2 culture.  
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Figure 10 Percentage of mean staining intensity of blastocysts positive for CM-H2DCFDA 

activity, stratified by oxygen concentration and protein supplementation. Data shown are 

mean±standard error. p<0.0001 

Measured mean intensity of the fluorescent dye in live blastocysts revealed a 

significant difference between the two experimental groups of 5% O2 with 

protein and 20% O2 without protein supplementation. Mean staining intensity 

added up to 10.3% in the 5% O2 group with protein, compared to 17.2% in the 

20% O2 group without protein (P< 0.0001), as shown in Figure 10. 
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7 Discussion 

A high quantity of mammalian embryos cultured in-vitro undergoes permanent 

growth arrest. The first cleavage divisions are the most susceptible for failure 

(Leidenfrost et al., 2011) during the first five days of development to the 

blastocyst stage. Many embryos develop into a blastocyst but then fail to 

implant (L. A. Favetta et al., 2007) due to the inability to sustain viability. This 

might be one of the reasons why a pregnancy or live birth after embryo transfer 

does not occur (Crosier et al., 2001). Presumably one major risk factor is the 

higher exposition to stressors, present in the in-vitro culture process. However, 

in virtue of absence of apoptotic markers (Betts & Madan, 2008), the reasons 

for arrest and the mechanisms that regulate this process are poorly understood.  

When actively growing cells stop to make further progress they can enter two 

possible lines of fate. They either undergo programmed cell death (apoptosis) 

or another programmed cell response to stress: Cellular senescence. Cellular 

senescence describes a permanent cell cycle arrest state, which cells enter due 

to required cellular responses to cell damage (e.g. repair mechanisms). In a 

senescent-like state cells do not further divide but remain, in contrast to 

programmed cell death, viable and metabolically active (Hayflick & Moorhead, 

1961; Rodier & Campisi, 2011). Cellular senescence can be induced by in-vitro 

stress but is classically associated with in-vivo ageing as well as tumor 

suppression (Hayflick & Moorhead, 1961; Smith & Pereira-Smith, 1996). It is 

characterized by the increased expression of SA-beta-galactosidase, gamma-

H2A.X nuclear foci, dysfunctional telomeres (J Campisi & d’Adda di Fagagna, 

2007), intracellular ROS (L. a Favetta et al., 2007), elevated stress-sensing 

proteins such as p66Shc (L. A. Favetta et al., 2004) as well as p16INK4a and 

an increase in cell size (Rodier & Campisi, 2011). Previous studies showed that 

during early embryo arrest (at the 2-to 4-cell stage), cells reveal senescent-like 

features (Betts & Madan, 2008), e.g. high amounts of intracellular ROS. 

Demonstrating the presence of these features in blastocysts, the most important 

developmental stage prior to implementation in the uterus cavity, is top-ranking. 

DNA-damaged cells in blastocysts undergo an unknown fate, but the 

possibilities include senescence with complete cell cycle arrest, repair with 
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transient cell cycle arrest or apoptotic cell death (K Hardy, 1997; Jurisicova & 

Acton, 2004). Further studies of the cellular senescence pathway in embryos, 

DNA damage and the role of oxidative stress in embryo culture conditions as 

well as coherence between all above mentioned factors are required. 

In a previous study of our working group it was shown, that the representative 

markers of cellular senescence SA-beta galactosidase and gamma-H2A.X as 

well as p21 were significantly elevated in in-vitro derived blastocysts compared 

to in-vivo ones. These results lead to the conclusion that in-vitro culture may 

stress the early developing embryo to a certain extent that leads to the 

development of a senescent-like phenotype.  

In this study of murine blastocysts it was investigated if the presence and extent 

of markers of cellular senescence vary under different culture conditions. Since 

reduced oxygen during embryo culture as well as the addition of protein (as a 

source of antioxidant) seemed to minimize the effects given above, it 

furthermore was to be investigated if ROS formation as a possible effect of 

elevated oxygen conditions in in-vitro culture, can be measured (via CM-

H2DCFDA) in in-vitro derived live blastocysts.  

Experiments in this constellation are hitherto unprecedented. 

SA-β-galactosidase is an early marker of cellular senescence, a lysosomal 

enzyme present in most senescent cells. Classic acid β-galactosidase can be 

found in all eukaryotic cells in the lysosome and is distinguished from SA-β-

galactosidase by its pKa, with the former active at a pH of 6.0. This study 

demonstrates for the first time that SA-β-galactosidase is present to a different 

extent in in-vitro derived murine blastocysts, influenced by culture conditions. 

There was a significant increase in SA-β-galactosidase activity in blastocysts 

cultured in 20% oxygen compared to blastocysts cultured in 5% oxygen (Fig. 4). 

Interestingly, the proportion of positive blastocysts in the 20% oxygen group 

was similar for embryos cultured with or without protein supplementation, in 

contrast to blastocysts cultured in 5% oxygen. In the 5% oxygen group SA-β-gal 

activity was close to in-vivo measured levels when protein was present (10% vs. 

3.3% in-vivo; Meuter, Rogmann et al., 2014) but nearly tripled when protein was 

absent (26.7%). Results may indicate that in contrast to in-vivo conditions, 
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culture in 5% oxygen leads already to an increase in lysosomal mass in an 

attempt to compensate for a higher accruing amount of oxidation products 

(Liton et al., 2009) but can be positively affected by the supplementation of an 

antioxidant source like protein. On the contrary, culture in 20% oxygen does not 

seem to profit specifically from additional protein anymore, assuming that a 

certain amount of a stressor can lead to a senescing dose (Rodier & Campisi, 

2011) if a certain threshold is reached. Although SA-β-galactosidase is the first 

and most extensively utilized marker to establish a senescent phenotype, the 

biological significance of this assay remains in question and is limited through 

its uncertain specificity (Lee et al., 2006; Debacq-Chainiaux et al., 2009). SA-β-

galactosidase activity at pH 6 increases in some non-senescent, e.g. 

differentiated cells like melanocytes (Dimri et al., 1995; Severino et al., 2000). 

Furthermore its activity can be detected whether cells are induced to 

senescence by replicative exhaustion, genotoxic or other forms of stress as well 

as oncogene activation (Debacq-Chainiaux et al., 2009). There exists 

skepticism that an elevated SA-β-galactosidase activity may simply reflect an 

increase in lysosomal biogenesis (Kurz et al., 2000; Zwerschke et al., 2003). 

But as aforementioned, an increase in lysosomal mass could be due to the 

compensation for a higher amount of oxidation products, resulting in higher SA-

β-galactosidase activity. Therefore this assay could also be used to detect 

intracellular changes with respect to oxidative stress. In addition, it is well 

known that oxidative stress resulting from mitochondrial ROS production during 

aging (Passos, Von Zglinicki, et al., 2007; Zwerschke et al., 2003) or exogenous 

ROS can lead to accumulation of oxidation products such as lipofuscin (Sitte et 

al., 2001). 

Taken together, the importance of SA-β-galactosidase detection in embryos 

remains to be determined, but it could suggest an increase in lysosomal 

biogenesis, consistent with oxidative stress (Rogmann, Meuter et al., 2014), 

that under a certain extent is susceptible to antioxidant additive. 

DNA damage response can be measured with phosphorylation of the 

histone variant H2A.X (γ-H2A.X). It is furthermore necessary for the 

classification of a senescent phenotype (von Zglinicki et al., 2005) and known 

as a highly sensitive marker of DNA damage (Mah, El-Osta, & Karagiannis, 
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2010) which forms foci at the site of double-strand breaks, causing recruitment 

of several DNA repair and cell cycle checkpoint proteins. In this study a 

threshold of at least 5 γ-H2A.X foci per nucleus was used (Lawless et al., 2010) 

to classify cells as senescent. γ-H2A.X foci were already increased in 

blastocysts derived from in-vitro culture settings compared to in-vivo (Meuter, 

Rogmann et al., 2014). The DNA damage repair response marker γ-H2A.X was 

also differently affected by in-vitro culture settings used in this study (Fig. 7). 

Significantly fewer blastomeres per blastocyst in the reduced-oxygen group, 

with or without protein supplementation, had at least 5 foci in the nucleus 

compared with blastocysts in the 20% oxygen group. In the 20% oxygen group 

there was no significant difference in the expression observed when protein was 

added. In contrast, the 5% oxygen group with protein supplementation 

displayed even less γ-H2A.X foci (2.8%) than those derived in-vivo (14.2%; 

Meuter, Rogmann et al., 2014). Interestingly, the constellation 5% oxygen 

without protein yields a similar rate (11.2%) of detectable γ-H2A.X foci as 

blastocysts derived in-vivo. Results may indicate that elevated oxygen due to 

oxidative stress is the main contributor to DNA damage and consecutive 

damage response. Reduced oxygen conditions without protein seem to be 

comparable to in-vivo conditions. However, the role of protein remains 

debatable. When adding protein in low oxygen conditions, γ-H2A.X foci were 

decreased to even lower levels than experimentally verified in-vivo. Therefore it 

remains in question if a certain amount of radicals are necessary for proper 

embryo development (Murphy et al., 2011; Ufer & Wang, 2011). Those could be 

scavenged when antioxidants are added to already satisfying culture 

environments, depriving the embryos of required reserves. One feature of 

senescence cells is, that growth arrest is permanent and cannot be reversed 

(Rodier & Campisi, 2011). Also DNA damage response must be persistent to 

induce senescence (d’Adda di Fagagna, 2008). It is possible that those 

detected foci that are transient and repairable ones, which allow cells to 

continue proliferation, once restored. Although the fate of affected blastomeres 

is unknown, a prior study has shown that arrested 2-cell stage bovine embryos 

are positive for γ-H2A.X whereas proliferating 2-cell embryos do not show 

expression of γ-H2A.X (Betts & King, 2001b). In addition, genotoxic stress also 

induces γ-H2A.X foci in 2-cell mouse embryos and results in cell cycle arrest 
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(Mu, Jin, Farnham, Li, & O’Neill, 2011). Obtained results indicate that 

components of the senescence response can be induced in embryos by 

stressors associated with in-vitro culture, most notably oxidative stress via 

elevated oxygen tension. Cell responses to stress may lead to cell cycle arrest 

and ultimately may affect viability or long-term development (Bedaiwy et al., 

2004). The results of this and our previous study represent the potential 

importance for clinical assisted reproduction laboratories. They show that the 

senescence-like phenotype largely is due to culture in atmospheric oxygen, with 

6- to 7-fold more γ-H2A.X-positive cells for blastocysts cultured in 20% oxygen 

and similar levels of γ-H2A.X-positive cells when comparing blastocysts 

cultured in 5% oxygen versus blastocysts cultured in-vivo. 

Taken together, γ-H2A.X may be a marker of senescence in preimplantation 

embryos (Betts & Madan, 2008), indicating that embryos cultured in-vitro at 

20% oxygen have a considerable number of cells with extensive DNA repair 

activity, likely due to oxidative stress.  

“Reactive oxygen species” (ROS) is a term that encompasses a wide variety 

of different molecules such as superoxide, hydrogen peroxide, hydroxyl radical, 

nitric oxide, peroxynitrite, hypochlorous acid and singlet oxygen. In 2011, 

Murphy et al. described that each of these molecules is a distinct chemical 

entity with its own reaction preferences, kinetics, rate and site of production as 

well as degradation and diffusion characteristics in biological systems (Murphy 

et al., 2011). Normally, free radicals are produced over the course of normal cell 

metabolism (Harman, 1956) with mitochondria (reduction of O−•2 to H2O2 and 

OH• by using its electron transport chain) and the NADPH oxidase system in 

the cellular plasma membrane (generating O−•2; present in various molecules 

e.g. neutrophils, eosinophils, monocytes, macrophages) being the major 

intracellular sources of produced free radicals (Halliwell, 2012). However, other 

radical generating systems, such as superoxide dismutase (H2O2 is generated 

via dismutation of O−•2); xanthine/ xanthine oxidase (generating both O−•2 and 

H2O2) (Zielonka & Kalyanaraman, 2010) as well as others should not be 

excluded. Embryos use oxygen as an energy substrate which is fundamental for 

their development. Nonetheless, the use of oxygen can also be hazardous due 

to ROS, which are formed as a natural by-product of oxygen metabolism, most 
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notably the superoxide anion (O−•2) and hydroxyl radical (OH•). As described 

by C. Ufer in 2011, ROS are highly active electron acceptors and can become 

free radicals due to their ability to strip electrons from other molecules, which 

can modify and impair the function of all biological macromolecules such as 

proteins, lipids and DNA/RNA. As a product of O−•2 and metal ion catalysis, 

hydrogen peroxide (H2O2) is not a radical in principle. Albeit both H2O2 and 

O−•2 can form the extremely reactive OH• which can lead to serious damage in 

cells (Ufer & Wang, 2011). To this day many attempts to develop methods/ 

biomarkers to measure ROS have been made but were later on regarded as 

insufficient, due to numerous limitations of the techniques (Halliwell, 2012). 

Methods to measure ROS in-vivo especially live imaging become more and 

more important and notable progress has been made in probe developing 

during the past years. Unfortunately only little is known about the roles and 

impact of ROS and its subsequent oxidative damage in fundamental biological 

processes, which is because of the difficulty of measuring oxidative damage 

and the levels of particular ROS in-vivo, together with the uncertainty of 

interpretation (Murphy et al., 2011). Furthermore, while working with highly 

fragile cells like embryos complicates the initial situation, as well does the 

scarcely existing data about ROS measured, specifically in embryos. During 

embryo culture an “imbalance” between over-abundant oxygen supply and the 

embryos metabolic needs could be generated through ambient oxygen levels 

(Tatemoto et al., 2004), which are not even close to physiological in-vivo 

conditions. Therefore in-vitro settings may be responsible for proportions 

leading to oxidative stress, damage and loss of normal cell function culminating 

in apoptosis or cell cycle arrest. CM-H2DCFDA is a cell-permeable probe that is 

hydrolyzed intracellularly and as a result retained in the cell. Two-electron 

oxidation results in the formation of a fluorescent product, which can be 

monitored by fluorescence-based techniques (Kalyanaraman et al., 2012). The 

fluorescent intensity of CM-H2DCFDA was reported to measure intracellular 

ROS (Badham et al., 2010), also in mouse preimplantation embryos (Kawamura 

et al., 2010). Dichlorodihydrofluorescein diacetate is the most widely used probe 

for detecting intracellular H2O2 and oxidative stress, which has become popular 

i. a. through its relatively user-friendly assay (Kalyanaraman et al., 2012). This 

study reveals a higher mean staining intensity of CM-H2DCFDA staining in 
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embryos cultured in a 20% oxygen environment without protein 

supplementation when compared to embryos cultured in 5% oxygen conditions 

with protein supplement (Fig.10). Results correlate with significantly elevated 

senescence markers in the 20% oxygen, no protein treatment group. Effects of 

ROS include but are not limited to higher accumulation rates of oxidation 

products (Sitte et al., 2001) as well as DNA damage (Bontekoe et al., 2012). 

Increased measurements of ROS are concomitant with increased DNA-double 

strand breaks measured via gamma-H2A.X, emphasizing enhanced DNA repair 

activity adjoining to the side of DNA damage. Despite its detrimental reputation, 

ROS are important mediators in a range of biological processes, such as cell 

signaling (Lander, 1997; Murphy et al., 2011) and may be important for embryo 

development. In addition, interpretation of measured fluorescence intensity 

remains unclear. First of all, because fluorescence intensity and ROS 

concentrations cannot assumed to be linear (Wang & Joseph, 1999), 

furthermore it is questionable if measurements are that of particular ROS 

themselves or only of damage that ROS causes (Murphy et al., 2011). 

Therefore, interpretation of ROS measurements, via fluorescent probes as CM-

H2DCFDA, needs to be done carefully. Techniques seem to be flawed, but can 

be applied to obtain useful information if their limitations and artefacts are 

considered and understood (Halliwell, 2012), e.g.: Loading cells with low 

concentrations of the probe is required to avoid cytotoxicity (Halliwell & 

Whiteman, 2004); Predication of specifically measured ROS cannot be made 

but it may be used as a redox indicator probe that responds to changes in 

intracellular iron signaling or peroxynitrite formation (Kalyanaraman et al., 

2012); Knowledge of the chemical reactivity (including the rate constants) of the 

probes along with their intracellular concentration is essential for any 

quantitative analyses of products derived from such probes (Zielonka, Hardy, & 

Kalyanaraman, 2009). A limit of the study is that we did not perform a control 

group. For further ROS studies with CM-H2DCFDA on embryos a negative 

control could be achieved by examining unstained cells for autofluorescence in 

the green emission range or the fluorescence of cell-free mixtures of media 

adopted to 5% and 20% oxygen tension in the incubator. A positive control 

could for instance be achieved by treating blastocysts with H2O2. 
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Taken together, obtained results emphasize that 20% oxygen levels in embryo 

culture could cause oxidative stress via intracellular ROS accumulation in the 

preimplantation embryo. 

Mammalian embryos thriving in-vivo are not exposed to atmospheric oxygen 

levels. Oxygen tension in the reproductive tract may vary between different 

mammalian species (mouse, hamster, rabbit, rhesus monkey and humans) as 

well as in different areas of the reproductive tract (oviductal/ uterine lumen) but 

only within a range of low oxygen concentrations (1-9%) (Fischer & Bavister, 

1993). Therefore it is in general questionable why using ambient oxygen levels 

for embryo culture should be of any feasible advantage. Clearly a certain 

amount of oxygen is required for cells to develop, but neither anaerobic 

conditions that can cause an embryo to developmentally arrest, nor 

atmospheric oxygen conditions that can lead to oxidative stress are desirable, if 

establishing “in-vivo like” conditions is the goal. While culturing highly vulnerable 

cells like embryos, a broad range of diminutive factors need to be incorporated 

and it is incidentally important to create an environment that is able to serve the 

altering need of a metabolic active, dividing cell. Their permanent changing 

need for different oxygen supply needs to be satisfactorily covered in every 

developmental state (Byatt-Smith, Leese, & Gosden, 1991). By taking above 

stated into consideration, knowledge of in-vivo oxygen concentrations in the 

ovaries/ uterus of mammalian species from which embryos are being cultured, 

is an important determinant prior to embryo culture. Mammal studies showed 

that oviductal oxygen levels (5-8%) are higher than in the uterus (3-5%) (Ufer & 

Wang, 2011), where oxygen levels are also cycle dependant and even 

decrease at the time of implantation (from ~5 to 3%) (Feil et al., 2006). It should 

be noted that human embryos are approximately four times larger than mouse 

embryos (Byatt-Smith et al., 1991), consequently data obtained through mouse 

models should only carefully be applied to human studies (Karagenc, Sertkaya 

et al., 2004). Measuring the mean oxygen tension in the intrauterine cavity of 

humans resulted in approximately 12% air saturation (Ottosen et al., 2006), 

which is 4-fold higher than in the uterine cavity of other mammals. This 

establishes a possible subjection between embryo size and their metabolic 

needs. Comprising, the question arises if during the process of modern embryo 

culture (animal studies or in regular IVF laboratories) low oxygen levels should 
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be altered. To imitate the different areas of the reproductive tract a cleaving 

embryo has to pass on its way to final implantation in the endometrium could be 

the basis for an interesting new experimental design in following studies. In 

addition to lowering the oxygen tension in the incubator chambers, there are 

several different ideas for basic approaches to protect embryos from oxidative 

stress induced damage during in-vitro culture, as for instance adding other 

antioxidant components to the media (e.g. EDTA) or reducing the insemination 

duration to avoid oxidative damage caused by sperm cell metabolism as 

suggested by Catt and Henman in 2000 (Catt & Henman, 2000). However, a 

reduction of oxygen tension, which is both more physiological and practical than 

the addition of either EDTA or ROS-removing enzymes appears to be the 

optimal solution for the in-vitro culture for murine embryos (Orsi & Leese, 2001). 

Reducing the oxygen tension in the incubator chambers (5% O2= 24% air 

saturation/38mmHg in comparison to 20% O2= 95% air saturation/153mmHg) 

(Ottosen et al., 2006) and assessing the expression of markers of senescence 

and reactive oxygen species, in comparison to embryos derived in ambient O2 

levels, was decided for in this study. Since other studies showed that blastocyst 

rates were lower when culturing in 2% O2 conditions, which can be interpreted 

as a temperate hypoxic state, oxygen levels were not further decreased than to 

5%, which is commonly proven to yield an increased blastocyst rate in 

comparison to higher oxygen concentrations such as 20% (Banwell et al., 2007; 

Feil et al., 2006). Furthermore it is postulated that the cleaving mouse embryo 

has an optimal oxygen requirement in-vitro approximately equivalent to 5% 

oxygen concentrations (Fujitani et al., 1997). All in all several studies showed 

that lowered incubator O2 tension did not only have a positive effect on the 

implementation as well as live birth rate in humans (M Meintjes et al., 2009) but 

also improved embryo development and subsequent pregnancy outcome in 

animals (Karja et al., 2004; Leoni et al., 2007). This study shows that decreased 

oxygen tension could have a positive effect on embryo development assuming 

that decreased markers of cellular senescence are able to represent more 

viable and healthy blastocysts. Additionally, a possible correlation between 

oxidative stress and ROS formation in blastocysts could be established. 

Ambient oxygen might lead to oxidative stress in the highly vulnerable embryo 

at a critical stage of development. Therefore increasing levels of reactive 
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oxygen species might accumulate, eventually intracellular, leading to DNA 

damage and accumulating oxidation products. 

During the study we assessed the blastocyst rate for each replication of 

embryos used for the experiments. The development for all treatment groups 

exceeded 75%, but total cell numbers were significantly reduced in the group 

cultured in 20% oxygen without protein supplementation in comparison to all 

other experimental groups (Fig. 8). As already reported in a bovine embryo 

study, apoptosis rate is higher in in-vitro compared with in-vivo derived embryos 

(Pomar et al., 2005), suggesting the potentially deleterious effects of a 

suboptimal culture environment (Knijn et al., 2003). The detection of both 

apoptotic and arrested cells in bovine blastocysts (Leidenfrost et al., 2011) 

indicates coexistence of these two cell fates in a single blastocyst, resulting in 

fewer total cells. The loss of a critical number of cells due to cell stress could 

therefore lead to embryo lethality. But programmed cell death also plays an 

important role in normal development, e.g. by regulating the cell number (Kate 

Hardy, Stark, & Winston, 2003). Furthermore it is described that in-vivo 

produced blastocysts showed similar high incidences of cell death in their inner 

cell mass (ICM) as their in-vitro counterparts, supporting the concept of 

developmentally programmed forms of ICM cell death (Leidenfrost et al., 2011). 

Fewer total cells in blastocysts were only observed in the 20% oxygen without 

protein group. That leads to the assumption that the addition of protein in the 

20% oxygen group scavenges excessive oxygen radicals. Therefore the 

threshold necessary to induce ICM cell death may not be reached. It 

nonetheless seems to results in significant molecular responses that at a 

minimum require resources to repair. This response may ultimately lead to a 

senescent-like growth arrest. DNA double strand breaks (γ-H2A.X) are 

responsible for increasing p21 levels, which subsequently result in checkpoint 

activation and cell cycle arrest (Fragkos et al., 2009). 

Another marker of cellular senescence is increased expression of specific 

cell cycle and inflammation genes. There are two possible cellular response 

ways to DNA damage resulting in senescence: The p53-p21 or p16-pRB cell 

checkpoint pathways (Judith Campisi & d’Adda di Fagagna, 2007). DNA 

damage, specifically the one which is associated with γ-H2A.X, initiates the 
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p53-p21 signaling pathway at the onset of cellular senescence, whereas 

unphosphorylated H2A.X leads to degradation of p21 and cell death (Judith 

Campisi & d’Adda di Fagagna, 2007; Fragkos et al., 2009). p21 is a cyclin-

dependent kinase inhibitor that is upregulated in dormant mouse blastocysts 

during delayed implantation (Hamatani, Carter, Sharov, & Ko, 2004) and causes 

cell cycle arrest in irradiated embryos (Adiga et al., 2007). In the previous in-

vivo vs in-vitro study conducted by our working group, it was demonstrated that 

the potent cell cycle inhibitor p21 is upregulated during in-vitro culture in 

contrast to p16 or IL6 (Meuter et al., 2014). These results provide additional 

evidence that the senescence response may be active in blastocysts because 

p21 is a key target of p53-dependent senescence (Brown, Wei, & Sedivy, 

1997). The response to oxidative stress in in-vitro blastocysts may be a 

premature, stress-induced, senescence-like phenotype, with the primary effect 

of upregulating p21. Further studies that also take p53 upregulation into 

consideration are demanded. 

In former times, transferring more than one embryo became the standard 

procedure to maximize the likelihood of pregnancy. The result was a surge of 

multiple deliveries, a serious complication especially if older women are 

affected. The number of embryos transferred is a major determinant of the 

iatrogenic increase in multiple pregnancies and is highly correlated with the 

likelihood of multiple birth as well as excess perinatal morbidity and mortality 

(Mansour et al., 2014). More recently, there is an obvious trend towards 

transfers of fewer embryos with an extreme rise in single and elective single 

embryo transfers (e/SET) (Andersen et al., 2007) in the U.S. as well as in 

Europe. This is due to advances in embryo culture conditions which by now 

allow culturing embryos to the blastocyst stage, thus permitting transfers of 

fewer embryos (Langley, Marek, Gardner, Doody, & Doody, 2001). In this study 

the standard procedure to microscopically select blastocysts prior to uterine 

transfer was used to select blastocysts prior to the commencement of the 

assays. Meintjes et al. and Waldenström et al. showed in 2009 that especially 

blastocysts profit from decreased O2 culture leading to a higher implantation 

and live birth rate (M Meintjes et al., 2009; Waldenström et al., 2009). Therefore 

the focus of this study was the impact of different culture systems on 

blastocysts prior implantation in the uterus cavity.  
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Rather than letting the embryo adapt to abnormal conditions in order to 

survive, culture media must be assimilated to the compounds present in their 

natural environment, the fallopian tube and uterus cavity. Conditions of 

imbalance in in-vitro culture conditions need to be eliminated (Biggers, 1998). A 

culture system should be able to yield a single embryo in superb quality (Lane & 

Gardner, 2007). On that account there was a perpetual progression in the 

composition of a more complex media used to culture embryos in, mainly 

intending on more closely imitating the contents of human tubal fluid. For that 

purpose, simple salt solutions were replaced by more complex media containing 

some sort of protein, macromolecules and growth factors as maternal or fetal 

cord serum, bovine serum albumin (BSA) or human serum albumin (HSA) 

(Marius Meintjes et al., 2009). In different studies it was verified that with 

perpetual development of the early embryo to the advanced stages, there is 

also a continual change in the metabolic needs. In order to meet the altering 

requirements of the developing embryo, sequential culture media was 

developed (Gott et al., 1990; K Hardy et al., 1989; Lane & Gardner, 2007; 

Marius Meintjes et al., 2009). As described by Lane and Gardner in 2007, 

recently a shift took place from individually 'in-house' media preparations to 

commercially produced media, which was purpose-built for use in clinical IVF 

applications and established a standard quality. The media could be formulated 

in a specialized factory aseptically and undergo control inspections according to 

quality and regulatory actions (Lane & Gardner, 2007). Therefore, in 

experiments employed in this study, Global media was used. Global media was 

developed (according to the manufacturer’s statements) resting upon the 

reports of the successful culture of mouse embryos in potassium simplex 

optimization medium with amino acids (KSOM-AA) and the results of Klaus 

Wiemer et al. and Anderson et al. in 2002. They demonstrated that an 

enhanced KSOM-AA version was able to highly support the development of 

human embryos to the blastocyst stage (Wiemer et al. 2002; Anderson et al. 

2002). Based on this, Global media was onward modified for human use. Even 

though the manufacturer recommends transferring the embryos to a fresh drop 

of Global media after 48 hours of culture, in this study Global was used as a 

single medium from Day 1 onward to reduce the possibility of stress associated 

with changing the medium composition at Day 3. On the one hand to avoid 
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additional unphysiological movement of the embryos with the micropipetter, on 

the other hand changing the medium requires extracting the dishes out of the 

incubators, exposing the 5% oxygen groups to atmospheric oxygen 

surroundings, as well as both groups to room temperature. Equally important, 

the use of a single medium for all phases of embryo culture reduces the 

requirement for maintenance and quality control of media which reduces the 

chances for error. It is reported that single media, most notably Global media, 

support the development of human embryos as well or better than sequential 

culture media systems do (Don Rieger, 2006). 

Protein as a supplement in culture is used as a source of antioxidant. In 

embryo culture it is attributed a positive impact on the development and viability 

of embryos (Kruger et al., 1987; Pope, Harrison et al., 1987; Desai et al., 1996; 

Esfandiari et al., 2005). That is why in this study a 2x2 factorial design was 

established which provided half of the embryos in culture with additional 

Synthetic Serum Substitute (SSS). SSS is a defined mixture of human serum 

albumin (HSA) enriched with alpha- and beta-globulins for supplementation of 

IVF culture media and represents a more complex embryo culture medium 

supplement than HSA alone. In order to mimic the protein content of hitherto 

used Plasmatein, it contains a 4% higher globulin content and therefore more 

closely resembles a real fallopian tube microenvironment leading to higher 

pregnancy rates and significantly higher implantation rates by (Desai et al., 

1996). Also more recent studies verified that the utilization of SSS 

supplementation during blastocyst culture significantly improved the success 

rate of a life birth after single blastocysts transfers (Marius Meintjes et al., 

2009). Since the late 1990’s embryo culture medium was continually improved. 

Therefore a pertinent question is, whether the additional glycoproteins provided 

by SSS are still of value for optimal embryo development. In this study applied 

experiments yield that blastocysts cultured with additional protein supplement 

along with Global media profited in terms of decreased Senescence-associated 

beta galactosidase and gamma-H2A.X markers as well as a decreased ROS 

exhibition in comparison to blastocysts cultured in Global media alone. 

Interestingly, in combination with elevated oxygen conditions the absence of 

protein led to a decrease of the blastomere number within the blastocysts. On 

the contrary, adequate culture systems could maybe be aggravated through the 
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addition of protein, if ROS that is possibly necessary for optimal cell 

development and metabolism are scavenged exceedingly. Obtained results 

reveal that supplementation of SSS to culture media could be utilized as a 

second factor contributing to improved culture conditions, in addition to primarily 

lowered incubator oxygen tension. However, its importance seems to be to a 

lesser extent than reduced oxygen conditions, indicating that high O2 is the 

main contributor to in-vitro embryo stress and DNA damage. 

In summary, embryos cultured in elevated oxygen conditions have a 

considerable higher number of cells with extensive DNA repair activity in 

comparison to those derived in low oxygen conditions. Atmospheric oxygen 

conditions in culture could be responsible for excessive ROS formation and 

oxidative stress. Resulting DNA damage as well as consecutive developmental 

arrest, cell repair or apoptosis could therefore be attributed to the harmful 

impact excessive ROS might have on embryos. Still benefits and detriments of 

culturing under ambient or lowered oxygen levels are widely discussed and 

despite increased embryo culture in a lowered O2 environment (most notably at 

5%), there are discrepancies in proven advantages of lowered oxygen 

conditions. Even though in-vitro oxygen levels can be controlled quite easily 

(Guérin, El Mouatassim, & Ménézo, 2001) for instance through lowering the 

oxygen concentration in incubators, it still implies additional effort and expenses 

(M Meintjes et al., 2009). As a result, human preimplantation embryos also still 

routinely develop under atmospheric oxygen concentrations in IVF laboratories 

albeit noted detrimental effects (de Los Santos et al., 2013; P. F. Rinaudo, 

Giritharan, Talbi, Dobson, & Schultz, 2006). So far consequences of early 

embryo stress are difficult to assess. As aforementioned, possibilities could 

include but are not limited to mitotic arrest (in a senescent-like state) with 

eventual activation of DNA repair mechanisms or apoptotic cell death. Altered 

gene expression induced through suboptimal in-vitro culture conditions has to 

be considered as well (Doherty, Mann, Tremblay, Bartolomei, & Schultz, 2000; 

P. Rinaudo & Schultz, 2004, P. F. Rinaudo et al., 2006). Amongst others, 

altered gene expression could possibly lead to an increased risk of tumor 

development in the long term (Freedman & Folkman, 2005). In contrast, other 

studies support the relevance of cellular senescence in restricting tumorigenesis 

in-vivo triggered by DNA damage or activated oncogenes (Judith Campisi, 
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2001; Lowe, Cepero, & Evan, 2004; Schmitt et al., 2002), e.g. by cooperating 

with p53 in tumor suppression (Chen, Trotman, Shaffer, & Pandolfi, 2005; 

Vogelstein, Lane, & Levine, 2000). In conclusion, oxidative stress in in-vitro 

cultured blastocysts seems to be a stressor potent enough to induce at least a 

senescent-like state. Elevated markers of cellular senescence as well as a 

presumably activated p21-p53 pathway due to suboptimal in-vitro culture are 

supporting evidence. Situated at the onset of development, embryos could 

supposedly also enter a transient cell cycle arrest in order to repair accrued cell-

damage. Therefore, premature alteration in gene expression through DNA 

damage could possibly be prevented and cells would be able to continue with 

their development. However, a senescence-like state implies permanent cell 

cycle arrest. An interesting approach for a different study design could be the 

health assessment of people who were received via IVF. A study could assess 

the health condition of the parents, IVF procedure conditions in that particular 

case, the health condition of the proband e.g. every decade, including tumor 

risk factors (to assess eventual altered gene expression). This investigation 

should be compared to individuals received via normal intercourse, at the same 

age, gender and maturing in the same geographic area as the probands. 

Despite the results of other studies investigating implementation and/ or live 

birth rates as well as perinatal outcome e.g. birthweight, the effect of in-vitro 

culture on embryo health remains an important area of investigation as 

questions about potential adverse effects of culture continue to be raised 

(Dumoulin et al., 2010; Nelissen et al., 2012; Kleijkers et al., 2014). Combined 

with results obtained from this study, it can be hypothesized that embryos 

derived in a 5%O2 environment with protein supplementation are maybe able to 

yield a better implantation, pregnancy and live birth rate outcome than those 

derived in elevated oxygen conditions. Extending this study design by 

implanting blastocysts back in the uterus cavity of the mice and investigating 

implantation as well as live birth rate could be of great interest in subsequent 

studies to verify the potential of used markers of cellular senescence. These 

markers could possibly be indicative of more optimal quality embryos. In 

general, in an area characterized by costly, vital and psychological importance 

like reproductive medicine, it should be the primary goal to achieve the highest 

live birth rate possible and to ensure appropriate gene expression. Despite 
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common usage of reduced-oxygen culture in bovine embryo production and 

improved live birth rates for human IVF (Kovacic, Sajko, & Vlaisavljević, 2010; 

M Meintjes et al., 2009), many clinical IVF laboratories continue to use 20% 

oxygen (Bontekoe et al., 2012). Therefore stress-induced premature 

senescence may occur in human blastocysts, with downstream effects on their 

development (Meuter, Rogmann et al., 2014). Results obtained from this study 

show that differences in culture conditions could have an immense effect on the 

developing embryo and further support that lowered O2 tension has a 

presumably positive effect on preimplantation embryos.  
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Summary of Discussion 

Taken together, markers of cellular senescence (SA-β-galactosidase and γ-

H2A.X) as well as CM-H2DCFDA fluorescence (associated with intracellular 

ROS levels), are elevated in murine blastocysts cultured in 20% oxygen versus 

5% oxygen in-vitro conditions and indicate that a senescence-like state may be 

induced through oxidative stress and suboptimal culture conditions. Embryos 

cultured in elevated oxygen conditions have a considerable higher number of 

cells with extensive DNA repair activity in comparison to those derived in low 

oxygen conditions. Atmospheric oxygen conditions in culture could be 

responsible for excessive ROS formation and oxidative stress. Resulting DNA 

damage as well as consecutive developmental arrest, cell repair or apoptosis 

could therefore be attributed to the harmful impact excessive ROS might have 

on embryos. Culture in 5% oxygen reduced markers to levels similar to those 

seen in in-vivo embryos, illustrating a culture condition which seems very well 

qualified for embryo culture. The fate of DNA-damaged cells in blastocysts is 

unknown, but the possibilities include repair with transient cell cycle arrest, 

senescence with complete cell cycle arrest, or apoptotic cell death. If accruing 

costs during the IVF process can be reduced due to the availability of higher 

quality embryos and a potentially positive effect on resulting live birth rates can 

be achieved, a substantial progress could be obtained in IVF and the field of 

reproductive medicine. 
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