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Summary

Super-resolution fluorescence microscopy performed via 3D structured illumination
microscopy (3D-SIM) features an 8-fold volumetric resolution improvement over
conventional microscopy and is well established on flat, adherent cells. However,
blastomeres in mammalian embryos are non-adherent, round and large. Scanning
whole mount mammalian embryos with 3D-SIM is prone to failure due to non-
adherent embryos moving during scanning and a large distance to the cover glass.
The biggest challenge and achievement of this doctorate thesis was the development
of a novel method to perform 3D-SIM on mammalian embryos (“3D structured
illumination microscopy of mammalian embryos and spermatozoa” published in BMC
Developmental Biology). The development and fine-tuning of this method took over
two years due to the time-intense generation of embryos and the subsequent two day
long embryo staining, embedding and scanning with steps that required novel
techniques such as micromanipulation which was not associated with sample
preparation prior to this protocol. Problem identification was time-intensive since each
of the numerous steps necessary could negatively affect the image quality. This
method was fine-tuned during three studies. The first study “Reprogramming of
fibroblast nuclei in cloned bovine embryos involves major structural remodeling with
both striking similarities and differences to nuclear phenotypes of in vitro fertilized
embryos” (published in Nucleus) investigates the profound changes of nuclear
architecture during cattle preimplantation development of embryos generated by
somatic cell nuclear transfer (SCNT) and in vitro fertilization (IVF). Fibroblast nuclei in
embryos generated by SCNT go through similar changes in nuclear architecture as
embryos generated by IVF. In both embryo types the occurrence of a large,

chromatin-free lacuna in the center of nuclei around major embryonic genome



activation (EGA) was noted. Similarly, the chromosome territory-interchromatin
compartment (CT-1C) model applied to both types of embryos, featuring a lacuna or
not, with an enrichment of RNA polymerase Il and H3K4me3, a histone modification
for transcriptionally competent chromatin, in less concentrated chromatin and an
enrichment of H3K9me3, a transcriptionally restrictive histone modification, in more
concentrated chromatin. However, large, highly concentrated H3K4me3 and
H3K9me3 clusters were noted in both embryo types at chromatin concentrations that
did not fit to the model. The chromatin-free lacunas were highly enriched in newly
synthesized mRNA.

The second study “Remodeling of the Nuclear Envelope and Lamina during
Bovine Preimplantation Development and lts Functional Implications” (published in
PLOS ONE) presents the changes of the nuclear envelope and lamina during bovine
preimplantation development. Before major EGA, chromatin-free areas of the nuclear
periphery were also free of nuclear pore complexes (NPCs), whereas after major
EGA, the entire nuclear periphery was equipped with at least a fine layer of chromatin
and associated NPCs. Three types of nuclear invaginations were predominant at
different stages. The most common invagination was lamin B and NUP153 positive
and was most prominent between the 2-cell and 8-cell stages until the onset of major
EGA. Lamin B positive, but NUP153 negative invaginations were most prominent
during stages with large nuclear volume and surface reductions. The least common
invagination was lamin B negative but NUP153 positive and occurred almost
exclusively at the morula stage. RNA-Seq and 3D-SIM data showed large deposits of
spliced NUP153 mRNA and cytoplasmic NUP153 protein clusters until shortly after
major EGA. NUP153 association with chromatin was initiated at metaphase.

The third study “Stage-dependent remodeling of the nuclear envelope and

lamina during rabbit early embryonic development” (published in the Journal of
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Reproduction and Development) demonstrated that rabbit embryonic nuclei feature a
nuclear invagination type containing a large volume of cytoplasm that provides
cytoplasmic proximity to nucleoli in addition to the small volume invaginations that
were previously observed in bovine nuclei. The underlying mechanism for these two
invaginations must differ from each other since small volume invaginations were
frequently emanating from large volume invaginations emanating from the nuclear
border but large volume invaginations were never emanating from small volume
invaginations emanating from the nuclear border. Abundance of import/export
competent invaginations featuring NPCs peaked at the 4-cell stage, which is the last
stage before a drastic nuclear volume decline and also the last stage before major
EGA is initiated at the 8- to 16-cell stage. Import/export incompetent invaginations
positive for lamin B but not NUP153 peaked at the 2-cell stage. This was the stage
with the largest variability in nuclear volumes. This may hint at an interphase nuclear
surface reduction mechanism.

Additionally, previously generated but unpublished 3D-FISH data about the
localization changes of a stably inserted reporter gene upon activation in cloned
bovine embryos was analyzed and documented in the study “Positional changes of a
pluripotency marker gene during structural reorganization of fibroblast nuclei in
cloned early bovine embryos” (published in Nucleus). This study showed that the
stably inserted OCT-4 reporter gene “GOF” in bovine fetal fibroblasts was initially
moved towards the nuclear interior in day 2 bovine embryos generated by SCNT of
bovine fetal fibroblasts. However, in day 4 SCNT embryos the localization of GOF
had moved towards the periphery while it was still activated. Its carrier chromosome
territory did not significantly move differently compared with the non-carrier homolog.
Constant proximity of GOF to its carrier chromosome territory ruled out a movement

by giant loops.



In cooperation with the Department of Histology and Embryology of the Ege
University (Izmir, Turkey) the destructive effects of cryopreservation on blastomere
integrity were analyzed in the study “Ultra-Structural Alterations in In Vitro Produced
Four-Cell Bovine Embryos Following Controlled Slow Freezing or Vitrification”
(published in Anatomia, Histologia, Embryologia). The cryopreservation method slow
freezing caused more damage to blastomeres and to the zona pellucida than its fast
freezing alternative vitrification. This was most likely caused by ice crystal formation
and the longer exposure to the toxic side effects of cryoprotectants before freezing

was complete.

1. Introduction

1.1. Mammalian early embryonic development

Mammalian reproduction begins with the formation of a new embryo. During
conception, the embryo is formed in vivo, when a paternal sperm cell fertilizes the
maternal oocyte inside the mother animal’s oviducts (Rizos et al., 2002). Using
assisted reproductive techniques (ART) extracted oocytes can be in vitro fertilized
(IVF) with sperm cells (Parrish, 2014). Alternatively, after removal of the oocyte’s
genomic content, oocytes can be fused via somatic cell nuclear transfer (SCNT) with
somatic cells or embryonic stem cells (Ross and Cibelli, 2010). A newly formed
fertiized embryo begins its development at the zygote stage with one cell
(blastomere) containing two haploid pronuclei, whereas a newly generated SCNT
embryo contains one diploid genome from the donor cell. The zygote cleaves
repeatedly forming the 2-cell, 4-cell, 8-cell, 16-cell, morula and blastocyst stage
(Figure 1). However, asynchronous divisions at any stages, differences in

developmental speed between blastomeres or stopped blastomeres allow for



variations in the number of blastomeres after the zygote stage between embryos
fertilized at the same time (Grisart et al., 1994).

The cleavages are not preceded by an equal increase in the cell size resulting
in a reduction of blastomere and nuclear volumes from stage to stage until the
blastocyst stage. The total size of the embryo is approximately maintained from the
zygote stage until the early blastocyst stage. This size can vary greatly between
species. For instance, the initial diameter of a mouse embryo is maintained until the
early blastocyst stage at about 80-85 um (Han et al., 2005; Zernicka-Goetz et al.,
1997), whereas rabbit embryos can have an average diameter of about 125-130 um
(Meshreky et al., 2012) and bovine embryos can have a diameter of about 120-160
um (Bé and Mapletoft, 2013).

Oocytes and early embryos are surrounded by the glycoprotein layer zona
pellucida with a thickness of about 15 um (Murayama et al., 2006). At the blastocyst
stage the embryo’s volume starts to fluctuate in order to break the zona pellucida and
to ultimately escape from its confinements in a process called “hatching”. This is
facilitated by fluid intake into the cell-free areas inside the blastocyst called the
blastocoel and can increase the volume of a blastocyst two- to threefold
(Sathananthan et al., 2003). /n vivo developing embryos leave the protective layer of
the zona pellucida when entering the uterus. At the morula stage a differentiation
between two cell types begins that culminates into the formation of the trophectoderm
(TE) and the inner cell mass (ICM) at the blastocyst stage (Abe et al., 1999). The TE
is the precursor of the placenta while the ICM continues its development into the
growing animal. The stages up to blastocyst stage are called preimplantation
development since a hatched blastocyst can implant into the endometrium of the

uterus.
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Zygote 2 cells 4 cells 8 cells 16 cells Morula Blastocyst
JICM PTE

Figure 1. Stages of mammalian preimplantation embryonic development. Until
the hatching of the blastocyst occurs, all blastomeres (light brown) are surrounded by
the protective layer zona pellucida (grey). The blastocyst consists of the inner cell
mass (ICM) further developing into the newly forming organism and the

trophectoderm (TE) developing further into the placenta.

1.2. Activation of the embryonic genome

During oogenesis, the mother animal provides the developing oocyte with a large
deposit of proteins and spliced mRNA to support initial embryonic development while
the embryonic genome remains mostly inactive (Graf et al., 2014). Embryonic
genome activation (EGA) occurs at species-specific stages and is required to replace
the dependency on maternally provided proteins and mRNAs with a novel production
based on the genome of the embryo (Tadros and Lipshitz, 2009). Normal
development is only possible with a successful maternal-to-embryo transition (MET)
(Li et al., 2013). The activation of the genome is achieved in two steps (Figure 2). In
bovine embryos, a minor EGA is already detected at the end of the zygote stage
(Pacheco-Trigon et al., 2002) or at the latest in 2-cell embryos, but restricted to the
up-regulation of a few hundred genes when utilizing a two-fold threshold between
subsequent stages (Kues et al., 2008). In contrast, RNA-Seq analyses revealed that
major EGA affects the majority of genes activated during preimplantation
development (Graf et al., 2014). Several reports described the 8- to 16-cell stage of

bovine preimplantation embryos as the critical window for major EGA (Badr et al.,
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2007; Camous et al., 1986; Memili and First, 2000; Misirlioglu et al., 2006; Vigneault
et al., 2009). Deep RNA sequencing identified major EGA at the 8-cell stage (Graf et
al., 2014). In the rabbit species, minor EGA occurs at the end of the zygote stage
(Christians et al., 1994; Pacheco-Trigon et al., 2002). Genomic activation is occurring
progressively with major EGA taking place at the 8- to 16-cell stage (Brunet-Simon et
al., 2001; Leandri et al., 2009). In the mouse, minor EGA occurs at the end of the
zygote stage (Pacheco-Trigon et al., 2002), whereas major EGA occurs at the 2-cell

stage (Tadros and Lipshitz, 2009).

-Q0000990

Fertilization Zygote 2 cells 4 cells 8 cells 16 cells Morula Blastocyst
‘ — JICM STE
Deposit of Depletion of maternal RNA and protein
maternal RNA

and protein

Minor embryonic Major embryonic Embryonic production of
genome activation genome activation RNA and protein

Figure 2. Activation of the bovine embryonic genome. Maternal RNA and protein
deposited into the developing egg during oogenesis get gradually depleted during
early embryonic development. Minor/major EGA initiate embryonic production of
MRNA and protein. Green shapes symbolize the increase of mMRNA and protein while
the red shape symbolizes the reduction of mMRNA and protein levels. Stars identify

minor and major genome activation.

1.3. Gene activation and silencing
The activation or silencing of genes is achieved without changing the genetic code of
the DNA itself. Instead, the transcription of genes into mRNA can be inhibited at the

epigenetic level by multiple ways including small interfering RNAs (McManus and



Sharp, 2002), DNA methylation (Jaenisch and Bird, 2003) and histone modifications
(Bannister and Kouzarides, 2011). 147 base pairs of DNA are wrapped
approximately two times around nucleosomes (Campos and Reinberg, 2009).
Nucleosomes are octamer protein complexes made up of 2 copies each of the
histones H2A, H2B, H3 and H4 (Ramakrishnan, 1997). Specific peptides in the N-
terminal peptide strings of these histones can have modifications such as acetylation,
methylation, phosphorylation, ubiquitylation and sumoylation among others
(Kouzarides, 2007). The methylation or acetylation of specific lysines on these
peptide strings can act as markers for silenced or activated genomic areas (Bannister
and Kouzarides, 2011). The acetylation of histones can be established by histone
acetyltransferases (Roth et al., 2001) and removed by histone deacetylases (De
Ruijter et al., 2003), whereas the methylation of histones can be facilitated by DNA
methyltransferases (Pradhan and Esteve, 2003) and demethylation can be facilitated
passively by preventing the establishment of novel methylation after DNA replication
(Ooi and Bestor, 2008).

Transcription of the genetic code into RNA is performed by RNA polymerase |l
(Hahn, 2004). Histone 3 lysine 4 trimethylated (H3K4me3) is associated with
transcriptionally competent chromatin (Bernstein et al., 2002), whereas histone 3
lysine 9 trimethylated (H3K9me3) is associated with transcriptionally repressive
chromatin (Nakayama et al., 2001) (Figure 3). Histone acetylation in transcriptionally
competent chromatin is associated with resulting in less condensed chromatin
(Ridsdale et al., 1990). Antibodies against histone modifications can identify areas of
the genome that are currently marked as transcriptionally active or silenced (Hebbes
et al., 1988). Histone markers in transcriptionally competent or restrictive chromatin
can regulate the RNA polymerase |l activity (Stasevich et al., 2014). RNA polymerase

Il has a carboxyl-terminal domain made up of repeats of the peptide sequence
8



tyrosine-serine-proline-threonine-serine-proline-serine  (Baskaran et al., 1993;
Palancade and Bensaude, 2003). Phosphorylation of the serine at position 2 of the
sequence is associated with elongation of the transcribed mRNA string while
phosphorylation of the serine at position 5 of the sequence is associated with

transcription initiation (Ahn et al., 2004).

Histone modifications in transcriptionally restrictive chromatin

Histone modifications in transcriptionally competent chromatin

Histone ‘HZA & 28 ‘HS & H4 N\ DNA

RNA polymerase || s Newly transcribed RNA

Figure 3. Chromatin concentration differences between transcriptionally



competent and restrictive chromatin. Transcriptionally competent chromatin
marked by H3K4me3 is usually less condensed than transcriptionally restricted
chromatin marked by H3K9me3. RNA polymerase Il transcribes DNA into RNA
preferably in transcriptionally competent, less condensed chromatin. This Figure is
adapted from Figure 1 in (Croken et al., 2012). Spheres symbolize histones. Squares

symbolize RNA polymerase Il. Black lines symbolize DNA. Red lines symbolize RNA.

1.4. Chromosome territory-interchromatin compartment model

A territorial organization of chromosomes is a general feature of nuclear architecture
(Figure 4). Chromosome territories (CTs) are built from a 3D network of chromatin
domain clusters (CDCs). The CDC periphery carries loosely compacted chromatin,
called the perichromatin region (PR), and is enriched in H3K4me3, a marker for
transcriptionally competent chromatin, while the more densely compacted CDC
interior predominantly carries markers for transcriptionally silent chromatin, such as
H3K9me3 and H3K27me3 (Popken et al., 2014a; Smeets et al., 2014). The PR is the
preferential, although not necessarily exclusive nuclear compartment, where
transcription, co-transcriptional splicing, DNA-replication and DNA-repair occur
(Rouquette et al., 2010). Interchromatin compartment channels (IC-channels)
pervade the nuclear interior between CTs and the CT interior between CDCs
(Markaki et al., 2010; Markaki et al., 2012; Schermelleh et al., 2008; Smeets et al.,
2014). Channels frequently expand into larger IC-lacunas, carrying splicing speckles
and other nuclear bodies. The IC should be considered as a highly organized nuclear
subcompartment by itself. We have hypothesized that the IC system, in addition of
being a nuclear subcompartment for the formation of nuclear bodies and
macromolecular complexes necessary for transcription, splicing, replication and

repair within the lining PR, allows for constrained movements of ribonucleoprotein
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complexes with mRNA towards the nuclear pores (Mor et al., 2010) and possibly also
for constrained movements of imported proteins. Based on the expectation of
continuous, highly dynamic interaction between the PR and the IC, we have argued
that they together form a functionally closely integrated system, termed the active
nuclear compartment (aNC), whereas the interior of CDCs represents the

transcriptionally inactive nuclear compartment (iNC) (Popken et al., 2014a; Smeets et

al., 2014).

Lo ‘

L]
heterochromatin, chromatin domain clusters inactive Nuclear nuclear pore .
(CDCs) with transcriptionally silent chromatin | Compartment (iNC) p R. transcriptionally
-~

competent chromatin loop
. euchromatin, CDCs with transcriptionally active Nuclear D nuclear envelope
competent chromatin Compartment (aNC)

"\ /\ 500kb chromatin domain

. Splicing speckle

Figure 4. Chromosome territory-interchromatin compartment (CT-IC) model

. transcription factory lamina

l:l interchromatin compartment (IC)

from (Popken et al., 2014a). A and B. Model of the eu- and heterochromatin
distribution in a morula stage blastomere. B shows an enlargement of the boxed area
in A. CTs are built up from chromatin domain clusters (CDCs). CDCs carry
transcriptionally silent chromatin (red) in their interior. The less dense,
transcriptionally competent chromatin (green) at the periphery of CDCs presents the
perichromatin region (PR). It is enriched with transcription factories (blue) and
represents the nuclear sub-compartment, where genes are transcribed. The PR lines

the interchromatin compartment (IC), which starts with channels at nuclear pores and
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forms a three-dimensional network throughout the nuclear interior. It extends
between neighboring CTs but also throughout CTs. Considering the potential role of
the IC in import-export functions, as well as functional interactions between nuclear
bodies and machineries for transcription, co-transcriptional splicing, chromatin
replication and repair acting within the PR, we propose that the PR and the IC
provide the active nuclear compartment (aNC), whereas the compact interior of
CDCs forms the inactive nuclear compartment (iNC). The nucleolus in A is marked
with ‘n ’. C. This model presents a hypothetical topography at still higher resolution
envisaged for a landscape at the nuclear periphery with nuclear pores connected to
IC channels. Little chromatin loops invade these channels, their size and hypothetical
arrangements minimize problems of chromatin entanglements in the perichromatin
region and interchromatin compartment. At numerous sites the IC forms larger
lacunas, which contain nuclear bodies, such as splicing speckles. A dotted circle
comprises a chromatin domain with a DNA content of about 500 kbp. Chromatin
domains attached to the nuclear lamina (yellow) are connected with domains

extended into the nuclear interior.

1.5. Structural nuclear reorganization during pluripotency gene activation

Reprogramming of a differentiated cell nucleus in cloned embryos (Wilmut et al.,
1997) is associated with major changes in its gene expression profile, including the
activation of pluripotency genes (Shi et al., 2003). This pluripotency gene activation
(PGA) apparently occurs together with major EGA (Wuensch et al., 2007), although
causal relationships between PGA and major EGA are still not clear. While nuclei
from terminally differentiated cells can support full term development of cloned
animals, we still lack detailed information about the changes of nuclear architecture,

which may be involved in the reprogramming of a somatic cell nucleus.
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To study the time course of PGA in cloned early bovine embryos a reporter
system was established (Wuensch et al., 2007), which makes it possible to follow
Oct4/Pou5f1 promoter activation in these embryos. This model system employs
bovine fetal fibroblasts (BFF) carrying an Oct4/Pou5f1-EGFP reporter gene (GOF;
Figure 5) (Niwa et al., 2000) on one of the two chromosomes 13. Expression of
EGFP is controlled by a 9-kb fragment of the mouse Pou5f1/Oct4 regulatory
sequence with a deletion in the proximal enhancer (PE) (Yoshimizu et al., 1999).
Downstream EGFP is flanked by a 9-kb fragment of the structural Pou5f1 gene
containing 5 exons. The reporter construct is silent in BFF nuclei, but is activated in
nuclei of cloned embryos during major EGA at the fourth embryonic cell cycle
(Wuensch et al., 2007). The localization of this reporter gene can be visualized via
3D-FISH. This method provides the possibility to study the correlation between
Oct4/Pou5f1 promoter activation and changes in the localization of the reporter gene,
its carrier CT and, as a negative control, the homolog non-carrier CT in cloned bovine

embryos.

Poubf1 promoter APE. EGFP Poubf1

- " |

Figure 5. The Oct4/Pou5f1-EGFP reporter gene (GOF) integrated into one of the

two CTs 13 adapted from (Wuensch et al., 2007). Expression of EGFP is
controlled by a 9-kb fragment of the mouse Pou5f1/Oct4 regulatory sequence with a
deletion in the proximal enhancer (PE) (Yoshimizu et al., 1999). Downstream EGFP
is flanked by a 9-kb fragment of the structural Pou5f1 gene containing 5 exons. This

reporter gene was stably integrated into one of the two CTs 13 in bovine fibroblasts.
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These fibroblasts were then used during somatic cell nuclear transfer to generate

embryos carrying GOF.

1.6. Nuclear envelope, lamina and nuclear pore complexes (NPCs)

The nucleus containing the nucleoplasm is separated from its surrounding cytoplasm
by the nuclear envelope on the outside and the nuclear lamina directly beneath it
(Figure 6). The nuclear envelope consists of an outer and an inner lipid membrane
(Watson, 1955) and contains at least 148 different proteins (Dreger et al., 2001). The
nuclear lamina is made up of lamins B1 and B2 in developing cells and by lamins A
and C in differentiated cells (Gruenbaum et al., 2005). Import/export of proteins and
mRNA packaged as ribonucleoprotein (mMRNP) complexes is facilitated through
nuclear pore complexes (NPCs) (Carmody and Wente, 2009).

NPCs are constructed of eight similar nucleoporin aggregates in circular
formation. 30 nucleoporins (NUPs) make up each of these eight clusters (Cronshaw
et al.,, 2002). These eight clusters surround a tunnel with a diameter of ~50 nm
(Doucet and Hetzer, 2010) connecting the cytoplasmic side at the outer to the
nucleoplasmic side at the inner membrane of the nuclear envelope (Hinshaw et al.,
1992). The area of the cytoplasmic side of this tunnel is called cytoplasmic ring and
the nucleoplasmic area is called nuclear ring. Cytoplasmic filaments reaching into the
cytoplasm are connected to the cytoplasmic ring. On the nucleoplasmic side, eight
fibers connect the nuclear ring with another ring which is located further inside the
nucleus called terminal ring. These eight fibers and the terminal ring form the nuclear
basket (Arlucea et al., 1998). The 153kD nucleoporin NUP153 (Sukegawa and
Blobel, 1993) has multiple localization options. It can localize at the nuclear ring or at

the nuclear basket (Ball and Ullman, 2005).
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Figure 6. Nuclear pore complex at the nuclear border. The NPC creates a tunnel
through the nuclear envelope and the nuclear lamina below the nuclear envelope.
This tunnel serves as a connection for import/export between the cytoplasm above
the nuclear pore and the nucleoplasm with the interchromatin compartment channel
below. Chromatin is associated with the nuclear basket and the nuclear filaments
attached to the nuclear basket. NUP153 (green circles) is localized at the NPC at the
nuclear or the terminal ring. Cytoplasmic filaments are not depicted in this Figure in
order to maintain simplicity and focus. This Figure is adapted from Figure 3 in

(Strambio-De-Castillia et al., 2010).
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1.7. Connection between nuclear pores and chromatin

Chromatin association with the nuclear basket and its attached intranuclear filaments
has been shown in electron microscopic studies (Arlucea et al., 1998). NPCs are
connected with the nuclear interior via the system of interconnected interchromatin
compartment channels (Markaki et al., 2010; Markaki et al., 2012; Schermelleh et al.,
2008; Smeets et al., 2014). The presence of NPCs at sites, where chromatin contacts
the nuclear lamina provides opportunities for connections with interchromatin
compartment channels, which start and end, respectively, at nuclear pores (Markaki
et al., 2010; Rouquette et al., 2009; Schermelleh et al., 2008). The IC channel system
connects nuclear pores with the nuclear interior, where IC channels expand both
between and within CTs. This system may play a role both for a guided import of
proteins entering the nucleus at NPCs into the nuclear interior and a guided mRNA

export towards NPCs in the form of messenger ribonucleoprotein particles (MRNPs).

1.8. New nuclear pore assembly, disassembly and reassembly

New NPCs are assembled during G1- and S-phase in order to double the number of
NPCs before the onset of the next mitosis by acquisition of structural components
from both sides of the NE (Maul et al., 1972). The sites of nuclear pore assembly do
not depend on components previously integrated into the NE (D'Angelo et al., 2006).
NPCs require the lamina for their integration into the nuclear envelope (Smythe et al.,
2000).

Disassembly of nuclear pore complexes (NPCs) starts at prophase (Lenart et
al., 2003) and is initiated with the release of NUP98, followed by a first wave of partial
NUP153 release, followed by the release of NUP50, followed by an approximately
parallel release of NUP96, the release of the rest of NUP153 and the release of the

nuclear basket protein Tpr, followed by the release of NUP107 and finally the release
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of the transmembrane nucleoporin POM121 (Beaudouin et al., 2002; Dultz et al.,
2008; Hase and Cordes, 2003).

Reassembly of nuclear pores is initiated during anaphase with the association
of nucleoporin complexes with chromatin. During mitosis the NUP107/160 complex,
NUP153 and NUP50 associate with chromosomes before the NE is re-established
(Dultz et al., 2008; Franz et al., 2007; Kutay and Hetzer, 2008). Reassembly of NPCs
begins with the incorporation of the NUP107/160 complex, POM121 and NDC1
(Antonin et al., 2005; Dultz et al., 2008; Kutay and Hetzer, 2008; Mansfeld et al.,
2006), followed by the subcomplexes NUP93 and NUP62 (containing NUP53,
NUP155 and others) (Dultz et al., 2008) and finally followed by the incorporation of
NUP214, NUP153, nuclear basket protein Tpr, NUP50 and the membrane

nucleoporin gp210 (Dultz et al., 2008; Kutay and Hetzer, 2008).

1.9. Nuclear invaginations

Invaginations of the nuclear envelope and the nuclear lamina featuring NPCs can
extend the protein import and mRNP export functionality of NPCs to regions remote
from the nuclear surface (Legartova et al., 2014; Malhas et al., 2011). Such a role
may be especially important for large nuclei of early bovine preimplantation
development, but has also been amply demonstrated for nuclear envelope
invaginations in numerous normal and malignant somatic cell types (Garcia Verdugo
et al., 1983; Storch et al., 2007; Sunba et al., 1980). During early embryonic
development the volume and the surface of nuclei decline. Therefore, less
invaginations or shorter invaginations are expected at the end of the embryonic
development. Additionally, during spermiogenesis, vesicle-like excisions of the
lamina into the nuclear interior have been associated with a reduction of the nuclear

surface in interphase (Ndiaye and Mattei, 1993).
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1.10. 3D structured illumination microscopy (3D-SIM) on embryos

3D-SIM improves the lateral optical resolution up to a factor of 2 (Cremer, 2012) and
the volumetric resolution about eightfold compared with conventional microscopy
(Schermelleh et al., 2010). This improvement requires multiple alterations to standard
wide-field microscopy. Laser exposure of a grid in the optical illumination path
produces a stripe-pattern in the object plane. The recorded images from samples
illuminated with this stripe-pattern contain interference signals that can be used to
calculate an image with a higher resolution than the resolution of the recorded image.
The grid that generates this stripe-pattern is moved 5 times per angle with 3 angles
per section to get interference data from all areas of the specimen from all sides of
any signal giving location. This concept was introduced by Mats Gustafsson
(Gustafsson, 1999, 2000) and Rainer Heintzmann and Christoph Cremer
(Heintzmann and Cremer, 1999). The software calculating the final images is
configured using point spread functions derived from signals produced by fluorescent
beads solidly attached to a cover glass. Therefore, the software with such a
configuration will provide optimal results with flat cell types attached to the cover
glass whose nuclei resemble the situation of fluorescent beads directly attached to
the cover glass as best as possible. However, blastomeres and their nuclei (Figure 7)
are not flat and zygote stage blastomeres can have a diameter from about 80 um
(mouse) to about 140 um (bovine) with nuclei mostly being located in the center of
the blastomere (Igbal et al., 2009). Furthermore, blastomeres are non-adherent and
the standard staining protocol contains the use of bovine serum albumin which
prevents surface attachments. Additionally, the phenomenon of artificial signal

increases in cone-like shapes emanating from the sample is more pronounced in
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large, round nuclei. 3D-SIM requires strong signals to reduce bleaching during the 15

scans per section. Strong bleaching reduces the final image quality significantly.

DAPI

Lamin B

Figure 7. Resolution comparison of confocal laser scanning microscopy
(CLSM; A) and 3D structured illumination microscopy (3D-SIM; B). Both nuclei
were scanned in bovine 8-cell stage blastomers. A1 and B1. Chromatin stained with
DAPI. A2 and B2. Nucleoporin NUP153 staining. A3 and B3. Lamin B staining. A4

and B4. Composite of DAPI (grey), lamin B (green) and NUP153 (red).

1.11. Cryopreservation of oocytes, spermatozoa or embryos

During cryopreservation oocytes, spermatozoa or embryos are frozen in liquid
nitrogen to preserve their developmental potential for use at a later time-point. The
two most common forms of cryopreservation are slow freezing and vitrification
(Zander-Fox et al., 2013). Slow freezing was developed before vitrification (Saragusty
and Arav, 2011). During slow freezing gametes and embryos are gradually cooled
down in a programmable freezer and ultimately transferred to liquid nitrogen
(Sommerfeld and Niemann, 1999). However, the gradual freezing can result in the

formation of destructive ice crystals (Arav et al., 2002). The subsequently developed
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vitrification procedure aims at reducing the ice crystal occurrence by chemically
blocking ice formation and instant liquid nitrogen exposure (Wowk et al., 2000). On
the economical side, vitrification renders expensive programmable freezers obsolete.
Vitrification kits can be used in any lab featuring a gamete/embryo incubator and

liquid nitrogen.

1.12. Aims of the studies combined in this doctorate thesis

This doctorate thesis combines multiple studies. In “3D structured illumination
microscopy of mammalian embryos and spermatozoa” the aim was to develop a
robust protocol to perform 3D structured illumination microscopy on blastomeres of
mammalian preimplantation embryos, which was previously only established on
adherent cells. The successful development of this protocol provided a super-
resolution microscopy solution for three subsequent studies of mammalian early
embryonic nuclear architecture and of the nuclear envelope and lamina. An initial
study on bovine 8-cell embryos showed nuclei with a chromatin distribution
exclusively limited to the nuclear periphery and a large chromatin-free lacuna in the
center. Large H3K4me3 or H3K9me3 positive clusters were observed in this
peripherally concentrated chromatin at the 8-cell stage. In “Reprogramming of
fibroblast nuclei in cloned bovine embryos involves major structural remodeling with
both striking similarities and differences to nuclear phenotypes of in vitro fertilized
embryos” the first aim was to investigate if this central lacuna was a regular
occurrence both in in vitro fertilized and cloned embryos. The second aim was to
check whether the CT-IC model applied to nuclei with and without a central lacuna.
The third aim was to investigate if this lacuna may be filled with splicing factors and

newly produced mRNA at major embryonic genome activation. The fourth aim was to
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investigate whether the CT-IC model was applying to these large, concentrated
H3K4me3 or H3K9me3 positive clusters as well.

During this investigation, a high abundance of small, chromatin-free regions
were discovered at the nuclear periphery beneath the lamina. This prompted the
initiation of the second investigation on the bovine embryonic nuclear envelope and
lamina. In “Remodeling of the Nuclear Envelope and Lamina during Bovine
Preimplantation Development and lts Functional Implications” the first aim was to
identify the nature of these chromatin-free regions. Once these regions were
confirmed to be nuclear invaginations the aim was to check whether alterations in the
abundance of these invaginations occurred throughout embryonic development. In
“Stage-dependent remodeling of the nuclear envelope and lamina during rabbit early
embryonic development” the aim was to compare the results of the prior study with
the scenario in rabbit, since rabbit nuclei have a profoundly different nuclear
phenotype from bovine embryonic nuclei. While bovine embryonic nuclei usually
feature a spherical shape with barely recognizable invaginations containing only a
small volume of cytoplasm limited to the nuclear periphery, rabbit nuclei can feature a
high abundance of invaginations containing a large volume of cytoplasm capable of
crossing the entire nucleus.

In “Positional changes of a pluripotency marker gene during structural
reorganization of fibroblast nuclei in cloned early bovine embryos” the aim was to
investigate, whether a stably inserted pluripotency gene would alter its or its carrier
CT’s location upon and during activation. Furthermore, the aim was to investigate
whether a potential movement would be facilitated by a giant chromatin loop to
locations remote from its carrier CT. In “Ultra-Structural Alterations in In Vitro
Produced Four-Cell Bovine Embryos Following Controlled Slow Freezing or

Vitrification” the aim was to compare the effects of the cryopreservation methods
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slow freezing and vitrification on 4-cell bovine embryos. This comparison included
quantifications of developmental rates as well as the effects on the blastomeres and

the zona pellucida investigated with transmission electron microscopy.
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2. Results

2.1. 3D structured illumination microscopy of mammalian embryos and

spermatozoa
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Abstract

during scanning and the large distance to the cover glass.

rabbit and cattle embryos and on rabbit spermatozoa.

Spermatozoa.

Background: Super-resolution fluorescence microscopy performed via 3D structured illumination microscopy
(3D-SIM) is well established on flat, adherent cells. However, blastomeres of mammalian embryos are non-adherent,
round and large. Scanning whole mount mammalian embryos with 3D-SIM is prone to failure due to the movement

Results: Here we present a highly detailed protocol that allows performing 3D-SIM on blastomeres of mammalian
embryos with an image quality comparable to scans in adherent cells. This protocol was successfully tested on mouse,

Conclusions: Our protocol provides detailed instructions on embryo staining, blastomere isolation, blastomere
attachment, embedding, correct oil predictions, scanning conditions, and oil correction choices after the first scan.
Finally, the most common problems are documented and solutions are suggested. To our knowledge, this protocol
presents for the first time a highly detailed and practical way to perform 3D-SIM on mammalian embryos and

Keywords: Super-resolution fluorescence microscopy, Mammalian embryos

Background

With an axial resolution of about 100 nm and a lateral
resolution of about 300 nm 3D structured illumination
microscopy (3D-SIM) features an 8-fold volumetric
resolution improvement over confocal microscopy [1, 2].
This improvement is achieved by redirecting the laser
beams through a mobile grid and scanning each section
15 times with a slightly altered grid location and orien-
tation (3 angles with 5 phases each). The signals pro-
duced at the borders of this mobile grid allow a
software to compute super-resolution images [3-6].
This scanning and calculating procedure has three re-
quirements for specimens. Firstly, 15 scans per section
require superior bleach resistant signal providing mole-
cules. This is especially important when scanning thick
objects since the total exposure time throughout all
sections increases with the total number of z-sections
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scanned. Secondly, all signal providing molecules must
remain at their 3D location during the entire scanning
process, otherwise the calculation of the final image
stack will fail. Since complete stacks are scanned for
each angle before rotating the grid, even the slightest
movement may reduce image quality markedly. Even
individual signal providing molecules moving through
the object such as particles can greatly interfere with
the algorithm. Thirdly, 3D-SIM is a form of wide-field
microscopy. This means that sharp images can only be
acquired in an area at a certain distance to the cover
glass. Signals outside the optimal range will appear less
crisp and image artifacts such as artificial generation of
signals can occur. This requires the use of the correct
oil for a specific distance to the cover glass. Because of
these three requirements flat and adherent cells are the
optimal choice for 3D-SIM. However, blastomeres of
mammalian embryos are non-adherent, large and sur-
rounded by the zona pellucida. We have developed a
protocol for 3D-SIM on mammalian embryos and gener-
ated high quality data for multiple studies [7, 8]. Here we
present a detailed experimental protocol how to achieve
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superior image quality of mammalian blastomeres using
3D-SIM.

Methods

Ethics statement

All animal procedures and experiments with embryos
were approved by the Government of Upper Bavaria
(permit number 55.2-1-54-2532-34-09) and performed
in accordance with the German Animal Welfare Act
and European Union Normative for Care and Use of
Experimental Animals.

Recovery and culture of mouse embryos

Female mice were injected interperitoneally (IP) with
pregnant mare’s serum (PMS) between 1:00 and 4:00 PM
of Day 1. On Day 3, forty-two hours after the PMS injec-
tion, the mice received an IP injection of human chorionic
gonadotropin (HCG). Immediately following injection, fe-
males of the FVB/N inbred strain were mated with males
of the same mouse strain. Ovulation occurs approximately
12 h after HCG injection, at which time the eggs can be
fertilized. Females were screened every morning and even-
ing for vaginal plugs to see if mating has occurred and
sacrificed by cervical dislocation at the same day after
finding a vaginal plug (0.5 dpc). For embryo recovery,
females were euthanized by cervical dislocation under iso-
flurane anesthesia. The oviduct was removed and flushed
with M2 medium (Sigma, Taufkirchen, Germany) contain-
ing 0.4 % bovine serum albumin (BSA) (Roth, Karlsruhe,
Germany). Zygotes were collected under a stereo micro-
scope (Zeiss, Jena, Germany) with 20x magnification and
transferred to microdrops of M16 medium (Sigma) on a
culture dish covered with paraffin oil (Roth). Embryos
were cultivated at 37 °C and 5 % CO, in an incubator until
the appropriate stage for fixation.

Recovery and culture of rabbit embryos

Recovery of embryos was performed as described [9].
Female Zika rabbits were first superovulated by injec-
tion of 100 IU (international units) of equine chorionic
gonadotropin (ECG; Intergonan, Intervet) intramuscu-
larly and 100 IU of human chorionic gonadotropin (HCG;
Ovogest, Intervet) intravenously 72 h later. 18-20 h post-
HCG injection and after natural mating in vivo fertilized
zygotes were flushed from the explanted oviducts of rab-
bits in warm phosphate buffered saline (PBS) supple-
mented with 4 mg/ml bovine serum albumin. Rabbit
embryos were cultured in Quinn’s medium (SAGE, Trum-
bull, CT) containing 2.5 % fetal calf serum (FCS) in a hu-
midified atmosphere of 5 % CO, in air at 38.5 °C until the
appropriate stage for fixation.
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Recovery and culture of bovine embryos

In vitro fertilization of bovine embryos was performed
as described [10]. Cumulus-oocyte complexes (COCs)
were obtained by aspiration from ovaries of slaughtered
cows. COCs were matured in modified Parker’s medium
containing TCM199 supplemented with 5 % estrous cow
serum (ECS) and 0.2 U/ml o-FSH (Ovagen; ICPbio) for
20-22 h at 39 °C, 5 % CO, in air and maximum humidity.
Matured COCs were washed with the fertilization
medium Tyrode's albumin lactate pyruvate (FERT-TALP)
supplemented with sodium pyruvate (2.2 mg/ml), heparin
sodium salt (2 mg/ml), and BSA (6 mg/ml) and trans-
ferred to 400-pl droplets of medium. Frozen spermatozoa
were thawed at 38 °C. 100 pl thawed sperm suspension
covered by 1 ml capacitation medium was subjected to
the swim-up procedure for 60 min. The COCs and sperm-
atozoa (2 x 10° cells/ml) were co-incubated for 18 h at
39 °C and 5 % CO, in humidified air. Presumptive zygotes
were mechanically denuded by vortexing, washed 3x in
SOF culture medium enriched with 5 % ECS, BME 100x
(20 pl/ml; Invitrogen) and MEM (Minimum Essential
Medium) 100x (10 pl/ml, Invitrogen), and transferred to
400-pl droplets of medium covered with mineral oil.
Embryos were grown at 39 °C in a humidified atmosphere
of 5% COq, 5 % O,, and 90 % N, until they reached the
appropriate stage for fixation.

Cover glass preparation

Clean cover glasses were covered by polylysine (33 pl of a
1:100 Polylysine dilution in aqua bidest for 5 min) applying
it in the exact center of each cover glass. If the covered area
was too large the Vectashield applied to this prepared area
at the final steps of the embedding procedure touched the
constructed chamber’s walls and could leave the blastomeres
uncovered and dried out (see below). When finished with
the last cover glass, but at least 5 min after the start with the
first one, the drop of polylysine solution was rinsed off the
cover glasses in the same order with 500 pl-1000 ul aqua
bidest. No drops were left, since after drying they could
leave marks. The polylysinated side in the same corner of
each cover glass was marked with a permanent marker and
with a character or number that can only be read correctly
from one side (for example "1"). Even though no liquid was
visible on the slides they were dried for at least 2 h.

Slide preparation

Clean glasses were covered with 4 layers of Tesa-Film.
To cover a glass its center was pressed at a 45° angle
against the sticky side of the film (Fig. 1a). Rotating a
finger slowly in a circular pattern, the film was carefully
pressed against the glass and attached onto the glass
without generating bubbles. Then the film was cut off
before and after the attached region on the glass. This
procedure was repeated 3 more times to obtain 4 layers
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Fig. 1 Preparation of slides. a The film was attached to the slide. The black arrow marks the spot where the film was pressed against the slide in
a circular motion. b The film layers were cut with a scalpel. The dashed lines mark the cutting positions. ¢ The slide was prepared for storage. The
grey areas inside the outer border mark Tesa-Film removed with 'tweezers'

J

of Tesa-Film exactly on the top of each other on the
glass. The reason for building such a high chamber lies
in the effect of the objective pressing down and thereby
reducing the distance between the cover glass and the
slide inside the chamber. According to the equation of
continuity Al*vl = A2*v2 (A1, A2 = cross-sectional areas
before and after distance reduction; v1, v2 = speed of the
embedding medium before and after distance reduction)
the flow speed of the embedding medium inside the
chamber will increase when pressing against the cover
glass with the objective. A larger initial volume in the
chamber equals a smaller relative volume decrease which
equals a smaller speed increase under the pressure of the
objective. Furthermore, the slide was placed under a ste-
reo microscope and using a scalpel and tweezers the pat-
tern shown in Fig. 1b was cut into all 4 layers. The central
area should be as large as possible to prevent contact be-
tween embedding medium and film when placing the
cover glass on top of this structure. The parts shown in
Fig. 1c were removed with tweezers except for the center
part. This central area of the film remained attached dur-
ing storage and was removed shortly before placing the
cover glass on top of this construct in order to minimize
dust within the central chamber.

Fixation

Unless noted otherwise fixation of embryos and all subse-
quent steps were performed at room temperature (RT).
For preservation of the 3D shape of embryos and nuclei it
was necessary to avoid any deforming pressure and pre-
vent embryos from drying out at any step of the following
procedures. Embryos were briefly washed in 38 °C 1x
phosphate buffered saline (PBS), fixed in 2 % paraformal-
dehyde (PFA) in PBS for 10 min, washed twice in PBS and
then stored at 4 °C in PBS until further use. The max-
imum allowed storage duration depended on the concen-
tration of target proteins for staining. Target proteins with
a low concentration such as histones were stained and
scanned shortly after fixation because the achievable signal
strength diminishes with time. Target proteins with a high

concentration such as nuclear lamins or nucleoporins
were stained and scanned even after months of storage in
PBS with acceptable signal strengths compared to the
background signals.

Immunostaining

Background caused by PFA was quenched using 20 mM
glycine in PBS for 10 min. After washing twice with PBS
embryos were permeabilized with 0.5 % Triton-X 100 for
15-30 min. After washing twice with PBS unspecific back-
ground signals were reduced by incubation in 2 % BSA for
2-4 h at RT. When targeting proteins with a low concentra-
tion, such as histones, embryos were blocked before staining
for 4 h or longer in 2 % BSA in PBS to differentiate actual
signals from background more efficiently. Four hours of
blocking could result in a more focused localization of the
signals leading to a slightly altered appearance compared to
blocking for 2 h. When targeting proteins with a high con-
centration such as nuclear lamins or nucleoporins embryos
were blocked before staining for only 2 h since the back-
ground was relatively less intense. However, maximum
image quality was achieved with a blocking for 4 h. Then
embryos were sequentially incubated in 40 pl of primary
and secondary antibody solutions contained within PCR-
tube caps, diluted in PBS with 2 % BSA. The source of the
first antibody was different from the species of the embryo
or the zona pellucida to avoid staining problems (see Trou-
bleshooting below). In the case of using the same source as
the embryo’s species, the zona pellucida was removed prior
to staining as described below. Tables 1 and 2 show exam-
ples of primary and secondary antibodies used successfully
with 3D-SIM. Specimens were incubated with primary anti-
bodies overnight at 4 °C. After washing in PBS for 5 times
with 2 % BSA the appropriate secondary antibodies, diluted
in PBS with 2 % BSA, were applied for 1 h, again followed
by washing in PBS for 5 times with 2 % BSA and 5 times
without BSA. BSA had two effects. It blocked background
signals and made embryos less sticky. While the first prop-
erty was desired the second one was counter-effective when
trying to attach blastomeres on a cover glass for minimal
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Table 1 Examples of primary antibodies used successfully with 3D-SIM

Host Target Official name Dilution  Company D

Goat Epitope at C-terminus of Lamin B1. Lamin B Antibody (M-20) 1:100 Santa Cruz SC-6217

Detecting Lamin B1 and, to a lesser extent, Lamin B2

Mouse  NUP153 Anti-NUP153 [QES5] antibody 1:200 Abcam ab24700

Rabbit H3K4me3 Anti-Histone H3 (tri methyl K4) 1:100 Abcam ab8580
antibody - ChiP Grade

Mouse H3K9me3 Histone H3K9me3 antibody (mAb) 1:100 Active Motif 39285/6

Rat RNAPII-S5p Monoclonal antibody against CTD 1:20 Gift from Dirk Eick
phosphoserine epitope 5 (see Markaki et al. [23])

Mouse — B23 Monoclonal Anti-B23 antibody produced 1:1000 Sigma B0556

in mouse

The host should be different from the species of the embryo. Otherwise, the zona pellucida should be removed prior to staining

movement. In order to maximize stickiness even after 5
times of washing away BSA with PBS the following fixation
step was used to bind the remaining BSA. After washing
away the PFA embryos were extremely sticky and in order
to prevent their attachment to any surface PBS was con-
stantly pumped under the embryos to keep them floating
within the PBS and transporting the embryos not within the
transferpettor’s pipette but in a tiny drop at the tip of it. If
the embryo has attached to a surface recovery was possible
by blowing the embryo with the PBS very strongly against it.
However, the pressure produced by a standard size opening
of a pipette on a transferpettor may not suffice. In this case,
the tip of a new glass pipette was melted until the opening
was barely visible. Coating the pipette with silicone and the
surfaces with silicone or agar may prevent embryos from
attaching prior to the final embedding step. A cover glass
with the polylysinated side upwards was put into the middle
of the cover of a 3.5 cm well. A drop of 10-20 ul PBS was
added in the center of the glass. Fixation of antibodies was
performed with 4 % PFA in PBS for 10 min, followed by
washing twice in PBS. PFA could cause increased back-
ground signals in the 488 nm channel. Therefore, fixing
antibodies with only 2 % PFA in PBS was used to reduce
such additional background signals. Chromatin was coun-
terstained with DAPI (Life Technologies, Catalog No.
D1306; 4',6-diamidino-2-phenylindole) 25 pg/ml diluted in
PBS for 15 min followed by washing twice in PBS.

Isolation of blastomeres and attachment to the cover
glass

The 3.5 cm well containing the polylysinated cover glass,
the drop of PBS and the embryo were transported to a
microscope with at least one micromanipulator (two are
preferred). An empty injection needle was mounted into
the right micromanipulator holder. Similarly, a needle
with a diameter smaller than an embryo was mounted
into the left micromanipulator holder. This second nee-
dle was helpful to stabilize the position of the embryo
but was not absolutely necessary for the subsequent
steps. Once the embryo was placed inside the drop of
PBS on top of the polylysinated cover glass adhesion
forces attached the zona pellucida to the glass. An area
of the zona pellucida slightly remote from the blasto-
meres was pressed against the cover glass with the injec-
tion needle. Then the needle was moved back and forth
while keeping the zona pressed against the glass. The slit
in the zona pellucida was enlarged by vibrating the nee-
dle via knocking against the micromanipulator with a
finger (Fig. 2a). Afterwards the injection needle was
inserted into the zona and stretched along the surface of
the cover glass away from the embryo to open the zona
even more. The embryo inside the open zona pellucida
was rotated with the injection needle to line up the
border between two blastomeres. Then the injection
needle was placed along this border and moved back

Table 2 Examples of secondary antibodies used successfully with 3D-SIM

Host Target Fluorophore Excitation [nm]  Dilution ~ Company D

Donkey ~ Mouse IgG (H+L) Alexa 488 1:400 Invitrogen A-21202
Donkey  Mouse IgG (H+ L) Alexa 594 1:500 Invitrogen A-21203
Donkey  Goat IgG (H+ L) Alexa 488 1:400 Invitrogen A-11055
Donkey  Goat IgG (H + L) preadsorbed Alexa 594 1:400 Abcam ab150136
Donkey  Rabbit IgG (H+L) Dylight (Alexa bleaches less) 488 1:300 Jackson Immuno Research  711-485-152
Donkey  Rabbit IgG (H+L) Dylight (Alexa bleaches less) 594 1:500 Jackson Immuno Research  711-505-152
Goat Mouse 1gG (H+L) preadsorbed  Alexa 594 1:300 Invitrogen A-11032
Donkey  RatlgG (H+L) Alexa 594 1:300 Invitrogen A-21209
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Fig. 2 Isolation and attachment of individual blastomeres. a The zona pellucida was cut open. b A blastomere was isolated. ¢ The isolated

blastomere was moved outside the zona pellucida through the cut. d The zona pellucida with the remaining blastomeres was moved to the
target location for the next blastomere. e Positions of blastomeres on the cover glass were chosen as far away from each other as possible, but
not too close to the border of the PBS drop. f Once all blastomeres had been placed on the cover glass their outermost parts were pressed
against the glass. The dashed line marks the section shown in G. g The attachment surface was increased even further by stretching out the
pressed down periphery of blastomeres by moving the pressed down needle away from the blastomere. The circled N marks the position of the
nucleus in this blastomere. h The finalized slide with the reversed cover glass attached in the center chamber and sealed with nail polish. The

marker "1" was dissolved by the nail polish

and forth to separate the blastomeres (Fig. 2b).
Additional knocking against the micromanipulator could
facilitate this process. A single blastomere was removed
from the zona pellucida and the zona pellucida was moved
with the remaining blastomeres away (Fig. 2c and d). The
remaining blastomeres were moved inside the zona
pellucida to a different remote location from the pre-
vious blastomere to prevent bleaching from scanning

a neighbouring blastomere (Fig. 2e). The procedure
was repeated for all blastomeres. The initial attach-
ment of the blastomeres was automatically facilitated
by the adhesion forces of the polylysinated surface.
The attached blastomeres were left immobile other-
wise this could lead to tearing and stretching artifacts.
When working with blastocysts and the task was to
scan only trophectoderm (TE) cells a blastocyst was
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let to sink on the glass and the monolayer of cells closest to
the glass was scanned (Fig. 3a). The cell-free space inside
blastocysts (blastocoel) can be large enough so that TE cells
on the far side of the blastocyst do not interfere with the
scans. If there were multiple layers of TE cells then individ-
ual TE cells were isolated and placed next to each other in
remote locations as a monolayer. If inner cell mass (ICM)
and TE cells were scanned the layer(s) of TE cells were cut
like the zona pellucida. Tearing and stretching of cells re-
mote from the slit were avoided. TE cells were then gently
attached to the glass while the sphere of ICM cells was res-
iding on top of this monolayer. This ICM sphere was then
detached from the monolayer of TE cells by gently pressing
against it with the side of the injection needle (Fig. 3b). The
ICM sphere was then moved to a remote location and indi-
vidual cells were isolated as described above for other em-
bryos (Fig. 3c). To maximize image quality it was necessary
to attach single blastomeres to the glass not touching each
other (Fig. 3d). After attachment of all blastomeres to their
target location additional attachments were performed to
prevent movements disabling 3D-SIM reconstruction
(Fig. 2f and g). The outermost part of blastomeres was
pressed down with the injection needle against the cover
glass. Then the 3.5 cm well was carefully rotated by 90° and
the newly accessible outermost parts were pressed down.
The zona pellucida was moved outside the drop so that it
could not swim through the medium while scanning.
When scanning sperm cells attached to the zona pel-
lucida after an IVF procedure the zona was cut in
smaller parts and these parts were pressed against the
glass for maximum adhesion.

Embedding

The closed well was transported back to the stereo
microscope. The excess of PBS was removed from the
cover glass while keeping all blastomeres covered with
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it. The cover glass was washed two times with 10-
20 pl of PBS and covered slowly with 10-20 pl of
Vectashield. The excess of Vectashield was removed
from the cover glass while keeping all blastomeres
covered with it. The slide with the removed central
part of the Tesa-Film was placed under the ste-
reo microscope. The cover glass with the drop facing
down was put above the center part of the Tesa-Film
frame and slowly lowered until the drop reached the
slide avoiding the attachment of the drop with the
Tesa-Film. The edges of the cover glass rested on the
outer frame of the Tesa-Film. All sides of the outer
frame were treated with a very small amount of nail
polish using a fine brush. A contact between nail pol-
ish and Vectashield was avoided, while ensuring the
complete sealing of the outer frame. After the nail
polish had dried out the slide with the cover glass
was held down at an angle under the stereo micro-
scope and all blastomeres were marked with arrows
on the back of the slide, but not on the cover glass
(Fig. 2h). The slide was stored at 4 °C horizontally
with the cover glass facing down to prevent move-
ment of the Vectashield drop and detachment of the
blastomeres.

Oil selection for microscopy

Selection of the correct oil required to produce crisp im-
ages at the desired distance to the cover glass was per-
formed in two steps. Firstly, the oil was estimated using
embryos at various stages of development based on em-
pirical testing (Table 3). We found that smaller blasto-
meres required oils with lower refractive indexes.
Secondly, the correct oil was determined by analyzing
preview and reconstructed images provided by 3D-SIM
and its accompanying software package.

Q [ R @ R ¢

|

Fig. 3 Isolation of blastomeres from blastocysts. a The trophectoderm (TE) layer was cut open. b The inner cell mass was moved away from the
TE layer. ¢ Blastomere isolation. d Individual blastomeres were placed remotely from each other
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Table 3 Optimal refractive indices of oils per stage based on
empirical testing

Stage/cell type Optimal refractive index of oil

Zygote (centrally located pronuclei) >1.534

2-cell 1.528-1.534
4-cell 1.526-1.528
8-cell 1.518-1.526
16-cell, morula and blastocyst 1512-1.518
Spermatozoa, fibroblasts and cell lines 1.512-1514

Determination of the blastomere coordinates

A small drop of the estimated oil was applied on the
clean cover glass. With the specimen localization micro-
scope of the 3D-SIM setup the arrows in transmission
light mode were found and the locations of the associ-
ated blastomeres were marked in the software.

Determination of the correct oil before scanning

The slide was transferred to the 3D-SIM microscope and the
objective was moved in the z-direction at the position of the
first blastomere. The z-position of the objective was com-
pared before moving it towards the cover glass and after-
wards. In our setup, smaller z-position values required oils
with a higher refractive index, because the layer of the speci-
men was located at a greater distance from the cover glass.
With this understanding, the preview image was used to
predict the selection of the correct oil. In round specimens
such as nuclei, wide-field microscopy apparently generates
intense circular patterns that form cone shapes above and
below the specimens (Fig. 4). The key to find the oil that
provides a focused image in the vertical center of the speci-
men is to ensure that the distance of the upper and lower
congregation points to the specimen is equal above and
below the specimen (Fig. 4a—c). This can be assessed by
moving in the z-direction above and below the specimen
and counting sections between the top and bottom cone
focal points and the first clearly visible grid on the nucleus’
top and bottom side. If the distance of the upper and lower
congregation points was equal above and below the speci-
men then the focal section of the oil was in the specimen
center. This was verified by checking for sharp lines of the
grid in the mid-section. If the distance was not the same,
then the oil with a higher refractive index was used in the
case when the side of the nucleus with the lower z-position
had a shorter distance between the cone focal point and the
first clearly visible grid on the nucleus compared to the side
of the nucleus with the higher z-position. If this scenario was
reversed then the oil with a lower refractive index was used.

3D structured illumination microscopy (3D-SIM) and
quantitative image evaluation

3D-SIM of embryonic nuclei was performed on a Delta-
Vision OMX V3 system (Applied Precision Imaging/GE
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Healthcare) with a lateral (x,y) resolution of ~120 nm
and an axial (z) resolution of ~300 nm. The system was
equipped with a 100x/1.40 NA PlanApo oil immersion
objective (Olympus), Cascade I1:512 EMCCD cameras
(Photometrics) and 405, 488 and 593 nm diode lasers.
Image stacks were acquired with a z-distance of 125 nm
and with 15 raw SIM images per plane (5 phases, 3 an-
gles). The SI raw data were computationally reconstructed
with channel specific measured OTFs using the soft WoRX
4.0 software package (Applied Precision). Images from the
different color channels were registered with alignment
parameters obtained from calibration measurements with
0.2 um diameter TetraSpeck beads (Invitrogen). The voxel
size of the reconstructed images is 39.5 nm in x,y and
125 nm in z with 32-bit depth. For all subsequent image
processing and data analysis, images were converted to
16-bit composite tiff-stacks. Image stacks were processed
using Image] 1.45b (http://rsb.info.nih.gov/ij/).

Scanning

Before scanning the specimen was centered by compar-
ing the distance of its border to the borders of the frame.
This was also checked throughout all z-sections to use
entire 3D-stacks. The key to great scans of perfectly im-
mobile and clean specimens in clean Vectashield was to
minimize bleaching during the scan. With highly con-
centrated target proteins such as lamins or nucleoporins
a special property of the Alexa brand of secondary anti-
bodies was used to not only reduce bleaching, but even
stop or reverse bleaching. Alexa antibodies displayed
two bleaching properties. Firstly, they bleached during a
first intense scan (Table 4). Secondly, after such a first
intense scan, their photon count was much more stable
during a second less intense scan (Table 5). To obtain
optimal results, Alexa stained specimens were scanned
with a highly concentrated target protein in two steps.
In the first step scanning was performed using the CCD
camera with high laser intensity. This first reconstructed
scan was inspected using the orthogonal viewer of the DV
viewer software or with FIJI (Image] with appropriate plu-
gins for viewing DV files) to check if the correct oil had
been selected (Fig. 4). In that case, the two cones on the
top and on the bottom of the sample had the same height.
If the intensity of the signals did not allow for a second
scan with the settings according to Table 5 then the first
scan was repeated. The second scan was performed with a
highly sensitive EMCCD camera with far less intense laser
settings. A large photon count reduction was observed be-
tween the beginning and the end of the first, high intensity
scan. The photon count stayed more stable in the second,
low intensity scan. However, even the initial scan yielded
very good results in many cases. This could be due to the
fact that the bleaching of the fluorescent beads used to
configure the algorithm of the software was proportional
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Fig. 4 Determination of the correct oil before the first scan. a1-5 Preview images of the first focal point of grid-free signals (a1), the first occurrence of
the grid on the specimen (a2), the mid-section (a3), the last occurrence of the grid (a4) and the second focal point of grid-free signals. b1-5 show the
same images as in (@1-5) with optimized contrast for improved visualization of the grid. ¢1 Orthogonal view of the first of the three
non-reconstructed scans with different angles. The dashed lines mark sections (a1-a5). 2 Orthogonal view of the second of three non-
reconstructed scans. Note the reduction of signal strength between the two scans caused by bleaching. d1 Orthogonal view of the
reconstructed scan. The central dashed line marks the section of D2. d2 Reconstructed mid-section with full resolution

Smmmmmmmmmmme A4
—————————————————— A5

to the bleaching of the initial scan and therefore resem-
bled the configured situation better than a reduced
bleaching situation. Generally however, less bleaching was
better than more bleaching. If the image quality was sub-
optimal when scanning multiple wavelengths at the same
time then those were scanned in separate runs and the
channels were combined after the scans using FIJI or the
DV software provided with the microscope. The reduced
image quality in parallel scans could be due to fluoro-
phores being bleached by other wavelengths as well, add-
ing additional bleaching during parallel scanning. For

optimal results each channel was bleached independently
until the scenario described in Table 5 was achieved for all
channels at the beginning of the final scan. If the target
was not highly concentrated multiple scans were avoided.
In this case each channel was scanned independently with
the second scan settings.

Determination of the correct oil after the first scan

Not all objects generated cones of artificially increased
signals above and below the object. Non-round nucleus-
like objects observed in early stage rabbit embryos did
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Table 4 Microscope settings and expected photon counts for
the first scan

Fluorophor/  Mode Exposure Laser Initial
staining photon count
Alexa CCD5MHz 25 ms 50 % 17000
DAPI CCD5MHz 50 ms-120 ms 100 % 8000 - 16000

(lower is better)

not generate intense cones (see the orthogonal views in
Fig. 5). In this case, the correct oil was determined after
the first scan. A highly concentrated target protein gen-
erating line-like signals along the z-axis like a nuclear
lamina staining was the best indicator of whether to in-
crease or lower the chosen oil refractive index and for
this purpose orthogonal views of the first scan were gen-
erated. This was performed with the DV viewer software
or with FIJI. Objects like nucleoli were identified in the
stack and in the preview window to determine whether
the top or the bottom of the z-stack were closer to the
cover glass. To determine whether the top or the bottom
of the scanned stack was closer to the cover glass the
objective was moved up and down in the z-axis with the
preview window and the z-position was compared with
the objective’s position when it was at a large distance to
the cover glass before scanning. The area of the z-stack
was identified in the orthogonal viewer with the highest
signal intensity and the sharpest lines (Fig. 5). This focus
area was moved further away from the glass by changing
to oil with a higher refractive index or moved closer to
the glass by changing to oil with a lower refractive index.
Once the correct oil had been identified all channels
were scanned.

Computing the final images

To ensure high quality scans the scanned stack was
computed immediately after scanning. If the computed
result was not optimal the same area was scanned again
with different settings. In large scans the central area of
256 by 256 pixels was cut out and only this area was re-
constructed for preview purposes. The final images were
reconstructed with the optical transfer function (OTF)
files generated using the optimal oil for fluorescent
beads attached to the cover glass. In our case the refract-
ive index of the oil optimal for beads was 1.512. Drift
correction was activated to counteract any movements
and produce images with a maximum quality. This setting
did not have any negative effects on scans with perfectly
still specimens.
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List of materials and reagents
PMS: pregnant mare’s serum
HCG: human chorionic gonadotropin
Isoflurane
BSA: bovine serum albumin
M2: medium
M16: medium
ECG: equine chorionic gonadotropin
Quinn’s medium
FCS: fetal calf serum
Parker’s medium
TCM199: medium
ECS: estrous cow serum
FSH: follicular stimulating hormone
FERT-TALP: fertilization medium Tyrode's albumin
lactate pyruvate supplemented
Heparin: sodium salt
SOF: synthetic oviductal fluid
BME: Basal Medium Eagle
MEM: Minimum Essential Medium
Polylysine
Vectashield
PFA: paraformaldehyde
Glycine
Triton-X 100
DAPI: 4',6-diamidino-2-phenylindole

Results and Discussion

Troubleshooting

In the case of a suboptimal image quality of scanned
blastomeres we tested the staining and the microscope
first using flat, adherent cells stained using the same
conditions as stated above. If channels were misaligned
(Fig. 6a) in adherent cells we recalibrated the microscope
using fluorescent beads with the same temperature dur-
ing scanning as for calibration. Misalignment could be
checked best with prominent structures in multiple
channels such as a lamin B and a nucleoporin staining or a
nucleoli and a DAPI staining in nuclei with nucleoli lined
by dense chromatin. If antibodies for internuclear signals
were also located at the nuclear periphery (Fig. 6b) we
used only 2 % BSA in PBS as blocking buffer since other
additives could reduce accessibility of chromatin for anti-
bodies. The antibody itself could also not be specific.

The wrong oil led to suboptimal results as described
above. Bleaching was minimized by the pre-bleaching
strategy outlined above. In the case of bleaching the top
sections of a nucleus in an orthogonal view were

Table 5 Microscope settings and expected photon counts for the second scan

Fluorophor/staining Camera EMCCD gain Exposure Laser Initial photon count
Alexa EMCCD 5 MHz 2800-3300 30 ms 10 % 17000
DAPI CCD 5 MHz - 50 ms-120 ms (lower is better) 100 % 8000 — 16000
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A Rabbit 8-cell stage in vivo nucleus |
1

and low quality sections even further away (red)

Same nucleus as in A|C
Qil refractive index: 1.526

Fig. 5 Effect of oils with different refractive indices. The same nucleus stained for lamin B from a rabbit 8-cell stage in vivo embryo scanned with
1.520 (a), 1.526 (b) and 1.530 (c) oils. Note the movement of the optimal focal section away from the cover glass with higher oils. The sides of the
orthogonal views are color-coded for high quality sections at around the optimal focal section (green), medium quality sections further away (yellow)

Same nucleus as in A
Qil refractive index: 1.530

J

brighter than the bottom sections. Artificial short lines
emanating from the real signals (Fig. 6¢) indicated
sample movement during scanning. This could be ei-
ther due to an improper attachment of the sample to
the cover glass or movements of other materials in-
side the sample (loose fluorophores or particles). The
solution was to re-attach the specimen and to fix the
specimen again. To achieve this with the same sam-
ple, PBS was added to the hardened nail polish seal

while gently disconnecting the bond between the nail
polish and the cover glass with very thin tweezers.
Once the nail polish seal and the Tesa-Film were dis-
connected from the cover glass on all sides the cover
glass was lifted up using tweezers, turned in the way
that the drop of Vectashield faced up and then placed
inside a 3.5 cm well. All subsequent steps were per-
formed by exchanging chemicals on the cover glass
with the blastomeres still attached. Vectashield was



Popken et al. BMC Developmental Biology (2015) 15:46

Page 11 of 15

Rabbit a ki

nuclei outside the zona pellucida

Fig. 6 Potential problems. a1. Misaligned B23 (green), H3K4me3 (red) and DAPI (grey) channel. a2 shows an enlargement of the box in a1.
Arrows mark the gap between the signals that should be aligned. b. H3K4me3 staining at the periphery occasionally caused by using the
blocking buffer developed by Markaki et al. [21] and utilized by Huebner et al. [22] without such an effect. €1. Movement during scanning may
have caused short lines instead of round nuclear pores as visualized by a NUP153 staining. €2. The DAPI channel from the same nucleus as
shown in €2 is blurry. €3. The lines of lamin B of the same nucleus as shown in ¢1 and ¢2 are duplicated. d1. Blurry X/Y section of a DAPI stained
nucleus next to another DAPI stained nucleus at the right top border. d2. The X/Z section marked in D1 shows lines emanating from all four
corners caused by the second nucleus (marked by arrows; compare with Figure 4 D1). d3. These lines interfere with the signals produced by the
central nucleus. e. Rabbit anti CDX2 staining of a rabbit blastocyst recorded by confocal microscopy shows a normal staining pattern outside the
zona pellucida, a strongly stained zona pellucida and an altered staining pattern of blastomeres inside the zona pellucida when compared with

washed away gently but completely with PBS for 5 times
while not blowing against the attached blastomeres. The
specimen was fixed with 4 % PFA in PBS for 10 min,
washed twice with PBS and restained with DAPI 25 pg/ml
diluted in PBS for 15 min followed by washing twice in
PBS. The well was moved