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SUMMARY 

In sexually reproducing species, life begins with the fusion of egg and sperm to form the one-cell 

embryo, called the zygote. Maternal and paternal DNA form the female and male pronuclei, and must 

migrate to each other to allow the unison of genetic information and the first mitotic division. This 

pronuclear migration relies on microtubules and microtubule-related motors in many studied 

systems. However, canonical centrosomes are absent in the mouse zygote. Interestingly, studies 

suggest that actin is essential for pronuclear migration in this centrosome-free system (Chaigne et al., 

2016; Maro et al., 1984). However, the precise temporospatial dynamics of pronuclear migration, as 

well as the role of specific cytoskeletal players, remained unknown. A postdoctoral scientist in our 

laboratory, Kathleen Scheffler, established a protocol to culture and image mouse zygotes throughout 

pronuclear migration. Using this system, she discovered that the male pronucleus forms closer to the 

cortex than the female pronucleus, and shows a fast inward migration in the first hour after pronuclear 

formation. Her preliminary results indicated that actin vesicles may be important for this fast 

migration, and I joined the project to investigate the mechanisms of this first fast pronuclear migration 

in mouse zygotes, with a focus on Rab11a vesicles and related actin nucleators. This was achieved 

using a combination of observational and functional experimental approaches. Perturbation of 

Rab11a inhibited the fast migration of the male pronucleus. Live and fixed cell imaging was optimised 

and used to describe the localisation of Rab11a throughout zygotic development and pronuclear 

migration, revealing that large Rab11a vesicles appear after fertilisation, and disappear soon after 

pronuclear formation. Next, high temporospatial imaging of mScarlet-Rab11a revealed an 

accumulation adjacent to the male pronucleus during its formation. A similar accumulation of actin 

nucleators Spire2 and Formin-2 was also found using live imaging. Inhibition and overexpression 

approaches confirmed a functional role of these proteins in the fast migration of the male pronucleus 

away from the cortex; inhibition of the Formin-2/Spire2 interaction with FH2 resulted in a slower initial 

migration, and overexpression of Spire2 elongated the fast migration phase. Interestingly, when the 

maternal DNA was induced to form a pronucleus close to the cortex, accumulations of mScarlet-

Rab11a and mClover3-Spire2 were also observed by the forming female pronucleus. Furthermore, 

when actomyosin contractions of the fertilisation cone were inhibited with ML-7, fast pronuclear 

migration was still possible. Lastly, addition of cytochalasin D after pronuclear formation inhibited any 

further migration towards the centre of the zygote, indicating F-actin to be important for later 

pronuclear migration through other mechanisms than Rab11a and Spire. Overall, this study was able 

to implicate a functional role of Rab11a and related actin nucleators in early pronuclear migration in 

mouse zygotes, contributing to our understanding of pronuclear migration mechanisms in the absence 

of canonical centrosomes. 
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1. INTRODUCTION 

1.1 Overview 

I had the privilege of working on several different projects during my doctoral studies.  In the first year, 

I investigated the role of the protein Pcm-1 in spindle assembly of mouse oocytes; however, due to 

loss of specificity of a commercial antibody, this project could not be continued, and I used the results 

to write my Master Equivalence Thesis. I then began working with Kathleen Scheffler on the project 

which will be the focus of this thesis: investigating pronuclear migration in mouse zygotes. The 

experiments targeted for publication were completed by October 2018, and I then spent the rest of 

my doctoral studies at our satellite laboratory in Bourn Hall Clinic, England, where I managed the lab 

independently, continued to analyse data and write this thesis, and conducted experiments on human 

oocytes for a variety of projects in collaboration with other lab members back in Göttingen. The 

human oocyte projects are not yet close to completion, and my thesis is therefore focused on the 

project that occupied the majority of my time, and feel I contributed to the most. 

The goal of my project has been to understand the mechanisms of pronuclear migration in mouse 

zygotes, a fundamental process of the early embryo. In this introduction, I will first set the scene by 

giving a brief background of sperm and egg development in mammals, with a focus on findings from 

the mouse model system. The next section will explore fertilisation, and the changes that occur in the 

zygote to allow early embryonic development. Pronuclear migration is a crucial process that must take 

place after fertilisation to allow the first mitotic division, and this is the focus of this thesis. 

Mechanisms of pronuclear migration have been explored in several organisms, and the findings from 

these will be described. However, as mouse zygotes do not appear to fit into this general model, other 

examples of nuclear positioning in non-zygote systems and the role of microtubules and actin will be 

described in more detail. As pronuclear migration in mice was not previously well understood, 

Kathleen Scheffler, a postdoctoral fellow in the Department of Meiosis, set out to establish a method 

of researching this process on a functional level. These methods and her early findings are 

fundamental to this project, and thus, these currently unpublished results will be shown as part of this 

section. When I joined the project, I studied the contributions of the actin cytoskeleton, with a focus 

on Rab11a vesicles and the actin nucleators Spire2 and Formin-2. Thus, the final section of the 

literature review will provide a background of the current knowledge about these structures and 

proteins, and methods to perturb them in vivo. Lastly, the biological questions and experimental 

objectives of this project will be clearly defined. 
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1.2 Mammalian gametogenesis and meiosis 

Gametogenesis: How sperm and egg form 

The majority of eukaryotic species have offspring through symmetric sexual reproduction, which 

requires the fusion of haploid gametes to form a diploid, totipotent zygote (reviewed by Otto & 

Lenormand, 2002). In the case of animal species, the male and female gametes are known as the 

sperm and egg respectively. 

In mammals, both sperm and egg begin their development in the embryo, when BMP signals in the 

epiblast initiate differentiation of PGCs. PGCs proliferate and migrate, colonising the future gonad at 

around embryonic day E10.5-11.5 in the mouse embryo. From this point onwards, the PGCs are known 

as gonocytes in male, and oogonia in female mammals; they cluster and form germ cell nests. Both 

these germ cells and the surrounding somatic tissue will undergo male or female sex differentiation, 

to form the testis and spermatogonium, or ovary and oogonium respectively (reviewed by Larose et 

al. 2019). How and when these cells will form mature gametes ready for fertilisation differs between 

the sexes and in different species. 

Importantly, at some point in their maturation, sperm and egg progenitor cells must undergo a 

specialised cell division termed meiosis, which in contrast to its somatic counterpart of mitosis, is a 

reductional process. This is because gametes must be haploid to form a diploid zygote when they fuse. 

To achieve this haploid state, one round of DNA replication is followed by two consecutive rounds of 

cell division. In meiosis I (MI), homologous chromosome pairs are segregated, followed by sister 

chromatid segregation in meiosis II (MII), leaving a single chromatid of each chromosome in the 

gamete. Due to these rounds of random segregation, which can result in many different combinations 

of chromosomes in the resulting gametes and embryos, meiosis is critical for greater genetic variety 

in sexually reproducing species. Furthermore, the meiotic process of recombination, which occurs 

between crossed-over homologous chromosomes in MI, further contributes to this potential variety. 

Thus, meiosis is key to ensure both genetic variety and euploidy in offspring of sexually reproducing 

species (reviewed by Hörandl 2013). 

Even though both sperm and egg form from PGCs colonising the genital ridge and undergo meiosis, 

the process of spermatogenesis and oogenesis as well as the nature of their meiotic divisions differ 

greatly from each other; a brief overview of their development in mice will be given next. 

Mammalian spermatogenesis and male meiosis 

In male mouse embryos, sex determination is initiated by Sry expression at E10.5, which induces 

differentiation of Sertoli cells. Signals from Sertoli cells and possibly peritubular and Leydig cells induce 
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PGCs to adopt a male fate in the forming testis at around E12.5-13.5 (reviewed by Spiller and Bowles, 

2015). The germ cells localise close to the Sertoli cells in the seminiferous cords, soon to form the 

seminiferous tubules. Subsequently, the prospermatogonia arrest at G0 stage around E12.5-E14.5 

(Western et al., 2008); a group of these prospermatogonia form the mitotic spermatogenic stem cell 

niche. In rodents, prospermatogonia remain in this G0 arrest until after birth. The first round of 

spermatogenesis occurs shortly after birth with a specific subset of prospermatogonia developing to 

form spermatozoa by postnatal day P5, with subsequent rounds of spermatogenesis relying on the 

ever-dividing progenitor pool. Following this first round, spermatogenesis occurs in precisely timed 

stages, and cells in different stages are found spatially arranged along the length of the seminiferous 

tubules. Every 8.6 days, the transition from A-type spermatogonia of the progenitor pool to A1 

spermatogonia occurs. Each subsequent stage also takes 8.6 days, meaning there is a well-timed 

‘wave’ of spermatogenesis through the seminiferous epithelium. As such, after 8.6 days, the A1 

spermatogonia will enter meiosis, while the next cells from the progenitor pool transition to A1 

spermatogonia, and so forth. Spermatocytes undergo two rounds of meiosis to eventually form four 

haploid spermatids each, after a total of five transition steps, each 8.6 days apart (reviewed by 

Griswold, 2016). During spermiogenesis, spermatids elongate, grow tails, and undergo several other 

maturation steps, including replacement of histones with protamines during the condensation of the 

DNA. Spermatozoa are then transported to and stored in the epididymis, where they become motile 

and wait for ejaculation (reviewed by O’Donnell, 2014). Spermatogenesis and spermiogenesis 

consistently occurs throughout the life of male animals, from puberty until death. 

Mammalian oogenesis and female meiosis 

After PGCs have colonised the forming female gonad in the mouse embryo, they begin to enter meiosis 

at approximately E13.5. They arrest at the diplotene stage of prophase I between E17.5 and shortly 

after birth (Borum, 1961), and remain in this arrest as so-called GV oocytes until induced to continue 

their maturation in the post-pubescent female mammal (MacLennan et al., 2015). These GV oocytes 

are stored in their ovarian follicles, where they continue to grow. During this growth, the zona 

pellucida also forms as a glycoprotein matrix surrounding the oocyte. Towards the end of their growth, 

transcription comes to a halt, and only already-present mRNA is expressed from this point onwards 

until zygotic genome activation (Bouniol-Baly et al., 1999). The LH peak leading up to ovulation results 

in a decrease in cAMP in the oocyte, leading to its release from dictyate arrest (Tsafriri et al., 1996), 

and initiation of female meiosis. The nuclear envelope breaks down, and the first meiotic spindle 

begins to form. Microtubules attach to and align the homologous chromosome pairs, and the bipolar 

spindle migrates towards the cortex. Anaphase and cytokinesis of MI thus occurs at approximately the 

same time as ovulation of the egg from the follicle. In this first meiotic division extrusion, half of the 
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homologous chromosomes are segregated into a very small cell called the first polar body. The oocyte 

then arrests in metaphase of MII, in which the second meiotic spindle has formed and aligned the 

remaining sister chromatids at the metaphase plate near the oocyte’s cortex (reviewed by Mogessie 

et al., 2018). MII is completed, and the second polar body released, upon an increase in calcium 

signalling induced by sperm entry (Miao et al., 2012). The fertilised egg, or zygote, thus contains two 

haploid pronuclei, female and male, the remaining maternal chromosomes having been extruded into 

the polar bodies, although these will quickly degrade (Miao et al., 2004). An overview of the process 

of oocyte maturation and pre-implantation development is shown in Figure 1; female meiosis is 

shown in Figure 1B. 

Thus, a key difference between male and female mammalian meiosis is that while spermatogenesis 

results in four functional spermatozoa from one parent cell, oogenesis produces only one oocyte per 

progenitor cell, with the remaining chromosomes segregated into two polar bodies through highly 

asymmetric cytokinesis. These asymmetric divisions are thought to ensure that maternal stores in the 

form of proteins, mRNAs, and metabolites in the egg are sufficient for early embryonic development, 

as well as to avoid fertilisation of multiple cells within one zona pellucida (reviewed by Brunet and 

Verlhac, 2011). Furthermore, these asymmetric divisions have been suggested to ensure spatial 

separation of the sperm DNA and meiotic spindle following fertilisation (Panzica and McNally, 2018). 

Also, as opposed to their male counterparts, female mammals have a limited reproductive lifespan, 

with oocyte maturation and ovulation taking place only from puberty until menopause. 
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Figure 1: Overview of mammalian pre-implantation development and oocyte maturation. (A) Progression of pre-
implantation development from ovulation until blastocyst implantation. (B) Oocyte maturation and female meiosis from 
prophase arrest to fertilisation and pronuclear formation. From (Clift and Schuh, 2013). 

   



Mechanisms of pronuclear migration in mammalian zygotes: Introduction 

Page 18 of 177 
 

1.3 Fertilisation and the oocyte-to-embryo transition 

When an egg is fertilised by a sperm, two highly specialised gametes fuse to form a totipotent zygote, 

which goes on to give rise to all tissues of the embryo and extraembryonic tissues; an overview of 

early embryonic development is shown in Figure 1A. For this process to occur successfully, several 

aspects must be tightly controlled, beginning with monospermic fertilisation, subsequent egg 

activation, and the many cellular processes that must switch during the cell’s transition from an oocyte 

to early embryo. A summary of these processes, and recent findings that have contributed to this 

knowledge, will be given in this section. 

Fertilisation: when sperm meets egg 

In mammals, ovulation and sexual intercourse resulting in ejaculation of semen into the female genital 

tract must take place in the same window of time to allow in vivo fertilisation. The ovulated egg is 

surrounded by a glycoprotein matrix called the zona pellucida, as well as a cloud of somatic cumulus 

cells in a hyaluronic acid jelly. This cumulus-oocyte complex travels through the oviduct towards the 

uterus. Following ejaculation of hundreds of millions of sperm, only tens or hundreds reach the egg; 

during this journey, they undergo capacitation and thus gain the ability to fertilise an egg only after 

ejaculation (reviewed by Sakkas et al., 2015). The sperm’s surface contains hyaluronidases, probably 

to aid in the sperm’s passage through the cumulus cells surrounding the egg to reach the zona 

pellucida (Kimura et al., 2009). The zona pellucida is an extracellular glycoprotein coat surrounding 

the mammalian egg; in mouse eggs, it has a thickness of approximately 7 µm. It consists of several 

different glycoproteins; in the mouse, three zona pellucida proteins have been identified, ZP1-3, 

ranging in molecular weight from 60-200 kDa (Bleil and Wassarman, 1980). ZP2 and ZP3 form an array 

that is cross-linked by ZP1. In humans, a fourth ZP4 has also been found (Lefièvre et al., 2004). These 

proteins are thought to lead to species specificity in sperm-egg binding, although the level of 

specificity is variable throughout the animal kingdom (Bedford, 1981). Furthermore, the zona 

pellucida is critical for preventing polyspermy, as an orchestrated sequence of events modulates its 

structure. First, the sperm recognises the egg membrane through its surface protein Izumo1 (Inoue et 

al., 2005), which binds the egg’s receptor Juno (Bianchi et al., 2014); this sperm-egg membrane fusion 

is furthermore dependent on CD9, which may act as a partner of Juno (Chalbi et al., 2014; Jegou et al., 

2011; Miyado et al., 2008).  During meiotic progression, cortical granules translocate from the oocyte’s 

centre to the plasma membrane in a Rab11a- and myosin-Vb-dependent manner (Cheeseman et al., 

2016). These cortical granules and microvilli at the egg surface are excluded from the region directly 

overlying the MII spindle, to avoid the sperm DNA being captured by the spindle in meiosis II (Deng et 

al., 2003). A recent report found that the cortical granules modify the zona pellucida following 

fertilisation; after a sperm binds to the N-terminus of ZP2, there is a rapid, transient block to sperm 
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penetration as zinc sparks are observed, and ovastacin is released from cortical granules (Tokuhiro 

and Dean, 2018). Ovastacin subsequently cleaves ZP2, rendering the zona pellucida non-permissive 

for other sperm (Bleil et al., 1981; Burkart et al., 2012; Tokuhiro and Dean, 2018).  

Once the sperm has bound the zona pellucida, it releases its acrosome, a specialised vesicle at the tip 

of the sperm head. The acrosome contains various enzymes that allow the fusion of sperm and egg 

membranes. With the membranes fused, a cascade of events leads to an increase of free calcium ions 

and onset of Ca2+ oscillations in the zygote. The very first calcium oscillation initiates at the site of 

sperm entry and moves through the cell, with subsequent transients becoming more uniform 

throughout the cell and the period increases from approximately every 11 minutes to 31 minutes 

(Deguchi et al., 2000). On a mechanistic level, PLCζ is released from the sperm head into the egg, which 

in turn induces release of Ca2+ from the endoplasmic reticulum through IP3 (Miyazaki et al., 1992, 1993; 

Stricker, 1999). This activates CaMKII, which together with PLK1 phosphorylates EMI2, targeting it for 

degradation (Hansen et al., 2006; Rauh et al., 2005). EMI2 maintains metaphase II arrest of mature 

eggs through CSF and inhibiting the APC/C (Shoji et al., 2006). Through its degradation, APC/C is 

activated, while cyclin B and securin are destroyed (Madgwick et al., 2006), resulting in completion of 

MII and extrusion of the second polar body (reviewed by Bianchi and Wright, 2016; Clift and Schuh, 

2013). Interestingly, calcium oscillations continue after polar body extrusion, ceasing only at the onset 

of interphase, when pronuclei form and pronuclear migration begins (Jones et al., 1995). 

Following sperm entry, an actin-rich protrusion, known as the fertilisation cone, forms directly 

overlaying the paternal DNA and remains there until pronuclei have migrated inwards (Maro et al., 

1984). Injection of sperm chromatin into MII oocytes revealed that the formation of this actin 

enrichment is dependent on the distance between the chromatin and overlying cortex, and requires 

Ran GTPase (Deng et al., 2007) as well as MAPK and MLCK (Deng et al., 2005). Interestingly, sperm 

DNA injected under the cortex of MII oocytes is able to induce ectopic polar body extrusion if it is 

modified to form a spindle (Deng and Li, 2009). The fertilisation cone contracts rhythmically, inducing 

cytoplasmic motions correlated with the above-mentioned calcium oscillations. Fluorescent markers 

of actin and myosin-II localise to the shoulders, or base, of the fertilisation cone, and their intensities 

oscillate with fertilisation cone contractions, indicating that these are actomyosin contractions. 

Furthermore, treatment of zygotes with MLCK inhibitor ML-7 perturbs these contractions as well as 

decreasing the protrusion of fertilisation cones. Actomyosin contractions of the fertilisation cone end 

at the formation of pronuclei (Ajduk et al., 2011).  
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Transitioning from oocyte to embryo 

Once the sperm has entered the egg and the polar body has been extruded, the zygote must undergo 

several cellular changes to allow further embryonic development. The most critical changes are those 

at the level of the chromatin, and those occurring in the cytoplasm. 

On the chromatin level, DNA is first repackaged and undergoes epigenetic reprogramming, followed 

by zygote genome activation. In the sperm, DNA is tightly condensed by protamines, which are 

replaced by maternal histones, initially by the histone H3.3 after fertilisation, then later the canonical 

histone H3 (Torres-Padilla et al., 2006). Indeed, the histone chaperone Hira is required for male 

pronucleus formation and development past the zygote stage (Lin et al., 2014). As the pronuclei form, 

both maternal and paternal chromosomes undergo decondensation, which is dependent on maternal 

factors. Until recently, specific factors had not been identified, but it is now known that the DNA 

damage response factor RAD9A plays a role in this decondensation. Mice with an oocyte-specific 

knock-out of Rad9a are severely subfertile, as DNA replication and pronuclear formation in the zygotes 

was delayed enough to cause G2/M checkpoint arrest (Huang et al., 2019). Furthermore, as the sperm 

DNA is highly methylated when it enters the cell (Kobayashi et al., 2012), selective demethylation of 

paternal DNA must occur (Mayer et al., 2000; Oswald et al., 2000). Although the mechanisms of this 

fast and active demethylation are not fully understood, it is known that TET3 is a critical protein during 

this demethylation; Tet3-/- mice are not able to develop normally (Gu et al., 2011). The presence of 

PGC7 (Stella) on maternal chromatin protects it from this demethylation (Nakamura et al., 2012). 

Later, during DNA replication before each early embryonic division, passive DNA demethylation occurs 

on both parental genomes (Rougier et al., 1998). Importantly, the zygotic genome is slowly reactivated 

after the oocyte has been transcriptionally silent since the end of its growth phase. In the zygote, some 

transcription occurs from the paternal genome (Aoki et al., 1997), including ribosomal RNA 

transcription (Lin et al., 2014), although the main activation of transcription occurs in the 2-cell 

embryo. The genome is activated through maternal factors, notably BRG1, without which 

transcription of the 2-cell embryo is decreased by 30%, and development fails past the 2-cell stage 

(Bultman et al., 2006). As maternal factors deposited in the oocyte prior to its transcriptional 

quiescence are critical in controlling chromatin remodelling and genome activation, translation and 

activation of these factors must be well-regulated, but not all mechanisms relating to this tight control 

are fully understood (reviewed by Clift and Schuh, 2013; Schulz and Harrison, 2019) 

In addition to chromatin remodelling, the cytoskeleton must also undergo several changes in its 

transition from oocyte to embryo. While the majority of the cytoskeleton is contributed by the oocyte, 

one important feature that the sperm brings to the zygote besides the paternal chromosomes, in many 

species, is the centriole-containing centrosome. This canonical centrosome is the main microtubule 
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organising centre (MTOC) in mitotic cells, and consists of a pair of centrioles surrounded by the 

pericentriolar material. In many animal species, with exceptions such as starfish, centrioles are lost 

during oocyte maturation, although proteins of the pericentriolar material often remain. The sperm, 

on the other hand, retains the centriole in most species (reviewed by Manandhar et al., 2005). As a 

result, the sperm contributes functioning centrioles in most species including humans; human zygotes 

already have centriole-containing mitotic spindles at the time of the first embryonic division 

(Sathananthan et al., 1991). Interestingly, in mouse gametes, centrioles are lost during both oocyte 

and sperm maturation (Schatten et al., 1985), meaning that neither sperm nor egg contribute 

centrioles to the zygote (reviewed by Hoyer-Fender, 2012). Thus, the transition from meiotic to mitotic 

spindle assembly is not immediate in mouse zygotes. In mouse oocytes, the meiotic spindle is 

nucleated by acentriolar MTOCs (Clift and Schuh, 2015; Schuh and Ellenberg, 2007). Indeed, the first 

mitotic divisions, including that of the zygote, appear to rely mostly on these aMTOCs. Slowly, the 

amount of aMTOCs decreases and the shape of the spindle gradually changes, until typical mitotic and 

centriole-containing spindles are observed in the mouse blastocyst (Courtois et al., 2012).  

Before the spindle assembles, pronuclei must first reach the centre; correct pronuclear migration is 

required to unite maternal and paternal DNA in the centre of the zygote, as well as for correct spindle 

formation around them, and thus is critical for the first mitotic division (Reichmann et al., 2018; 

Simerly et al., 1995). Importantly, this process of pronuclear migration is also dependent on the sperm-

derived centrioles in most species, including humans (reviewed by Clift and Schuh, 2013). In mouse 

zygotes, however, pronuclear migration in the absence of sperm asters must depend on other 

cytoskeletal mechanisms. While evidence exists to indicate that actin plays an essential role (Chaigne 

et al., 2016; Maro et al., 1984; will be discussed in detail later), the exact mechanisms of how the 

pronuclei are able to migrate to the centre in mouse zygotes are not well understood. To provide 

background for the mechanisms that exist to position nuclei, the next section will first describe how 

microtubule and actin cytoskeletons contribute to nuclear positioning events in a variety of biological 

contexts, including pronuclear migration in other species. The current state of knowledge of nuclear 

positioning in mouse oocytes and zygotes will then be summarised, leading to the open questions that 

are the basis of this thesis. 
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1.4 The mechanisms of (pro)nuclear migration in different contexts 

The mechanisms that allow nuclei to position themselves and the cytoskeletal structures involved 

have been studied in a variety of species and biological processes (reviewed by Bone and Starr, 2016; 

Dupin and Etienne-Manneville, 2011; Lee and Burke, 2018; Lele et al., 2018; Reinsch and Gönczy, 

1998). Understanding the mechanisms that have been shown to be important in pronuclear migration 

of other species, as well as in other biological contexts, can be useful in deciding upon the pathways 

that may be investigated in pronuclear migration of mouse zygotes, and provide context for any later 

findings. Thus, the role of cytoskeletal elements in the localisation of nuclei, such as microtubules and 

centrosomes, as well as the actin cytoskeleton, will be the focus of this next section; an overview is 

provided in Figure 2. It should be noted that, to date, little evidence of a direct role of intermediate 

filaments in nuclear positioning exists (reviewed by Dupin and Etienne-Manneville, 2011, and shown 

in Figure 2C), and therefore, these will not be discussed in this section. 
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Figure 2: The role of microtubules, actin and intermediate filaments in nuclear positioning. Forces exerted on the nucleus 
(blue oval) are depicted by black arrows. Models of (A) microtubule-dependent nucleus positioning, (B) Actin-dependent 
nucleus positioning and (C) Intermediate filament-dependent nucleus coupling. Legend for key players on right-hand side. 
Examples of (A) and (B) are described below. From (Dupin and Etienne-Manneville, 2011). 

 

The role of microtubules and centrosomes in nuclear migration 

Microtubules are one of the three main filamentous subsystems of the cytoskeleton. They consist of 

heterodimers of α- and β-tubulin, which self-assemble in the presence of ATP. Thirteen of these 

polymers assemble to form hollow filaments, which have two ends; this polarity is critical to their 

function. At the minus-end, which is often associated with an MTOC such as the centrosome, α-tubulin 

subunits form the end of the filament; this end has only a low rate of polymerisation. At the plus-end 

or microtubule end of the filament, β-tubulin subunits are exposed, and polymerisation can occur at 

a much faster rate (reviewed by Akhmanova and Steinmetz, 2015; Brouhard and Rice, 2018). 

Microtubule polymerisation and dynamics are regulated through a vast number of structures and 

proteins, including Microtubule-Associated-Proteins (MAPs), and, as such, can form complex 

structures and perform a vast number of functions across cell types (reviewed by Goodson and 

Jonasson, 2018). Motor proteins such as dynein and kinesins can move along microtubules, thus 

transmitting pulling or pushing forces to facilitate intracellular transport, cell shape changes, and many 

other processes (reviewed by Shelley, 2015). Importantly for nuclear migration, these forces can be 

coupled to the nucleus via LINC complexes, which contain KASH- and SUN-domain proteins that 

localise to the outer and inner nuclear envelope respectively, and interact in the perinuclear space. In 

recent years, the composition of LINC complexes has emerged as a critical point of regulation of 

cellular dynamics (reviewed by Chang et al., 2015a).  

In many classical model systems, microtubules and their associated MTOCs, motors and LINC 

complexes have been found to be key players in nuclear positioning, both in the totipotent zygote and 

in specialised cells; an overview of the key players and main mechanisms found are shown in 

Figure 2A. Pronuclei migrate towards each other and to the centre in a microtubule- and dynein-

dependent manner in the zygotes of many species (reviewed by Clift and Schuh, 2013). The best-

studied model organism for such a microtubule-dependent pronuclear migration is the nematode 

Caenorhabditis elegans (reviewed by Oegema and Hyman, 2006).  

Following C. elegans fertilisation, the sperm-derived pronucleus sits at the posterior cortex, in close 

association with the sperm aster, while the female pronucleus usually sits anteriorly in the embryo 

(Albertson, 1984). The female pronucleus migrates towards the male pronucleus, first slowly and later 

with a higher velocity (O’Connell et al., 2000). The male pronucleus itself migrates away from the 

cortex in close association with the sperm aster (Albertson, 1984; O’Connell et al., 2000), possibly by 
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a pulling mechanism (Kimura and Onami, 2005). Note that pronuclei are not fully centred, as the first 

division of C. elegans embryos is asymmetric. The migration of both pronuclei is microtubule-

dependent (Strome and Wood, 1983), although some evidence exists that cortical flows and 

actomyosin-dependent forces are also important for migration of pronuclei (Goulding et al., 2007; 

Hird and White, 1993). The microtubule-dependent pathway has been explored in great detail over 

the last few decades. Pronuclear migration in the C. elegans zygote requires LINC complexes to 

transmit forces and connect the nucleus and cytoplasm. The KASH protein ZYG-12 and SUN-protein 

SUN-1, together with LIS-1 target dynein to pronuclei (Cockell et al., 2004; Gönczy et al., 1999; Malone 

et al., 2003). The association between dynein and the nucleus requires the DYRB-1 subunit of the 

dynein light-chain, as well as Rab7 and RILP (Kimura and Kimura, 2011). It is possible that actin is also 

involved in this process to allow microtubules to push off the actin cortex, as perturbation of the 

Arp2/3 complex leads to slowed-down centration of pronuclei (Xiong et al., 2011). Together, these 

proteins allow correct pronuclear positioning prior to asymmetric division. Importantly, further 

studies of this nematode have highlighted the importance of the identity of LINC complexes, as dynein 

is involved in several nuclear migration events of C. elegans, not only in pronuclear migration. 

Interestingly, distinct sets of cargo adaptors have been identified as playing an important role in 

different developmental events, likely to regulate the exact function of dynein. For example, in the 

development of hyp7 cells,  where nuclear migration has also been well studied, a different KASH 

protein, UNC-83, interacts with several proteins to regulate the functions of dynein and kinesin-1, and 

thus facilitate nuclear migration (Fridolfsson et al., 2010). This is a great example of how the intricate 

details of the identity of LINC complexes can differ between cells in the same organism to allow control 

of nuclear positioning. 

In several other animal species, ranging from classical model systems to large mammals, sperm asters, 

microtubules and/or dynein have been implicated in zygote pronuclear migration. This includes the 

sea urchin Lytechinus variegate (Bestor and Schatten, 1981; Chambers, 1939; Schatten and Schatten, 

1981; Tanimoto et al., 2016), the sand dollar Clypeaster japonicus (Hamaguchi and Hiramoto, 1986), 

the fruit fly Drosophila melanogaster (reviewed by Loppin et al., 2015), the zebrafish Danio rerio 

(Lindeman and Pelegri, 2012; Wühr et al., 2010), the jelly fish Beroe ovata (Rouvière et al., 1994), the 

frog Xenopus laevis (Stewart-Savage and Grey, 1982; Wühr et al., 2010), the pig Suf scrofa domesticus 

(Kim et al., 1997), the cow Bos taurus (Navara et al., 1994; Payne et al., 2003), the rhesus monkeys 

Macaca mulatta (Payne et al., 2003), and Homo sapiens (Simerly et al., 1995). Even though several 

details of the exact mechanism are still lacking in many of these, such as which LINC complexes or 

motor proteins are required for the force transmission to position nuclei, the basic mechanisms 

appear to be highly conserved. Indeed, a general model for pronuclear migration has been proposed, 
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in which the sperm aster nucleates long microtubules which push off the cortex, centring the male 

pronucleus, while pulling the female pronucleus towards the male pronucleus with dynein and/or 

kinesin (Clift and Schuh, 2013). This model may even apply to non-animal species; for example, in 

brown algae, the sperm brings an aster and the male pronucleus migrates towards the centre in a 

microtubule-dependent, actin-independent manner. However, one notable difference was observed 

in this model organism: the female pronucleus formed at the centre, and therefore did not migrate 

(Swope and Kropf, 1993).  

While pronuclear migration has been established as dependent on microtubules in many species, it is 

important to note that other nuclear positioning events also rely on microtubules, LINC complexes 

and/or dyneins and kinesins. For example, experiments investigating eye development of Drosophila 

melanogaster were some of the first to reveal the functions of LINC complexes in connecting nuclei to 

the cytoskeleton. The developing eye disc consists of several hundred ommatidia, subunits of 

photoreceptor and pigment cells, as well as cone cells. During the progression of the morphogenetic 

furrow, nuclei migrate first basally and then apically within cells (Fischer-Vize and Mosley, 1994; 

Tomlinson, 1985). This migration has been shown to rely on microtubules and the minus-end-directed 

motor dynein, which direct the nuclei towards MTOCs at the apical end of the photoreceptor cells 

(Fan and Ready, 1997). The interaction between the nuclei and microtubule-dynein network relies on 

KASH- and SUN-proteins, Klarsicht and Klaroid, and nuclear lamin; without this interaction, nuclei lose 

their association to the apically-positioned MTOCs and remain basal (Kracklauer et al., 2007; Mosley-

Bishop et al., 1999; Patterson et al., 2004). Another model system that has been important in 

understanding nuclear positioning is the fission yeast Schizosaccharomyces pombe, in which several 

nuclear migration events depend on microtubules, MTOCs, and minus-end-directed motors. During 

interphase, the nucleus is centred by microtubules, whose minus-ends are tightly associated with the 

nucleus through the spindle pole body, the main MTOC of fission yeast; their plus-ends grow 

dynamically and push against the cortex (Drummond and Cross, 2000; Tran et al., 2001). This 

interphase centration is dependent on the kinesin-14 Klp2, a minus-end-directed motor. Interestingly, 

nuclear positioning direction is cell-cycle dependent, and this kinesin is inhibited for correct anaphase 

and telophase positioning away from the centre (Mana-Capelli et al., 2012). During the reproductive 

cycle of S. pombe, haploid cells fuse, and their nuclei must congress for karyogamy to occur. This 

nuclear migration requires microtubules and two minus-end-directed motors; kinesin-14 Klp2, and 

dynein (Scheffler et al., 2015).  

Clearly, many nuclear positioning events rely on microtubules. However, as previously mentioned, 

mouse oocytes and sperm, and, as a result, mouse zygotes, lack centrioles. Instead of fitting into the 

sperm-aster-dependent pronuclear migration model described above, actin appears to be the key 
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player in mouse nuclear positioning of oocytes and zygotes; the known details will be described in a 

later section. Although actin has not been implicated in pronuclear migration of any other species 

studied, several examples of its importance for nuclear positioning in other contexts exist. Some of 

these cellular processes will be summarised next, as a background to the mechanisms that may allow 

actin to function in nuclear positioning. 

The role of actin in nuclear positioning 

Actin is a major component of the eukaryotic cell cytoskeleton, present in two forms:  globular G-actin 

monomer, and polymeric filamentous F-actin, also known as microfilaments. Microfilaments do not 

consist of hollow tubes like microtubules, but rather form thinner filaments with a helical twist. 

However, they are similar to microtubules in that they also show a structural polarity. During 

nucleation, dimers and trimers of G-actin are first formed spontaneously as bound ATP is hydrolysed; 

after this initial nucleation, rapid elongation can occur at the plus or barbed end of the filament, while 

the minus or pointed end shows slower rates of elongation (reviewed by Blanchoin et al., 2014). 

Several proteins can facilitate this initial polymerisation, and these so-called actin nucleators fall into 

three categories: the Arp2/3 complex is responsible for branched F-actin networks as part of the 

“convergent elongation model”; the Formin family of actin nucleators promotes straight, or 

unbranched, filament growth in what is known as the “tip nucleation model”; and the third group, 

known as tandem-monomer-binding nucleators, includes the Spire and APC families of proteins, which 

contain tandem G-actin-binding motifs (reviewed by Firat-Karalar and Welch, 2011). These different 

families of actin nucleators may also interact with each other, such as Spire and Formin nucleators 

(Montaville et al., 2014; Pfender et al., 2011), which will be discussed in more detail later. Other actin 

binding proteins may further affect the dynamics of the actin cytoskeleton, e.g. by capping barbed 

ends of filaments (Capping protein), severing existing filaments (ADF/Cofilin), or binding G-actin 

monomers (Profilin) (reviewed by Pollard, 2016). Another subset of actin binding proteins, 

tropomyosins, can influence myosin recruitment onto actin filaments (reviewed by Pollard, 2016). 

Myosins are a superfamily of motor proteins that move along actin tracks for a wide range of cellular 

processes; they were initially found in muscle cells, where actomyosin contractions allow muscle 

contractions. However, actomyosin contractions have also been found in several other cell types, such 

as in the fertilisation cone of zygotes as previously mentioned, and they also have a function in 

intracellular transport along actin tracks (reviewed by Hartman and Spudich, 2012). Lastly, several 

KASH proteins have been found to contain actin binding domains, and thus, actin may influence 

nuclear positioning by direct interaction with the nucleus through LINC complexes and retrograde 

actin flows, or through actomyosin contractions (reviewed by Chang et al., 2015a); an overview of 

these is shown in Figure 2B. 
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Actin has been found to be important in both inhibiting and facilitating migration of nuclei in certain 

contexts. One well-studied example of its involvement in nuclear migration is during wound healing 

of cell monolayers. In the intact monolayer, nuclei are centred within their cells. In response to 

wounding and in the presence of serum, fibroblasts migrate to the wound edge. During this migration, 

their nuclei are positioned to the rear of the migrating cell. Interestingly, the centrosome remains 

central as the nucleus migrates, sitting between the nucleus and the leading edge of the cell (reviewed 

by Chang et al., 2016). Indeed, instead of microtubules positioning the nucleus, transmembrane actin-

associated nuclear (TAN) lines have been found to be important for this process (reviewed by Luxton 

et al., 2011). The first observation in this context was that Cdc42, MRCK, myosin and actin were 

required for a retrograde actin flow that positioned the nucleus; treatment with blebbistatin or 

cytochalasin D, or injection of dominant-negative Cdc42T17N or MRCK-CPC/TM proteins, all individually 

perturbed nuclear migration to the rear of the cell. Taken together, these results implicated myosin-II 

function in this nuclear migration. On the other hand, dynein and other microtubule-related proteins 

were not required for nuclear position, but instead for maintenance of the centrosome at the centre 

(Gomes et al., 2005). Another report found that nesprin-2, a KASH protein, as well as SUN2, were 

required for rearward migration of nuclei in migrating fibroblasts; overexpression of the KASH domain 

of nesprin-2, nesprin-2G siRNA inhibition, and SUN2 depletion all inhibited the migration, while re-

expression of nesprin-2G was able to rescue the siRNA phenotype. Furthermore, fluorescently tagged 

nesprin-2G constructs and endogenous SUN2 showed linear arrays co-localizing with actin cables, 

which were dependent on actin and myosin-II; these arrays were named TAN lines (Luxton et al., 

2010). More recent reports have focused on the direct links between the nucleus, TAN lines, and the 

actin cables by investigating interactions of the LINC complexes at the nucleus and actin cables. 

Anchorage of nesprin-2G-SUN2 TAN lines was found to require several proteins of the nuclear 

envelope: Lamin A (Folker et al., 2011), Samp1 (Borrego-Pinto et al., 2012), and Emerin (Chang et al., 

2013). To connect the LINC complex TAN lines to the actin cables, two different actin-binding or 

nucleating proteins have been investigated. First, the diaphanous formin FHOD1 was found to be 

required for nuclear migration in wound healing, although its silencing still allowed rearward actin 

flows, indicating that multiple connectors were required for force transmission (Kutscheidt et al., 

2014). Indeed, the actin-binding protein Fascin has also been found to facilitate the connection 

between nesprin-2G-SUN2 TAN lines and the actin cytoskeleton (Jayo et al., 2016). Finally, this nuclear 

positioning has been found to be required for positioning of this centrosome and thus orientation of 

cell migration (Chang et al., 2015b). Fibroblast wound healing has thus been a useful model to explore 

how actin can facilitate nuclear migration through LINC complexes. 
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Actin has also been found to facilitate nuclear migration through actomyosin contractions in several 

other migrating cell types, in particular various neuronal precursor cells. However, until now, TAN lines 

as described above have not been found in these systems, and in general, these processes have not 

yet been described in as much detail. During migration of cortical interneurons in rodent brains, the 

nucleus migrates to the leading process of the cell, in contrast to the rearward movement described 

in wound healing. F-actin and myosin II accumulations were described behind the nucleus (Bellion et 

al., 2005; Schaar and McConnell, 2005). More recently, actin was shown to cycle dynamically in close 

proximity to the nucleus, at times forming a cup-like structure. Myosin was found to show a similar 

localisation, and inhibition of actomyosin contractions with blebbistatin inhibited actin accumulation 

and nuclear migration. The same study found that depolymerisation of microtubules with nocodazole 

did not impact neuronal migration, but freezing of the microtubule network with Taxol did, indicating 

that a dynamic microtubule network is required for actomyosin-induced forces to translocate the 

nucleus to the leading edge of the cell (Martini and Valdeolmillos, 2010). Furthermore, actin-related 

proteins DISC1, Girdin, Akt, and mDia1 and mDia3 have all been found to be involved in this actin-

dependent nuclear movement (Shinohara et al., 2012; Steinecke et al., 2014). Similar to these 

migrating neuronal cells, blebbistatin also inhibited apical-to-basal interkinetic neuronal migration in 

progenitor cells of the ventricular zone, as well during delamination of cells in the subventricular zone 

of the developing mouse brain (Schenk et al., 2009), implicating actomyosin contractions in these 

nuclear migration events. Finally, neural precursor cells of the neocortex must migrate along radial 

glial fibre cells, and their centrosomes and nuclei move continuously during this migration. In this 

process, dynein and LIS1 were found to be crucial for both centrosome and nuclear migration, while 

myosin-II was only required to push the nucleus, and not the centrosome, forward (Tsai et al., 2007). 

Evidently, actin and myosin are implicated in several different nuclear migration processes, although 

not all have been described in great detail. 

In other processes, actin-dependent nuclear positioning has been described as independent of both 

actomyosin contractions and LINC complexes. In the syncytial Drosophila embryo, an oocyte is 

surrounded by 15 interconnected nurse cells, which synthesise RNA and protein for the developing 

oocyte. These products are “dumped” into the cytoplasm of the oocyte towards the end of its 

maturation. However, for this dumping to be possible, nuclei of the nurse cells must be positioned 

away from the interconnecting ring canals in order to avoid blocking the connection to the oocyte 

(Spradling, 1993). Indeed, research found that actin cables were present and required to keep the 

nuclei from clogging the ring canals (Cooley et al., 1992; Robinson and Cooley, 2002). The LINC 

complex proteins found to be important in Drosophila eye development mentioned previously, 

Klarsicht and Klaroid, as well as another KASH-protein, Msp-300, were not found to be essential for 
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this process (Technau and Roth, 2008). It should be noted that it is still possible that undiscovered and 

thus untested LINC complex proteins, or indeed myosin, could still potentially be involved in this 

process; however, no such links have been found to date. Until recently, the conclusion from these 

results was that actin cables formed ladder-like structures required for maintaining nuclei in their 

position, as opposed to actively positioning them (Dupin and Etienne-Manneville, 2011; Guild et al., 

1997). However, advances in live cell imaging allowed a more recent study to challenge this 

conclusion, instead proposing that actin cables act as inward-facing filopodia-like structures, and 

actively move the nuclei to their position away from the ring canals. These actin cables were found to 

elongate into the cytoplasm, towards the nucleus of the cell from the sides closest to the ring canals, 

thus pushing the nucleus away, with the perinuclear plus ends in close association with the nucleus. 

Furthermore, this study described a perinuclear actin network in nurse cells that was present before 

actin cable elongation, although the exact function and interaction with actin cables could not be 

tested (Huelsmann et al., 2013). This example highlights that developments in live cell microscopy can 

allow new insights into the dynamics and functions of actin in nuclear positioning, although functional 

tests of specific actin structures are still limited.  

Nuclear migration without a centrosome: mouse oocytes and zygotes 

Although some examples of actin-related nuclear positioning have been identified, zygotic pronuclear 

migration in the majority of studied species relies on microtubules and centrosomes. As stated 

previously, rodent oocytes and zygotes lack canonical centrosomes, and therefore must utilise other 

cytoskeletal networks to control nuclear positioning.  

Actin is involved in several processes in the maturing mouse oocyte, including vesicle trafficking, 

centring the GV nucleus, spindle migration to the cortex, polar body extrusion, as well as accuracy of 

chromosome segregation (reviewed by Uraji et al., 2018). In particular, the function of actin in 

controlling the position of DNA first to the centre in nuclear positioning, and later to the cortex in 

spindle migration, is of interest in the context of nuclear migration.  

During the growth of GV oocytes, the nucleus moves from an off-centred location to the centre of the 

immature oocyte prior to nuclear envelope breakdown (Brunet and Maro, 2007). A recent study 

investigated the mechanisms at play in more detail (Almonacid et al., 2015). Oocytes from mice with 

a knock-out of the actin nucleator Formin-2 show an off-centred oocyte, a phenotype that is rescued 

with overexpression of Formin-2. However, oocytes with an already-centred nucleus and treated with 

actin depolymerising drugs showed no off-centring of the nucleus, indicating that the actin 

cytoskeleton nucleated by Formin-2 is only required for centration, and not maintenance of this 

position. Live-cell imaging with GFP-tagged Utrophin and subsequent tracking of actin nodes/vesicles 
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revealed an activity gradient; vesicles moved with higher local velocity at the periphery of the cell than 

in the centre. Inhibition of actin vesicle movement with a dominant-negative form of their associated 

motor protein myosin-Vb blocked GV centration. Perturbation of microtubules with nocodazole, and 

myosin-II with ML-7, did not affect nucleus centration in mouse oocytes. Thus, it was proposed that 

this vesicle activity gradient creates a pressure gradient and thus a propulsion force on the nucleus, 

centring it in an actin-dependent but microtubule- and myosin-independent manner (Almonacid et 

al., 2015, 2018).  

While Formin-2 and actin vesicles appear to be critical for centring the nucleus in GV oocytes, they act 

to facilitate spindle migration to the cortex during MI. As the GV nucleus is centred at nuclear envelope 

breakdown, the spindle forming around the chromosomes must migrate to the cortex in order for 

asymmetric division to occur. Similar to nuclear migration in many contexts, spindle migration in 

mitotic cells is largely dependent on microtubules (reviewed by McNally, 2013). However, spindle 

relocation to the cortex in mouse oocytes has been found to require a Formin-2-, Spire2- and Rab11a-

dependent dynamic actin cytoskeleton (Dumont et al., 2007a; Holubcová et al., 2013; Pfender et al., 

2011; Schuh, 2013; Schuh and Ellenberg, 2008), as well as a pulling force along the actin filaments 

exerted by myosin-II (Holubcová et al., 2013; Schuh and Ellenberg, 2008). More specifically, Rab11a 

vesicles sit at the nodes of the actin network and travel along the filaments towards the periphery in 

a myosin-Vb dependent manner (Schuh, 2013), while also acting to sequester actin nucleators Formin-

2 and Spire2 (Holubcová et al., 2013). Formin-2 and Spire2, in turn, work together to nucleate the actin 

cytoskeleton. Perturbation of any of these elements – Rab11a with a dominant-negative variant or 

brefeldin A, or Formin-2 or Spire1/2 with siRNA – perturbed spindle relocation to the cortex and 

altered the dynamics of the cytoplasmic actin network (Holubcová et al., 2013; Pfender et al., 2011). 

Thus, these three actin-related proteins work together to establish a dynamic actin mesh, which is 

used by myosin-II to pull the spindle to the cortex (Schuh and Ellenberg, 2008). Spindle migration has 

also been found to be dependent on cortical thickening nucleated by Arp2/3, exclusion of myosin-II 

from the cortex, and subsequent cortical softening (Chaigne et al., 2013; Larson et al., 2010), as well 

as possible Formin-2 accumulations and Arp2/3-dependent cytoplasmic streaming (Li et al., 2008; Sun 

et al., 2011; Yi et al., 2013). Thus, several different actin-related mechanisms are at work during the 

migration of the meiotic spindle to the cortex. 

In addition to what is known about actin-dependent DNA migration events in oocytes, some reports 

have investigated pronuclear migration in mouse zygotes. Here, microtubules may be involved with 

correct pronuclear formation (Schatten et al., 1985, 1989), but the actin cytoskeleton appears to be 

the main driver of pronuclear migration. Depolymerising microtubules with nocodazole had only a 

mild effect on centration of pronuclei (Reichmann et al., 2018), but treatment with the F-actin-
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disrupting drugs cytochalasin D and latrunculin-A completely inhibited pronuclear migration and 

spindle centration (Chaigne et al., 2016; Chew et al., 2012; Maro et al., 1984; Schatten et al., 1986). 

Similarly, perturbation of the actin-regulating subcortical maternal complex (SCMC) caused 

asymmetric spindle positioning and division in mouse zygotes, although pronuclear migration was not 

directly investigated in this study (Yu et al., 2014). The most recent study into spindle centration in 

mouse zygotes (Chaigne et al., 2016) contained several interesting observations, in addition to 

confirming that the actin cytoskeleton, in general, was essential for pronuclear migration. First of all, 

inhibition of myosin-Vb, the motor protein involved with the transportation of actin (Rab11a) vesicles, 

also perturbed pronuclear migration, although it also caused some morphogenic defects of the cells. 

Next, live cell imaging of EGFP-Utrophin in mouse zygotes indicated that actin was enriched between 

the cell surface and pronuclei, although this was not confirmed in fixed cells. From these experiments, 

it has been proposed that a gradient of actin vesicles, as opposed to an activity gradient as in the GV 

oocyte, is required for pronuclear migration; more vesicles are present between the pronucleus and 

the cortex than between the pronucleus and the centre of the zygote, thus creating a pushing force 

on the pronuclei (Almonacid et al., 2018; Chaigne et al., 2016). However, localisation of actin vesicles 

was not confirmed in either live or fixed cells beyond EGFP-Utrophin imaging, and was not tracked 

over time. Thus, the precise localisation and function of actin vesicles and nucleators, and their 

mechanistic role in pronuclear migration, had not been fully investigated. In general, an investigation 

of mouse pronuclear migration with high temporospatial resolution was also lacking, as previous 

experiments focused on fixed cells or imaging of live cells only at the beginning and/or end of 

pronuclear migration. 

A novel set of tools to investigate pronuclear migration in mouse zygotes 

With this in mind, Kathleen Scheffler began her postdoctoral project in the Department of Meiosis in 

2015. Her goal was to characterise pronuclear migration in mouse zygotes in high detail, and I joined 

the project in December 2017 to help achieve this goal. At the time of writing this thesis, our collected 

results have been prepared into a manuscript, but are not yet published. Therefore, this next 

introduction section will summarise the unpublished results Kathleen Scheffler had at the time I joined 

the project to give sufficient background of the methods used and cytoskeletal players of interest. 

Note that some figures from the prepared manuscript will be shown here, while others will be shown 

in the Appendix as indicated.  

Kathleen Scheffler first established a method to track pronuclear migration from shortly after 

fertilisation, through pronuclear formation and migration, until after nuclear envelope breakdown. As 

this protocol was also used for several results shown in this thesis, it is described in detail in the 

Methods section. In short, MII oocytes were collected from the oviducts of superovulated mice, 



Mechanisms of pronuclear migration in mammalian zygotes: Introduction 

Page 32 of 177 
 

injected with mRNA to express H2B-mCherry (DNA) and MyrGFP (membrane). During the expression 

time of 3 hours, cauda were collected from male mice and the sperm was capacitated. IVF was set up 

following expression and capacitation, and zygotes were washed out from sperm after two hours of 

insemination. Zygotes were then imaged every 15 minutes, with a z-stack of 28x3 µm, overnight (18 

hours). Resulting images were reconstructed in 3D using IMARIS software, allowing tracking of 

pronuclei relative to the centre of zygote, as well as calculations of velocities. The results of these 

initial experiments are shown in Figure 3.  

 

 

Figure 3: 3D-tracking pronuclear migration in mouse zygotes over time. (A) Three-dimensional time-lapse images (upper 
panel) and iso-surface reconstruction (lower panel) of pronuclei (H2B-mCherry, magenta, z-projection of 28 section, every 

3 µm) and the cell surface (MyrGFP, grey, single z-section) in live mouse zygotes. Female (♀) and male (♂) genomes are shown 
before pronuclear formation (time-point 0h). Movement speeds are classified as fast (F, > 0.1 µm/min), medium (M, 0.05-

0.1 µm/min) and slow (S, <0.05 µm). Scale bar, 10 μm. (B) The mean distance of male (♂, blue) and female (♀, red) pronuclei 
to zygote centre during pronuclear migration was calculated from data sets as shown in (A). Movement speeds are classified 
as in (A). Total number of analysed zygotes specified in italics was pooled from five independent experiments. Standard 

deviation shown as shaded areas. (C) Statistical plots of average velocities of male (♂, blue) and female (♀, red) pronuclei 
during pronuclear migration calculated from data sets shown in (B). Movement speeds are classified as in (A). Statistical plots 
show mean (horizontal black lines), and standard deviation (whiskers). Two-tailed student’s t-test was used to test for 
significance. Adapted from figure prepared for the unpublished manuscript; experiments and analysis done by Kathleen 
Scheffler. 
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Representative confocal images of a zygote over time are shown in Figure 3A. The results of these 

were quantified, and distances of pronuclei relative to the cell centre were plotted over time in 

Figure 3B. The first derivative of these results, i.e. the average velocity of pronuclei in different time 

frames, was calculated and plotted in Figure 3C. Note that the same types of quantification were done 

in several results figures shown later, with the figure layout and colour scheme adapted for my thesis. 

One clear observation made from these experiments was that the male pronucleus formed much 

closer to the cortex (or further from the zygote’s centre) than the female pronucleus. This made sense, 

as the sperm entry site was at the cortex, while the female pronucleus formed wherever polar body 

extrusion had left the remaining maternal DNA, usually closer to the centre of the cell. Strikingly, this 

imaging with high temporal resolution revealed that the male pronuclei migrated faster in the first 

two hours after pronuclear formation than female pronuclei, as shown in the confocal images of 

Figure 3A from 0-2h, and quantified in Figure 3B and C. After the initial two hours, the pronuclei move 

slowly towards the centre at similar velocities.  

Kathleen Scheffler then confirmed the known effect of cytochalasin D as described above using this 

set-up; the results are shown in Figure 27 in the appendix. As mentioned, cytochalasin D was known 

to perturb pronuclear migration, and this was confirmed; two female pronuclei formed as polar body 

extrusion failed, and these, along with the single male pronucleus, all showed only very limited, if any, 

migration towards the centre throughout the time of imaging. Kathleen Scheffler also investigated the 

contribution of microtubules to pronuclear migration by treating zygotes with 1 µM nocodazole, as 

shown in Figure 28 in the appendix. One interesting observation that is relevant to this thesis is that 

female pronuclei would often form closer to the cortex in zygotes treated with nocodazole than in the 

DMSO-treated controls. This could possibly be due to perturbation of the spindle remnant, which may 

function to keep the female DNA in place after polar body extrusion. Interestingly, as a result, the 

female pronuclei formed at the cortex and migrated with a high inward velocity in the first few hours, 

similar to male pronuclei in control cells. Thus, we had a method to induce formation of female 

pronuclei at the cortex, which will be relevant later. Note that in these experiments late migration of 

pronuclei was not perturbed significantly, but Kathleen Scheffler later found that this lower 

concentration of nocodazole did not perturb all microtubules, while a concentration of 10 µM 

nocodazole did; as a result of treatment at the higher concentration, pronuclei moved slower in the 

later phases of pronuclear migration (data not shown). This higher concentration was therefore also 

used in experiments shown in the results section of this thesis.  

In order to determine which specific actin-related mechanisms may be important for pronuclear 

migration, Kathleen Scheffler also perturbed formation of recycling vesicles with brefeldin A, as 

previously carried out in oocytes (Holubcová et al., 2013). These results are shown in Figure 4. As can 
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be seen in both the confocal images and quantifications, the main effect of brefeldin A treatment was 

that the male pronuclei, still forming at the cortex, showed a slower initial migration into the centre 

than male pronuclei in methanol-treated cells. Another observation from these experiments was that 

brefeldin A perturbed structures inside the cell, since MyrGFP-positive clusters were seen in the 

cytoplasm (indicated by yellow arrow). Possibly as a result of this, male and female pronuclei were not 

able to reach as close to the centre in brefeldin A treated cells as in methanol-treated cells. Since 

brefeldin A causes disassembly of the Golgi network, it is likely that certain structures were 

aggregating in the centre of the cell, blocking pronuclear migration. Importantly however, these 

results implied that a brefeldin A-related target functions specifically during the early, fast migration 

of pronuclei away from the cortex, as only migration of male pronuclei was affected significantly. 

 

 

Figure 4: Brefeldin A treatment perturbs the early, fast migration of the male pronucleus. (A) Three-dimensional time-lapse 
images of pronuclei (H2B-mCherry, magenta) and the cell surface (MyrGFP, white) in methanol (MeOH)- or brefeldin A-

treated (4 µg/mL) zygotes. Female (♀) and male (♂) genomes are shown at pronuclear formation (time-point 0h). Movement 
speeds are classified as in Figure 3. The yellow arrowhead marks the increasing accumulation of membranous material in the 
cell centre, which acts as a barrier for pronuclei to reach cell centre. Scale bar, 10 μm. (B, C) The mean distance (thick line) of 

male (♂, (B)) and female (♀, (C)) pronuclei to zygote centre during pronuclear migration MeOH- or brefeldin A-treated zygotes 
was calculated from data sets as shown in (A). Movement speeds are classified as in Figure 3. The total number of analysed 
zygotes specified in italics was pooled from three independent experiments. Standard deviation shown as shaded areas. (D, 

E) Statistical plots of average velocities of male (♂, D) and female (♀, E) pronuclei during pronuclear migration in MeOH- or 
brefeldin A-treated zygotes calculated from (B) and (C). Movement speeds and statistical plots are classified as in Figure 3. 
Two-tailed student’s t-test was used to test for significance. Adapted from figure prepared for the unpublished manuscript; 
experiments and analysis done by Kathleen Scheffler.  

 

 



Mechanisms of pronuclear migration in mammalian zygotes: Introduction 

Page 35 of 177 
 

Taken together, these initial results indicated that two separate mechanisms may be at play to allow 

correct pronuclear migration into the centre in acentrosomal mouse zygotes – one actin-dependent 

mechanism active during the early, fast migration of pronuclei, and possibly actin-related vesicles; the 

second mechanism more dependent on microtubules, and possibly vesicle-independent actin 

structures. Thus, we then split the project, although overlap remained as we progressed. Kathleen 

Scheffler focused mainly on the later stages of pronuclear migration, including the function of 

microtubules for this late, slow migration. My focus became the early, fast migration, in particular of 

the male pronucleus. As brefeldin A is known to perturb vesicle formation, and Rab11a is a known 

regulator of actin-related vesicles in oocytes, my focus became to investigate the role of actin, 

specifically actin-related Rab11a vesicles and actin nucleators during this migration. The next section 

of this introduction will provide a background for the specific actin-related proteins and functions 

investigated in this thesis, and the tools available to perturb them.  
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1.5 Rab11a, Formin and Spire 

Rab11a protein and vesicles 

Many types of proteins are involved in the formation of vesicles, such as cytosolic coat molecules for 

budding, SNARE complexes that control membrane fusion, the microtubule and actin networks on 

which they travel, and the motor proteins that facilitate their transport along these tracks. Another 

class of proteins has been identified that is responsible for vesicle identity, and their subsequent 

interactions, dynamics and functions: Rab GTPases. They are members of the Ras superfamily of small 

G proteins, and around 70 different Rab GTPases have been identified in humans. They are found 

either in their GTP-bound, usually active form, or their GDP-bound, usually inactive form. Rab protein 

function is regulated by several other classes of proteins, making their functions very versatile and 

dynamic. GEFs and GAPs regulate exchange of GDP to GTP and back, while GDIs prevent GDP 

dissociation from the Rab GTPase, and are crucial for several functions such as regulating chaperoning, 

mediating delivery, and recycling. GDIs, in turn, are displaced from Rab proteins by GDFs. All of these 

regulatory steps in combination with the variety of Rab proteins involved in a vast number of cellular 

events lead to a high level of complexity in vesicle functions (reviewed by Stenmark, 2009).  

Rab11 GTPases are a small sub-family of Rab proteins involved in targeting vesicles from the recycling 

endosome to the plasma membrane. Several Rab11 proteins have been described, notably Rab11a, 

Rab11b, and Rab25. They share high sequence homology, and are sometimes found to have very 

similar functions in cells, such as Rab11a and Rab25 in canine kidney cell apical recycling and 

transcytosis (Wang et al., 2000b). However, in other cell types, different Rab11 proteins show distinct 

localisation and function, such as in rabbit epithelial cells (Lapierre et al., 2003). In general, Rab11a is 

the best-studied of the Rab11 family proteins. Rab11a is a GTPase with a length of 216 amino acids 

and an atomic mass of 24 kDa. Reports reveal that Rab11a is responsible for targeting vesicles 

containing many different cargos to the plasma membrane, whether physiological or in disease state. 

For example, while Rab11a-knockout mice die as embryos, those with conditional knock-outs for the 

intestine live one week past birth, with defects in apical protein transport. On the other hand, a 

conditional Rab11a-knockout in the brain causes no obvious defects (Sobajima et al., 2015). In disease, 

Rab11a is a host factor for infections of the influenza virus, aiding in transport of the viral ribonucleo-

protein complex to the plasma membrane (Amorim et al., 2011; Eisfeld et al., 2011), as well as being 

required for correct parasitic cytokinesis (Agop-Nersesian et al., 2009). As mentioned previously, Rab 

proteins can aid in targeting vesicles to the correct cytoskeletal tracks or motor proteins. Experimental 

evidence has long suggested that myosin-Vb, which travels on actin tracks, is involved with Rab11-

dependent recycling endosome transport (Roland et al., 2007; Schuh, 2013; Wang et al., 2008b). 

Recently, an in vitro study revealed that Rab11a, through the adaptor Rab11FIP2, binds to the globular 
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tail domain of myosin-Vb and thus modulates its motor function (Ji et al., 2019). It therefore makes 

sense that Rab11 has been implicated in various actin-related processes. Indeed, the studies relating 

to spindle migration in the mouse oocyte mentioned in the previous section revealed that Rab11a not 

only travels along actin tracks in a myosin-Vb-dependent manner, but by sequestering actin nucleators 

at the vesicle surface, actively modulates the actin cytoskeleton (Holubcová et al., 2013; Schuh, 2013). 

Interestingly, a recent in vitro study of the human protein variants found that Rab11 interacts with 

Spire2 not directly but through myosin-V, forming a Spir-2:MyoVa:Rab11 complex. The Spir-2 binding 

pocket of myosin-Va appears to be conserved in myosin-Vb, and Spir-2 may drive Rab11 activity 

(Pylypenko et al., 2016). Whether such a Spir2:MyoVb:Rab11 complex forms in vivo and in mouse 

remains to be clarified. A function of Rab11 as an actin remodelling protein has also been shown in 

other systems, such as during Drosophila furrow formation (Riggs et al., 2003), Drosophila wing 

development (Bhuin and Roy, 2011), and in human T-cell activation through Rac-1 (Bouchet et al., 

2016).  

Two main types of perturbations have been used for published studies investigating Rab11a: the 

pharmacological method of brefeldin A treatment, which was also used by Kathleen Scheffler as 

mentioned above, and overexpression of mutant Rab11a variants.  

Brefeldin A is a fungal toxin known to inhibit protein trafficking and the secretory pathway at the level 

of the Golgi and endoplasmic reticulum (reviewed by Pelham B, 1991), although the exact mechanisms 

unravelled later (reviewed by Nebenfuhr et al., 2002). In the Golgi, Sec7-type GEFs bind to and activate 

ARF GTPases by catalysing the exchange of GDP and GTP (Jackson and Casanova, 2000; Spang et al., 

2001). Arf1p is a protein involved in coat protein recruitment for vesicle formation. Brefeldin A binds 

to the transitory Sec7d-Arf1-GDP complex, stabilising this confirmation and blocking activation of 

Arf1p (Robineau et al., 2000). Thus, coat protein recruitment fails, and the Golgi membrane collapses 

into the endoplasmic reticulum membrane, releasing its enzymes, while the trans-Golgi network 

merges with endocytic pathway components (Sciaky et al., 1997). As a result, Golgi trafficking fails, 

and several cellular processes are perturbed. Importantly, brefeldin A has previously been used to 

perturb spindle migration in mouse oocytes (Wang et al., 2008a), and more specifically to inhibit 

mCherry-Rab11a-positive vesicle formation, thus affecting the dynamic actin cytoskeleton (Holubcová 

et al., 2013). Thus, brefeldin A is one tool used to perturb Rab11a function in animal cells, as well as 

other cellular processes. 

In order to study Rab11a function more specifically, several different Rab11a mutant variants have 

been described, notably Rab11aS25N and Rab11aQ70L. Rab11aS25N is a dominant-negative variant; as a 

result of an exchange of serine 25 to asparagine, this Rab11a variant prefers the GDP-bound, inactive 
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state. On the other hand, Rab11aQ70L is a constitutively active form of Rab11a, preferring the GTP-

bound state. Thus, these two variants both perturb the cycling of Rab11a between its active and 

inactive form, and thereby perturb transferrin recycling to the plasma membrane in CHO and BHK-21 

cells, with a stronger effect of the dominant-negative form than the constitutively active form (Ullrich 

et al., 1996). Rab11aS25N has also been expressed in mouse oocytes. The first effect observed was a 

loss of transferrin transport (Schuh, 2013). It was  then observed that the actin network became static, 

and the meiotic spindle was unable to migrate to the cortex, which was specific compared to 

dominant-negative variants of other Rab proteins (Holubcová et al., 2013). Thus, Rab11aS25N 

expression is an effective method to specifically perturb Rab11a function in cells. 

Formin and Spire actin nucleators 

As described above, the first step of actin filament polymerisation is nucleation, forming a complex of 

actin monomers. Different actin nucleators and actin-binding proteins can affect the rate, dynamics 

and direction of actin polymerisation. As Formin-2 and Spire1/2 actin nucleators have been found to 

co-localise with Rab11a in oocytes and modulate the actin cytoskeleton (Holubcová et al., 2013), they 

formed a part of the investigations described in this thesis. 

Formins are a family of highly conserved proteins that have a prominent role in actin cytoskeleton 

organisation. Formins assemble into donut-shaped dimers, each subunit being able to bind two actin 

monomers for nucleation. They have two important domains; FH1 and FH2. FH1 contains a proline-

rich region and promotes elongation by enabling the delivery of G-actin to the barbed end of the 

filament, while FH2 is a homodimeric domain at the C-terminus of Formin proteins that stabilises actin 

dimers at nucleation (reviewed by Chesarone et al., 2010; Firat-Karalar and Welch, 2011). The first 

Formin gene to be discovered was Fmn1, located in the limb deformity locus, as its mutation leads to 

a failure in limb development in mice (Woychik et al., 1985, 1990). Since then, several Formin-related 

proteins have been found in a large variety of species. Notably, in Drosophila, cappuccino was 

described to be a maternal-effect fertility factor, as females with a mutation produced embryos with 

disorganised cellular structures and incorrect polarities (Emmons et al., 1995; Manseau and 

Schüpbach, 1989). A novel mammalian member of the cappuccino subfamily was subsequently found 

and named Formin-2. Formin-2 is a 1578-amino-acid-long, 167 kDa heavy protein. Its FH1 domain has 

a particularly long proline motif compared to other Formins, and unlike Formin-1, appears to be 

expressed only in a single splice form. Furthermore, using in situ hybridisation, Fmn2 was found to be 

expressed in the mouse embryo brain (Leader and Leder, 2000). However, a knock-out of Fmn2 found 

no clear brain defects; rather, Fmn2-/- female mice were found to be subfertile, suffering from 

recurrent pregnancy loss and low litter size of only 1-3 pups, if any. Closer inspection revealed gross 

deformations of embryos, as well as embryo reabsorption in the uterine decidua. As ovary transplants 
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rescued this phenotype, the oocytes of Fmn2-/- mice were next investigated, and it was discovered 

that meiotic spindles in MI oocytes fail to position to the cortex, resulting in MI arrest or polyploid 

embryos (Leader et al., 2002). Subsequent studies revealed the that function of Formin-2 in the 

assembly of the dynamic actin mesh in mouse oocytes is to allow spindle migration to the cortex, as 

described above (Dumont et al., 2007a; Holubcová et al., 2013; Pfender et al., 2011; Schuh and 

Ellenberg, 2008). However, the function of Formin-2 in mouse zygotes had not been studied. 

Spire proteins were originally discovered in Drosophila, and were the first members of a new, third 

category of actin nucleators; the tandem-monomer-binding nucleators (Quinlan et al., 2005). This 

group of nucleators bind and bring together G-actin monomers, driving actin filament nucleation 

through their WH2 domains, and has since been found to contain other members such as APC and 

leiomodin (reviewed by Firat-Karalar and Welch, 2011). Spire proteins contain a KIND domain and a 

cluster of four WH2 domains at their N-terminal (Bosch et al., 2007); the WH2 domain cluster is critical 

to allow high rates of actin nucleation, as it allows tight and stable binding of four actin monomers at 

a time (Ducka et al., 2010). In Drosophila, Spire and the Formin Cappuccino are required for 

establishing the dorsal-ventral and anterior-posterior axes in eggs and embryo (Manseau and 

Schüpbach, 1989); together, they assemble a cytoplasmic actin mesh (Dahlgaard et al., 2007). Two 

mammalian homologs of Spire proteins have been found, Spire1 and Spire2. Spire1 has a length of 

598 amino acids, with an atomic mass of 68 kDa, while Spire2 is slightly larger, containing 718 amino 

acids and weighing 80 kDa. Using in situ hybridisation of mouse embryos, it was found that Spire1 

showed a similar expression pattern to Fmn2 in various brain regions (Schumacher et al., 2004). Similar 

to Formin proteins, despite this localisation, a function for Spire proteins in mouse brain has not been 

described. However, siRNA of Spire1 and Spire2 revealed a functional role in oocyte spindle migration 

and polar body extrusion through regulation of the actin cytoskeleton together with Formin-2. While 

siRNA of Spire1 or Spire2 individually did not result in any obvious phenotype, co-inhibition of both 

caused a reduction of actin filaments in the cytoplasm, as well as defects in asymmetric spindle 

positioning and polar body extrusion, indicating that these two proteins act redundantly in oocytes. 

Furthermore, overexpression of Spire1, Spire2, and Fmn2 mRNA together showed a greater increase 

in actin assembly than individual overexpression combined, leading to the conclusion that these actin 

nucleators act synergistically as a functional unit to nucleate the actin cytoskeleton (Pfender et al., 

2011). In HeLa cells, Formin and Spire actin nucleators have not only been shown to interact together 

in the cytoplasm, but also to assemble nuclear actin filaments in response to DNA damage (Belin et 

al., 2015). Unfortunately, the large size of Formin-2 has made analysis of its exact structural properties 

difficult, but crystal structures of partial domains has made it clear that Spire and Formin proteins 

interact directly at the Spire protein KIND domain, and at the FH2 domain of Formin-2 (Vizcarra et al., 
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2011; Zeth et al., 2011). Finally, a more recent study showed the precise mechanism of Spire and 

Formin interaction in actin assembly in vitro. Spire proteins cap barbed ends of actin, recruiting 

Formin-2, which in turn releases the Spire protein. This leads to what was described as a “ping-pong”-

like procession, as Spire and Formin-2 continue to replace and recruit each other at the barbed end. 

Inhibition of this interaction in vivo by injecting  the purified FH2 domain into mouse oocytes inhibited 

actin assembly (Montaville et al., 2014). Thus, the interaction of Spire and Formin actin nucleators in 

regulating actin assembly in mouse oocytes has been well studied, although no such studies so far 

existed in mouse zygotes. 

In the mouse, Spire1/2 and Formin-2 have been inhibited in two ways; by genetic knock-out for Fmn2, 

(Leader et al., 2002), and by siRNA for both (Pfender et al., 2011). However, as our protocol for zygote 

imaging works best with superovulated mice from a hybrid mouse strain (see Methods for details), 

neither of these options are feasible; siRNA in oocytes requires  oocytes that have been matured in 

vitro from the early follicular stage (Pfender et al., 2015). This, and the fact that a knock-down of 

Spire1/2 results in issues in spindle migration and cytokinesis of the polar body, means that such 

oocytes would not be well-suited for IVF. Similarly, the Fmn2-/- mouse strain is subfertile, as 

asymmetric division of oocytes is perturbed (Leader et al., 2002). Therefore, this system requires an 

acute method of perturbing Spire1/2 and Formin-2 function in zygotes, after spindle migration and 

polar body extrusion have occurred successfully. As mentioned, injecting the purified FH2 domain 

competitively inhibits interaction of Spire1/2 and Formin-2 at their KIND/FH2 domains, and this has 

been shown to thereby decrease actin nucleation in oocytes (Montaville et al., 2014). Thus, injection 

of purified FH2 is a plausible method to perturb Spire-Formin interactions in mouse zygotes.  
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1.6 Scope of thesis and objectives 

The focus of this project has been to investigate the mechanisms of pronuclear migration in mouse 

zygotes, with a specific focus on the early, fast migration of male pronuclei away from the cortex. The 

methods initially established by Kathleen Scheffler were used and optimised to investigate the 

localisation and function of Rab11a, Spire2, and Formin-2.  The dominant-negative Rab11aS25N was 

first used to test the function of Rab11a specifically, as opposed to brefeldin A sensitive vesicles 

generally (Results section 3.2).  Experimental set-ups were then newly optimised and/or fine-tuned to 

allow observation and quantification of Rab11a localisation throughout zygotic development, both in 

live and in fixed cells (Results section 3.3).  High temporospatial resolution was optimised to 

investigate the localisation of fluorescently labelled Rab11a, Spire2, and Formin-2 at the forming male 

pronucleus (Results section 3.4). The function of Spire2 and Formin-2 actin nucleation was tested by 

investigating pronuclear migration and localisation of actin nucleators in the presence of purified FH2, 

as well as Spire2 overexpression (Results section 3.5). As the nature of this fast migration was of 

interest, the next set of experiments investigated whether the sperm entry site or fertilisation cone 

were relevant to this fast migration. Female pronuclei were induced to form at the cortex with 

nocodazole treatment, and the localisation of fluorescently labelled Rab11a and Spire2 was analysed.  

Actomyosin contractions of the fertilisation cone were also perturbed with the MLCK inhibitor ML-7, 

and pronuclear migration as well as actin nucleator localisation as a result of this perturbation were 

scored (Results section 3.6). Finally, to distinguish whether actin was important only for this fast, early 

migration, or also important later, the effect of acute cytochalasin D treatment on pronuclear 

migration after the fast migration was investigated (Results section 3.7). These experiments, along 

with further experiments carried out by Kathleen Scheffler on the slower migration in later stages of 

the zygote, will be taken together to summarise our new findings about the mechanisms of pronuclear 

migration in mouse zygotes. The discussion section will consider and review these results in the 

context of the current state of knowledge.  
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2. MATERIALS & METHODS 

2.1 Molecular biology 

Cloning of new expression constructs for live imaging in mouse zygotes 

New constructs for mRNA synthesis and expression in oocytes and zygotes were cloned as part of this 

project; I subcloned pGEMHE-mScarlet-Rab11a and pGEMHE-mClover3-Spire2, changing the 

fluorophore from existing plasmids (Pfender et al., 2011; Schuh, 2013), and also replaced the 

backbone of the commercial Actin-VHH-TagGFP chromobody (Chromotek) with the pGEMHE 

backbone (Liman et al., 1992) for high expression mRNA synthesis. Standard molecular biology 

protocols were used (Green and Sambrook, 2012). All primers used for PCR reactions and sequencing 

are shown in Table 2. 

Table 2: Primer sequences used in this study. Primer name and sequence. All oligos were ordered from Sigma, and 
sequencing was done by Microsynth Seqlab. F=Forward, R=Reverse. 

Primer name Primer sequence 

mScarlet-Rab11a-GIBSON-F GCTGTACAAGCTCGAGCTCAGCATGGGCACCCGCGACGAC 

mScarlet-Rab11a-GIBSON-R CCGTCGACTGCAGAATTCGATTAGATGTTCTGACAGCACTGCACCTTTG 

mClover3-F TATAGCTAGCGCCACCATGGTGAG 

mClover3-R TATACTCGAGACTTGTACAGCTCGTCCATG 

CMV promoter-F CGCAAATGGGCGGTAGGCGTG 

SV40-R CCTCTACAAATGTGGTATGG 

Actin-VHH-TagGFP-GIBSON-F GGTCTCAGATCTCGAGCTCAATGGCTCAGGTGCAGCTG 

Actin-VHH-TagGFP-GIBSON-R CCGTCGACTGCAGAATTCGATTACCTGTACAGCTCGTCC 

pGEMHE sequencing-F AAGGCGATTAAGTTGGGTAACG  

pGEMHE sequencing-R TCGGGTGTTCTTGAGGCTGG  

 

All PCR reactions were set up using the Phusion polymerase kit (NEB), in a 50 µL reaction with 1X 

Phusion buffer, 200 µM dNTPs, 500 nM of each forward and reverse primers, 100 ng plasmid DNA, 

and 0.5 µL (1 unit) Phusion DNA Polymerase. The PCR program was run with following settings: Initial 

denaturation 95°C 3 minutes; 40x cycle of denaturation 95°C 30 seconds, variable annealing 

temperatures (64.5-68°C) 30 seconds, extension 72°C 30 seconds; final extension 72°C 5 minutes; 10°C 

hold. 

For pGEMHE-mScarlet-Rab11a, GIBSON assembly (Gibson et al., 2009) was used. Primers (mScarlet-

Rab11a-GIBSON-F and -R) were designed using the NEBuilder (NEB) to synthesise a PCR product of 

Rab11a. The PCR reaction was set up as above with mScarlet-Rab11a-GIBSON-Forward and -Reverse 
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primers and pGEMHE-mCherry-Rab11a (Schuh, 2013) as DNA source, with an annealing temperature 

of 68°C. In parallel, a digest of pGEMHE-mScarlet vector (cloned by Shiya Cheng in the lab from 

Addgene plasmids) (2µg) with HindIII-HF (NEB) in a 50 µL reaction with CutSmart buffer (NEB) was set 

up for 1 hour at 37°C. PCR product and digest were run on a 1% agarose (Sigma)/TBE gel for 

25 minutes, and bands cut out and eluted with Gel Extraction kit (QIAGEN). The GIBSON assembly 

mixture was set up using a 1:3 vector:insert ratio and at least 100 ng of vector DNA, with 10 µL GIBSON 

Assembly Master mix (NEB) in 20 µL total volume, incubated at 50°C for 1 hour.  

For pGEMHE-mClover3-Spire2, mClover3 was amplified using PCR from the pGEMHE-mClover3 vector 

(cloned by Shiya Cheng in the lab from Addgene plasmids) with mClover3-F and -R primers and an 

annealing temperature of 68°C, followed by digestion with NheI-HF and XhoI (both NEB) in a 50 µL 

reaction with CutSmart buffer (NEB) for 1 hour at 37°C. The mCherry sequence was cut out from the 

plasmid pGEMHE-mCherry-Spire2 (Pfender et al., 2011) using NheI-HF and XhoI in a 50 µL reaction 

with CutSmart buffer (NEB) for 1 hour at 37°C, followed by 1 hour of CIP treatment (NEB). Next, the 

digested mClover3 PCR product and pGEMHE-Spire2 vector were run on a 1% agarose/TBE gel, and 

the correct bands were eluted from the gel using a Gel Extraction kit (QIAGEN). Ligation was set up 

using a 1:3 vector:insert ratio and at least 100 ng of DNA of vector DNA, with 2 µL ligase buffer and 

1 µL T4 ligase (NEB) in a 20 µL reaction for 1 hour at 37°C. A vector-only control ligation mix was also 

set up with the same conditions. 

The Actin-VHH-TagGFP chromobody plasmid was purchased from Chromotek. However, as the full 

backbone sequence was not available, the original plasmid was sent for sequencing using the standard 

CMV promoter forward primer, and SV40 reverse primer (Seqlab). The resulting sequence was used 

in the NEBuilder tool to design primers (Actin-VHH-TagGFP-GIBSON-F and -R) for GIBSON assembly of 

the entire coding region into the pGEMHE vector. The PCR reaction was set up using Actin-VHH-

TagGFP-GIBSON-F and -R primers, and the purchased Actin-VHH-TagGFP plasmid, with an annealing 

temperature of 64.5°C. In parallel, a digest of the pGEMHE vector (2.5 µg) with HindIII-HF (NEB) in a 

50 µL reaction with CutSmart buffer (NEB) was set up for 1 hour at 37°C. PCR product and digest were 

run on a 1% agarose/TBE gel for 25 minutes, and bands cut out and eluted with Gel Extraction kit 

(QIAGEN). Note that other bands were also found for PCR product, as we did not know the full 

background sequence, but the correct band size (1200 bp) was cut out and eluted. The GIBSON 

assembly mixture was set up using a 1:3 vector:insert ratio and at least 100 ng of DNA of vector DNA, 

with 10 µL GIBSON Assembly Master mix (NEB) in 20 µL total volume, incubated at 50°C for 1 hour.  

All resulting plasmids were transformed into STELLAR competent cells (Clontech), the cells plated and 

cultured overnight in LB medium (homemade) with 100 µg/mL Ampicillin (Sigma). Several colonies 
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were picked for each plasmid, followed by an overnight culture, miniprep (QIAGEN), and sequencing 

of the clones (Seqlab) using forward and reverse primers for pGEMHE to sequence the coding region. 

Following confirmation of correct cloning by sequencing, 200 mL bacterial inoculations were set up, 

and a Midiprep was done using a kit suited for subsequent in vitro transcription (PureLink, Invitrogen).     

 

mRNA synthesis 

mRNA was synthesised in vitro for later injection into oocytes and zygotes. A list of mRNA constructs 

used in this study are shown in Table 3. mRNA synthesis was performed using the HiScribe T7 ARCA 

kit (NEB), following manufacturer’s instructions. In short: All bench spaces and equipment were kept 

RNAse-free. Plasmid DNA (10-15 µg) was linearised with 5 µL AscI restriction enzyme (NEB) and 1X 

CutSmart Buffer (NEB) in 200 µL total volume at 37°C for 1-2 hours. Linearised DNA was extracted 

using phenol/chloroform and precipitated in 100% ethanol with 80 mM sodium acetate. After 

centrifugation at 4°C, pellet was washed in 70% ethanol, re-centrifuged, and dried. The pellet was re-

suspended in 6 µL RNAse free H2O and concentration measured by Nanodrop. A 40 µL reaction mix 

using HiScribe T7 ARCA mRNA kit (NEB) was set up according to kit instructions using 4 µg of linearised 

DNA; incubated for 4 hours at 40°C. TURBO DNAse (Thermo Fisher) treatment was subsequently 

performed at 37°C, mRNA was PolyA tailed (NEB) for 30 minutes at 37°C and mRNA was cleaned up 

using NucleoSpin RNA Clean-Up kit (Macherey-Nagel). Uncapped RNA was dephosphorylated using 

Antarctic phosphatase (NEB) at 37°C for 30 minutes. The mRNA was extracted using chloropane and 

precipitated in 100% ethanol at -80°C overnight. After centrifugation at 4°C, 70% ethanol wash, and 

re-centrifugation, the pellet was completely dried and re-suspended in 11 µL RNAse free H2O. 

Concentration was measured using a NanodropTM (Thermo Scientific). 
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Table 3: mRNA constructs used in this study. mRNA was synthesised from plasmids. Table shows name of mRNA; their use 
in experiments (for live imaging of a structure of interest and/or overexpression/perturbation); and end concentration of 
mRNA used for microinjection into oocytes. All constructs were in pGEMHE vector backbones. 

mRNA name Structure/use End concentration injection (ng/µL) 

H2B-mCherry Chromosomes 10 

H2B-mEGFP Chromosomes 20 

MyrGFP Membrane 150-300 

SNAP-Rab11aS25N Dominant negative 300 

SNAP-Rab11aWT Control for Rab11aS25N 300 

mScarlet-Rab11a Rab11a + vesicles  For tests: 150-400; Final: 300 

EGFP-Rab11a Rab11a + vesicles 300 

mEGFP-Spire2 Spire2 Low: 150; High: 400; Very High: 1200 

mCherry-Spire2 Spire2 Low: 150; High: 400 

mClover3-Spire2 Spire2 150 

Formin-2-EGFP Formin-2 1000 

EGFP-UtrCH F-actin 200-800 

mClover3-UtrCH F-actin 400 

Actin-VHH-TagGFP Actin chromobody 2000 
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2.2 Mouse oocyte and zygote experiments 

Animals used 

Mice were maintained and handled in the MPI-BPC animal facility (BTL) according to the standards of 

the Federation for Laboratory Animal Science Associations (FELASA) and the German national 

authorities, in a pathogen-free environment. For all superovulation experiments, 8-12-week-old wild-

type C57BL/6J x CBA/CaOlaHsd F1 mice were used. For some test experiments, GV oocytes were also 

used from this and the 129/Sv strain.  

GV oocyte isolation 

GV oocytes were collected for a number of test experiments as described previously (Schuh and 

Ellenberg, 2007). To retrieve oocytes, 8-12-week-old mice were sacrificed by CO2 and/or cervical 

dislocation, and ovaries were dissected and collected in HEPES-buffered M2 medium containing 

250 µM dbcAMP (Sigma) to block meiotic progression of oocytes. Ovaries were punctured with 

hypodermic needles to release GV oocytes, which were stripped of cumulus cells.  

In the case of Formin-2 antibody tests, GV oocytes were collected from 129/Sv wild-type and Formin-

2 knock-out mice (Leader et al., 2002) and fixed. For Spire1/2 and Rab11a antibody tests, GV oocytes 

were collected from C57BL/6J x CBA/CaOlaHsd F1 mice, washed through nine drops and incubated in 

either methanol (control) or brefeldin A for one hour before fixation. To test actin probes for live 

imaging, GV oocytes were collected from C57BL/6J x CBA/CaOlaHsd F1 mice and injected with actin 

probe of interest. For ML-7 co-treatment tests, GV oocytes were collected from C57BL/6J x 

CBA/CaOlaHsd F1 mice, washed through four drops and incubated in medium containing ML-7. 

Superovulation and IVF experiments 

Superovulation and IVF experiment conditions were optimised and established by Kathleen Scheffler 

(unpublished). 8-12-week-old C57BL/6J x CBA/CaOlaHsd F1 females were injected with 7.5 IU 

pregnant mare serum gonadotropin (PMSG, THP Medical Products) followed by 7.5 IU human 

chorionic gonadotropin (hCG, Intervet) 48 hours later. After 13 hours, mice were sacrificed and their 

oviducts carefully dissected and transferred into HEPES-buffered MEM-α medium (Gibco) with 5% 

foetal bovine serum (FBS, Gibco), 4 mM NaHCO3 (Sigma), 20 mM HEPES (Gibco), 0.075 g/L Potassium 

Penicillin-G (Sigma) and 0.05 g/L Streptomycin Sulphate (Sigma). MII oocytes were collected from 

oviducts with a hypodermic needle. 

Unless otherwise stated, culture dishes were prepared by covering droplets of medium in 35 mm 

culture dishes (Falcon) with paraffin oil (Merck Millipore), and equilibrating the dishes prior to use. 

When only temperature needed to equilibrate, dishes were prepared and incubated at 37°C 
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15 minutes prior to use; in the case of CO2-dependent medium, dishes were equilibrated overnight at 

37°C, 5% CO2, ambient oxygen. 

MII oocytes were cultured and microinjected in HEPES-buffered MEM-α medium. After microinjection, 

MII oocytes were washed through 9 droplets and incubated in CO2-dependent MEM-α medium with 

5% FBS, 26 mM NaHCO3, 0.075 g/L Potassium Penicillin-G, and 0.05 g/L Streptomycin Sulphate, for 

mRNA expression. 

Sperm was collected from C57BL/6J x CBA/CaOlaHsd male mice (over 12 weeks old). Sperm was 

capacitated for two hours in HTF medium (Millipore) with 2 mM Hypotaurine (Sigma), in four-well 

Nunc dishes (Thermo Fisher) in a humidified chamber. MII oocytes were subsequently washed into 

40 µL droplets of HTF medium, and in vitro fertilisation (IVF) was performed by adding 2-5 µL of 

capacitated sperm to the droplets. After two hours of IVF, zygotes were washed through nine droplets 

of HEPES-buffered M2 medium, and prepared for live-cell microscopy or immunofluorescence. 

Microinjection of mRNA and protein 

Microinjection was performed using the same set-up as described previously (Jaffe and Terasaki, 2004; 

Schuh and Ellenberg, 2007), into either MII oocytes or zygotes as described below.  

In the case of fluorescently tagged proteins visualised in live imaging as well as expression of 

dominant-negative or wild-type proteins, mRNA mixes were prepared to yield desired end 

concentrations for each mRNA as listed in Table 3. Microinjections were conducted on a Zeiss Axiovert 

A1 inverted microscope with Narishige MO-202U micromanipulators, using an oil pump pressure 

system. Injection needles were pulled on a P1000 Capillary puller (Sutter Instruments) and loaded with 

Mercury (Sigma). Following MII oocyte retrieval from superovulated mice as described above, MII 

oocytes were moved into microinjection chambers filled with warm, HEPES-buffered MEM-α medium 

(see above). Approximately 5-7 pl of the desired mRNA mix was injected into the cytoplasm of each 

MII oocyte. After injections, oocytes were transferred to CO2-dependent MEM-α medium (see above) 

and incubated at 37°C, 5% CO2, ambient oxygen, for at least 3 hours of expression before IVF. 

In addition to mRNA-expressed DNA and actin markers, SiR-DNA and SiR-Actin (both Spirochrome) 

were used in some experiments. For SiR-DNA, zygotes were washed and imaged in M2 medium 

containing 250 nM SiR-DNA, made from a 1 mM stock in DMSO. For SiR-Actin, a 1 mM stock was made 

with DMSO, and dilutions of 1:250 (4 µM). 1:25 (40 µM) and undiluted (1 mM) were injected directly 

into the cytoplasm of the oocyte. 

To inhibit Formin-2/Spire2 interactions as described previously (Montaville et al., 2014), 5 pl of 5-

6 mg/mL purified FH2-6xHis protein (51 kDa), or MBP-6xHis (43 kDa) as a control, in buffer (20 mM 
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potassium phosphate pH 7.4, 300 mM NaCl, 0.1 mM EDTA and 5% sucrose) containing 0.03% NP40 

and 5 µg/mL Dextran Alexa Flour 680 were injected into the cytoplasm of freshly fertilised zygotes, 

after the two hours of IVF were completed.  

Drug treatments 

For functional experiments, drugs were used to perturb function of different structures; these are 

listed in Table 4. After IVF, zygotes were washed through nine droplets of the M2 medium containing 

the respective drug or control, using separate pipette capillaries for drug and control. Depending on 

the experiment, zygotes were then either maintained in this medium until fixation, or placed in an 

imaging dish with the corresponding drug or control added to the medium. 

Table 4: Drugs used for pharmaceutical inhibition in this study. Table shows structure or protein targeted by drug, vehicle 
control and dilution factor, final concentration used in medium, and the supplier used. 

Drug name Structure/protein disrupted Vehicle control (dilution) Concentration used Supplier 

Cytochalasin D F-actin DMSO (1:1000) 5 µg/mL Sigma 

Nocodazole Microtubules DMSO (1:1000) 10 µM Sigma 

brefeldin A Vesicle formation Methanol (1:1000) 4 µg/mL Sigma 

ML-7 MLCK DMSO (1:333) 30 µM Sigma 

 

For nocodazole treatment, it should be noted that when nocodazole was added too soon after IVF, 

the maternal DNA would often fall apart into individual chromosomes and distribute, as opposed to 

staying together as a cluster by the spindle remnant (Deng and Li, 2009; Schatten et al., 1985) For this 

reason, there was a slight difference in how nocodazole experiments were set up compared to other 

drug experiments; after IVF, zygotes would be incubated for approximately 45 minutes to 1 hour in 

M2 medium prior to putting them into media containing the drug or control and onto the microscope, 

as opposed to washing into the drug and setting up imaging straight away after IVF. 

For ML-7 treatment, culture and imaging dishes could not be covered with oil, as this would cause 

extraction of the drug. Therefore, zygotes were washed through four large drops of freshly-pipetted, 

uncovered M2 medium containing ML-7 or DMSO. Zygotes were then placed in diagonally-opposing 

wells of a four-well imaging dish (CellVis), filled with 400 µL M2 medium with either ML-7 or DMSO. 

The remaining two wells were filled with water-soaked tissues. The zygotes were surrounded by GV 

oocytes, which were used to check ML-7 function by confirming polar body formation failed in the 

presence of ML-7. The dish was sealed with silicone grease throughout imaging. Note than ML-7 

treatment was also attempted with ethanol:water (1:1) as a solvent instead of DMSO, but under this 

condition, zygote development was poorer. 
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Fixation and immunofluorescence staining 

For immunofluorescence staining, oocytes and zygotes were fixed at desired stages, e.g. at GV, MII, 

or zygotes at specific hours post insemination (hpi). Pre-permeabilisation solution (0.25% Triton-X-100 

(Sigma) / ddH2O) was used unless stated otherwise. Pre-permeabilisation and fixative solution 

(100 mM Hepes, 50 mM EGTA, 10 mM MgSO4, 2% Formaldehyde, 0.2% Triton-X-100) were pre-

warmed to 37°C prior to fixation for 10 minutes. Oocytes/zygotes were placed into pre-

permeabilisation solution for 5 seconds, and subsequently fixed for 25-30 minutes at 37°C. They were 

then washed three times in PBT (PBS with 0.3% Triton-X) and incubated overnight at 4°C for extraction 

and further permeabilisation. Cells were blocked in PBT-BSA (3-12% BSA) for 0.5-2 hours at room 

temperature, and incubated in primary antibodies either two hours at room temperature or overnight 

at 4°C. They were then washed three times through PBT-BSA before being incubated in the 

appropriate secondary antibodies and/or dyes at room temperature for 2 hours. Lastly, oocytes and 

zygotes were washed three times through PBT-BSA, followed by three times through PBS for imaging. 

All antibody and dye solutions were diluted in PBT-BSA as listed in table 5 below. Fixed oocytes were 

stored long-term in PBS with 0.03% sodium azide. 
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Table 5: Antibodies used for immunofluorescence. Table includes name used in this thesis (if applicable), host organism, 
supplier and product number, dilution used for immunofluorescence, and the exact epitope targeted or clone used, if known. 
Cyan: primary antibodies; Lavender: secondary antibodies; Beige: dyes and stains. 

 

Confocal microscopy of live and fixed cells 

Confocal imaging of live and fixed oocytes and zygotes was done using Zeiss LSM 800 or LSM 880 

systems mounted with 40X water immersion objectives, incubator boxes, Piezo stage adapters and 

inserts, and Argon lasers. All live imaging was performed at 37°C and ambient oxygen/carbon dioxide, 

imaging of fixed samples at room temperature. Oocytes were placed in small droplets of either M2 

medium (live) or PBS (fixed) covered in paraffin oil in glass-bottom dishes (MatTek), unless otherwise 

stated. For live imaging, fastest scanning speed and low laser settings (<0.1%) were used, with the 

exception of Airyscan imaging of actin probes. For fixed cells, slower scanning speeds, a smaller 

pinhole and higher z-resolution were used. Exact details of z-resolution and, where relevant, time 

resolution, are found in the figure legends. Laser settings were adjusted to signal strength, so that the 

signal was neither saturated nor underexposed.  

  

Target 

protein/species 

Name in 

thesis 

Host 

species 

Origin/Supplier Product 

Number 

Dilution used Epitope/Clone 

(if known) 

Formin-2 Ab-F1 Rabbit Gift from Eugen Kerkhoff N/A 1:50 N/A 

Formin-2 Ab-F2 Mouse Santa Cruz Sc-

376787 

1:50 Human Formin-

2 AA520-619 

Spire1 Ab-S1 Rabbit Gift from Eugen Kerkhoff N/A 1:50 Human Nup62 

AA24-178 

Spire2 Ab-S2 Rabbit Gift from Eugen Kerkhoff N/A 1:50 N/A 

Spire1/2 Ab-S3 Rabbit Gift from Eugen Kerkhoff N/A 1:50 N/A 

Rab11 Ab-R1 Rabbit Cell Signalling Technology 5589 1:50 Human Rab11 

N-terminal 

Rab11a Ab-R2 Rabbit Thermo Fisher 71-5300 1:50 Human Rab11a 

C-terminal 

Rab11a Ab-R3 Rabbit Abcam Ab65200 For tests: 

1:300-1:8000 

End dilution: 

1:2000 

Human Rab11a 

C-terminal 

α-rabbit IgG 

A488 

N/A Goat Thermo Fisher A11034 1:400 Rabbit IgG 

α-mouse IgG 

A488 

N/A Goat Thermo Fisher A11029 1:400 Mouse IgG 

α-mouse IgG 

A546 

N/A Goat Thermo Fisher A11003 1:400 Mouse IgG 

Hoechst 33342 

(DNA) 

N/A N/A Thermo Fisher 62249 1:1000 dsDNA 
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2.3 Image analysis, quantification and statistical analysis 

3D-tracking and quantitative analysis of pronuclear migration  

Analysis protocol for pronuclear migration tracking was optimised by Kathleen Scheffler 

(unpublished). For zygotes imaged using H2B-mCherry (DNA) and MyrGFP (membrane), cell surface 

and pronuclei were reconstructed in 3D using Imaris (Bitplane) software. Zygote shape was 

reconstructed based on MyrGFP signal of the membrane, using the Imaris Cell Module to make iso-

surfaces. Pronuclei position was tracked over time using the Imaris tracking function on iso-surfaces; 

pronuclei shape and identity were verified manually.  

The distance of pronuclei from centre of the zygote were calculated using the centres of homogenous 

mass in Microsoft Excel. Average velocities were calculated by first calculating instantaneous velocities 

for each pronucleus at each time point, and then averaging these values within a specified time 

interval, using Microsoft Excel.  

Time point of pronuclear formation for live imaging was defined as the last time point before the 

volume of the pronucleus increased significantly as DNA began decondensing. For the majority of 

experiments, this time point was set as time point 0, with the exception of when cytochalasin D or 

DMSO were added after onset of imaging, in which case time of drug addition was set as time point 

0. 

Quantification of Rab11a-positive vesicles 

In live-cell experiments of zygotes expressing mScarlet-Rab11a mRNA, vesicles were counted 

manually in the lower half of the zygote in ZEN Black software, using the “Event Marker” tool to mark 

spots counted. 

In fixed zygotes stained with Ab-R3, vesicles were first counted manually as above, and then counted 

automatically using IMARIS spot detection function. For this, a segment of 25 x 25 x 16.5 µm3 around 

the central plane of the cell, avoiding regions overlapping with pronuclear positions, was used as a 

region of interest of each zygote. As the pronuclei were larger and more central in later time points 

hpi, in some cases two regions of 17.73 x 17.73 x 16.5 µm3 were used. Spots were detected using the 

region growing option of the spot detection tool, using an estimated diameter of 0.3 µm, but using no 

volume or quality threshold, thus detecting all background spots. All volumes with the identical, 

smallest volume of 0.0283 µm3 were filtered out. The remaining spots were subsequently binned by 

size in Microsoft Excel, using bins of 1) >2 µm3, 2) >1 µm3 to ≤2 µm3, and 3) >0.5 µm3 to ≤1 µm3. 
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Figure preparation and calculation of statistics 

For confocal images, ZEN Black and ZEN Blue were used to create Maximum Intensity Projections / 

Orthogonal Projections, as well as to create subset files. Images for figures were then prepared in 

ImageJ; contrast settings were adjusted to show areas of interest, but identical contrast settings were 

used for images of the same cell over time, or different cells from the same experiment. Where noted 

in figure legends, a gaussian blur of 1 px was applied and scale bars added.   

In the results text, values are given as the arithmetic mean ± one standard deviation, calculated in 

Microsoft Excel and/or Graphad/Prism. For charts, graphs, and statistical analysis, data were imported 

into GraphPad/Prism. Statistical analysis consisted of the following tests: Unpaired, two-tailed t-tests 

with Welch’s correction when two groups of data were compared; One-Way ANOVA tests with Tukey’s 

multiple comparison test for three or more groups of data; Two-tailed Fisher’s exact test for 

contingency table (2x2) data. The resulting p-values were grouped as follows: not significant (n.s.) 

p>0.05; * p≤0.05, ** p≤0.01, *** p≤0.001. 
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3. RESULTS 

3.1 Overview 

My project goal was to investigate mechanisms of fast pronuclear migration of the male pronucleus 

in mouse zygotes, with a focus on the function of Rab11a vesicles and related actin nucleators. To 

achieve this, I first optimised various conditions for live and fixed cell imaging, and then conducted a 

variety of observational and functional experiments using these methods in mouse zygotes. Here, 

both the troubleshooting experiments and final quantitative experiments will be shown; while the 

latter experiments have each been repeated at least three times with identical conditions, the former 

troubleshooting experiments were usually repeated only once or twice. 

Due to complexity and timing of some experimental assays, and to keep number of animals used as 

low as possible, certain experiments were done together or in parallel with Kathleen Scheffler, which 

is always noted in the text and figure legends. To clearly distinguish between experiments that were 

solely my work and those conducted together, I will use “I” and “we” respectively in those sections. 

3.2 Rab11a is required for the early, fast migration of the male pronucleus 

In section 1.4 of the introduction, previous results from Kathleen Scheffler’s experiments were shown, 

in which she found that brefeldin A inhibited the initial fast migration of the male pronucleus. As 

brefeldin A inhibits coat protein recruitment and thus vesicle formation in a variety of cell types 

(reviewed by Pelham B, 1991), and has been shown previously to inhibit Rab11a vesicle formation and 

function in oocytes (Holubcová et al., 2013; Wang et al., 2008a), we wanted to test whether inhibition 

of Rab11a function would have the same effect as brefeldin A on the fast migration of the male 

pronucleus. We therefore expressed a dominant-negative form of Rab11a, Rab11aS25N fused to a SNAP 

domain, in mouse zygotes, and tracked their pronuclear migration using the imaging and analysis 

methods established previously by Kathleen Scheffler (see Introduction 1.4 and Methods 2.2). These 

results are shown in Figure 5.  

Indeed, we found that in the presence of the dominant-negative SNAP-Rab11aS25N protein, the male 

pronucleus migrated slower away from the cortex than when the wild-type SNAP-Rab11aWT was 

overexpressed at the same level. This can be seen in the live imaging panels shown in Figure 5A, where 

the cyan boxes highlight the position of the male pronuclei 30 minutes after pronuclear formation. 

While in the zygote expressing wild-type Rab11a, the male pronucleus formed at the cortex and 

quickly migrated several micrometres towards the centre, the male pronucleus in the zygote 

expressing dominant-negative SNAP-Rab11aS25N mRNA formed at the cortex and was unable to 

migrate quickly towards the centre. Instead it grew in size while still being in close proximity to the 
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cortex. At later time points, both the male and female pronuclei were able to migrate further towards 

the centre until nuclear envelope breakdown occurred.  

This migration is quantified in Figure 5B, where the trend described is quantitatively confirmed. The 

initial migration of the male pronucleus in the presence of SNAP-Rab11aS25N did not reach as close to 

the centre as in the zygotes in which the wild-type construct was expressed. In wild-type Rab11a 

expressing zygotes, the male pronuclei formed with a mean distance of 36.70 ± 1.95 µm from the 

centre; after 15 minutes, they had migrated to 28.98 ± 3.40 µm from the centre, and by 30 minutes 

to 24.58 ± 2.20 µm from the centre. Thus, in the first 30 minutes, they migrated an average of 

12.12 µm. On the other hand, in the presence of SNAP-Rab11aS25N, male pronuclei formed with a mean 

distance of 34.95 ± 1.83 µm from the centre of the zygote; after 15 minutes, they were still 

32.42 ± 1.46 µm from the centre (p<0.001 compared to wild-type, Welch’s t-test), and even after 30 

minutes they had not migrated past 30.11 ± 1.47 µm from the centre (p<0.001 compared to wild-type, 

Welch’s t-test), a mean migration of 4.84 µm in 30 minutes. At the last time point before nuclear 

envelope breakdown, the male pronucleus was on average 9.71 ± 1.73 µm from the centre in wild-

type Rab11a expressing zygotes, and 12.88 ± 3.61 µm in SNAP-Rab11aS25N mRNA expressing zygotes 

(p<0.001, Welch’s t-test). The female pronuclei shown on the right-hand side graph did not form as 

far from the centre (or close to the cortex) as the male pronuclei, whether wild-type or dominant-

negative Rab11a was expressed in the zygote. In the wild-type expressing group, the female pronuclei 

formed with a mean distance from the centre of 23.71 ± 2.90 µm, and before nuclear envelope 

breakdown had travelled to 10.67 ± 2.13 µm from the centre. In the dominant-negative group, the 

mean distance from the centre of the zygote at pronuclear formation was 23.71 ± 2.76 µm, and 

11.69 ± 3.19 µm at nuclear envelope breakdown, neither of which was significantly different from the 

wild-type. 

To further analyse these data in a more quantitative manner, the average velocities in different time 

frames were calculated and are shown in Figure 5C. Here, the same time frames showed a significant 

difference between wild-type and dominant-negative Rab11a-expressing zygotes for male and female 

pronuclei; namely, the first 30 minutes of migration, when the average velocity was slower for both 

male and female pronuclei in the dominant-negative group, and the time frame from four to six hours 

post nuclear envelope breakdown, when the average velocity was faster in the dominant-negative 

group. In the first 30 minutes, the male pronucleus moved at a mean velocity of 

0.40 ± 0.08 µm/minute towards the centre in the wild-type, and in the dominant-negative group the 

mean velocity was 0.16 ± 0.06 µm/minute (p<0.001, Welch’s t-test); the female pronucleus moved at 

a mean velocity of 0.10 ± 0.08  µm/minute in the wild-type and 0.027 ± 0.060 µm/minute in the 

dominant-negative group (p<0.001, Welch’s t-test). In the time frame four to six hours post pronuclear 
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formation, the male pronucleus showed an average velocity of 0.014 ± 0.014 µm/minute in the wild-

type, and 0.026 ± 0.015 µm/minute in the dominant-negative group (p<0.001, Welch’s t-test); the 

female pronucleus moved 0.014 ± 0.015 µm/minute in the wild-type, and 0.023 ± 0.019 µm/minute 

in the dominant-negative group (p=0.0155, Welch’s t-test). The remaining time frames did not show 

a significant difference between wild-type and dominant-negative Rab11a expression, neither for the 

male nor female pronuclei.  

Overall, these results indicate a role of Rab11a in the early stages of pronuclear migration. In 

particular, the male pronucleus was unable to migrate as fast away from the cortex in the first 

30 minutes when Rab11a function was perturbed; likely as a result of this, the male pronucleus was 

not as central by the time the nuclear envelope broke down as in wild-type cells. Quantification 

indicated that velocity of the female pronucleus was also significantly affected during the first 30 

minutes, although the pronuclei were able to reach the centre as in wild-type cells by the end. During 

one time frame during later migration of both male and female pronuclei, the velocity was increased 

significantly, possibly as the pronuclei still had more distance to migrate to the centre than in wild-

type-expressing zygotes by this point. Note that these experiments, which were done as part of 

training when I joined the project, were conducted a total of six times; one repetition of which was 

done by myself, the rest by Kathleen Scheffler.  

As the results of this experiment indicate that not only vesicle formation in general, but specifically 

Rab11a has a function during the early stage of pronuclear migration, my next goal was to investigate 

the localisation of Rab11a in both live and immunofluorescence imaging. 
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Figure 5: Rab11a is required for the early, fast migration of the male pronucleus. (A) Confocal images of live zygotes 
expressing wild-type SNAP-Rab11aWT or dominant-negative SNAP-Rab11aS25N mRNA, as well as MyrGFP (grey) as a 
membrane marker and H2B-mCherry (magenta) to visualise DNA. Cyan box highlights position of male pronucleus 30 minutes 

after pronuclear formation. Images taken every 15 minutes, every 3 µm throughout the zygote. PB = Polar body, ♂ = male 

pronucleus ♀ = female pronucleus. Images shown are maximum intensity projections of the z-planes with a 1 px Gaussian blur 
filter applied. Images taken on Zeiss LSM-880 confocal microscope. Scale bar = 20 µm. Time shown in hours:minutes relative 
to pronuclear formation. Representative images; total number of zygotes = 47 for SNAP-Rab11aWT, and 49 for SNAP-
Rab11aS25N from six experiments, where one repetition was conducted by myself, and the remaining five by Kathleen Scheffler; 
representative images are from my repetition. (B) Migration of female and male pronucleus over time. The live imaging data 
were reconstructed in 3D using IMARIS software, and the relative distance of each pronucleus from the centre of the zygote 
was calculated and plotted over time. In the left graph, migration of male pronucleus is shown, and on the right, the female, 
each comparing zygotes expressing SNAP-Rab11aWT mRNA (light cyan and light magenta respectively), and SNAP-Rab11aS25N 
mRNA (dark turquoise and dark purple respectively); dashed lines = one standard deviation. (C) Velocity of male (left) and 
female (right) pronucleus in different time frames. The mean velocity of each pronucleus for each time frame was calculated 
and plotted so that each dot represents one pronucleus; the mean of all pronuclei for each time frame was calculated and is 
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indicated by the black line with error bars signifying one standard deviation. The colour key is identical to (B). Note the 
differing y-axes for male and female pronuclei, and that the dotted black line shows where y=0. Shaded yellow area signifies 
time frame in which there is a significant difference between the SNAP-Rab11aWT and SNAP-Rab11aS25N groups. Statistical 
significance between conditions calculated with Unpaired, two-tailed t-test with Welch’s correction. * p≤0.05, ** p≤0.01, *** 
p≤0.001. 
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3.3 Rab11a-positive vesicles are present in the early, but not the late, mouse zygote 

Optimisation of Rab11a live imaging in mouse zygotes 

Before I joined the project, Kathleen Scheffler had imaged Rab11a live using EGFP-Rab11a mRNA in 

zygotes. Vesicles were visible, but the signal:noise ratio was not ideal; therefore, I cloned a new 

construct: pGEMHE-mScarlet-Rab11a, from which mScarlet-Rab11a mRNA was synthesised in vitro to 

be injected into and expressed in zygotes (see Methods 2.1 for cloning strategy), to see if this 

fluorophore would provide better images. I tested different concentrations of this new mRNA in 

zygotes in two preliminary experiments shown in Figure 6. MII oocytes were injected with different 

concentration of mScarlet-Rab11a mRNA, and imaged after fertilisation and before pronuclear 

formation, after a total of five hours of expression time. In the first experiment, I tested concentrations 

of 400 ng/µL and 300 ng/µL of the mRNA. In both zygotes shown, Rab11a-positive vesicles were clearly 

visible in the cytoplasm, as indicated by the cyan arrows. While setting up imaging I generally found 

that the Rab11a-positive vesicles were very dynamic in both number and size during this early zygotic 

stage. As can be seen in the images, the vesicles appeared brighter and larger in the zygote injected 

with 400 ng/µL mRNA concentration. However, as Rab11a is involved in many cellular processes, we 

wanted to keep overexpression to a minimum, while still allowing optimal imaging. Therefore, I 

decided to try even lower concentrations in the second experiment. In the images shown, brightness 

and contrast settings were kept the same for images taken together to allow fair comparison. 

Unfortunately, lower concentrations such as 200 ng/µL and 150 ng/µL made it very difficult to identify 

the Rab11a-positive vesicles above the noise, even with adjusted contrast settings; therefore, I 

decided to use the 300 ng/µL concentration in subsequent experiments. During these experiments, I 

also optimised laser power and other imaging settings such as pinhole and z-resolution to give a good 

signal while avoiding bleaching of the fluorescent protein, which I could then use in later experiments. 

For example, I first imaged the zygote every 1 µm in z in Experiment 1, then every 1.3 µm in 

Experiment 2, and eventually used a z-resolution of 1.5 µm for final experiments shown in later 

figures.  
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Figure 6: Optimisation of mScarlet-Rab11a mRNA concentration and imaging conditions for live-cell imaging of mScarlet-
Rab11a. Different concentrations of mScarlet-Rab11a (grey) were expressed in two separate experiments; note that different 
imaging conditions such as laser power and scale were used between the two experiments, but were kept the same within 
each experiment. The single plane shows a central plane of the zygote, while the z-projection is a projection of 10 planes 
around the centre with a Gaussian blur of 1 px. In Experiment 1, one z-plane was 1 µm thick, while in Experiment 2, one z-
slice corresponded to 1.3 µm. Representative images from each experiment are shown; a total of 7 zygotes were imaged per 
group in Experiment 1; in Experiment 2, 7 zygotes were imaged with 300 ng/µL, 5 zygotes with 200 ng/µL dilution, and 4 
zygotes with 150 ng/µL dilution. Images taken with a Zeiss LSM-800 confocal microscope. Scale bar = 20 µm.  

 

Live imaging of mScarlet-Rab11a in mouse zygotes  

Now that the mRNA concentration and imaging settings for live mScarlet-Rab11a imaging were 

optimised, mouse zygotes expressing mScarlet-Rab11a and H2B-mCherry mRNA could be imaged, to 

see how the presence and localisation of Rab11a-positive vesicles changed from fertilisation through 

pronuclear formation, migration, and up to nuclear envelope breakdown. The results from these 

experiments are shown in Figure 7.  

Zygotes were imaged from fertilisation until nuclear envelope breakdown, with image acquisition 

every 15 minutes, using the mRNA and imaging conditions optimised before. The results are shown in 

panel Figure 7A. The cyan boxes show regions of interest in the cytoplasm or other area of the cell, 

shown with higher magnification below each time point. mScarlet-Rab11a-positive vesicles were seen 

in the cytoplasm during early time points, before pronuclear formation and at pronuclear formation, 

but were no longer observed in the cytoplasm after the pronucleus had formed. In some zygotes, an 

mScarlet-Rab11a enrichment could be seen at the cortical region adjacent to the male pronucleus just 

as it was forming and migrating away from the cortex, here shown at time point 00:15. This was seen 

in 6/12 zygotes (50%) when imaging every 15 minutes with a z-resolution of 3 µm. After this early 

pronuclear migration, no vesicles were apparent in the cytoplasm until nuclear envelope breakdown. 

However, as expression levels increased and the signal became stronger and noisier, it also became 

more difficult to differentiate spots in the cytoplasm, and whether they were mScarlet-Rab11a-

positive vesicles, or simply background signal, as can be seen at the 6- and 10-hour time points. 

Next, the number of vesicles over time was quantified by manual counting. The fluorescent signal was 

clearer and brighter closer to the objective than at the ‘top’ of the zygote, as at the top of the zygote, 

there was more cytoplasm and its lipid granules between the imaging plane and the objective. For this 

reason, only the half of each zygote closest to the objective was used for manual counting. The results 

of this manual counting can be seen in Figure 7B. A clear trend was observed; vesicles were present 

from fertilisation, with a mean of 42.83 ± 14.17 vesicles counted in the half zygote; this increased 

around pronuclear formation to 105.70 ± 47.33 vesicles, and then decreased again to 18.08 ± 13.78 

vesicles within 30 minutes. Statistically, the increase from 30 minutes before pronuclear formation to 

the time point of pronuclear formation was significant (p<0.001, One-way Tukey’s ANOVA), as was the 
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drop from pronuclear formation to 30 minutes after (p<0.001, One-way Tukey’s ANOVA). After this 

time point, no statistically significant change was observed between subsequent time points anymore; 

only very few vesicles could be observed at the time points from 30 minutes to 5 hours. As mentioned 

above, the signal became stronger and noisier with time and to the human eye, no clear vesicles could 

be seen after 6 hours. 

An additional observation that was made was that MII oocytes, in contrast to fertilised zygotes, did 

not show clear Rab11a-positive vesicles, as seen in Figure 7C. As the experimental focus at this point 

was to image zygotes, this observation was not followed up further using live imaging. However, this 

difference was later quantified between MII oocytes and zygotes using immunofluorescence imaging; 

see Figure 12. 

These experiments showed that mScarlet-Rab11a-positive vesicles were present in fertilised zygotes, 

but not in MII oocytes, and that the number of vesicles observed peaked at the time point of 

pronuclear formation, and dropped to nearly zero soon after. Furthermore, in half of the zygotes 

imaged, an accumulation of mScarlet-Rab11a was seen adjacent to the forming male pronucleus. 

However, as these results were based on an overexpression of mScarlet-Rab11a, as well as manual 

counting for quantification, we wanted to confirm that the trend observed over time was also true of 

endogenous Rab11a-positive vesicles. For this, I next tested different antibodies for Rab11a, as well 

as for related Spire and Formin actin nucleators. 
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Figure 7: Live imaging of mScarlet-Rab11a from fertilisation to the first mitotic division. (A) Confocal images of a live, 
fertilised zygote expressing mScarlet-Rab11a (grey) and H2B-mEGFP (magenta) from pre-pronuclear (PN) formation stage, 
through PN formation (time point set as 0:00), PN migration, until nuclear envelope breakdown (NEBD); cyan boxes indicate 
region of interest zoomed in below each time point; cyan arrows indicate mScarlet-Rab11a-positive vesicles in cytoplasm, or 
in the case of 15 minutes post pronuclear formation, the accumulation of mScarlet-Rab11a in the cortical region adjacent to 
the forming male pronucleus. z-projection of 30x1.5 µm slices with Gaussian blur 1 px. Images taken with a Zeiss LSM-800 
microscope. Scale bar = 20 µm. Time shown in hours:minutes relative to pronuclear formation. Representative images of a 
total of 12 zygotes from3 experiments are shown. (B) Number of vesicles manually counted in half zygote over time. The 
bottom half of each zygote was used to manually count vesicles at each shown time point relative to time point of pronuclear 
formation, set as 0:00. Black error bar = one standard deviation. Statistical significance calculated using One-way ANOVA 
with Tukey’s multiple comparison test; * p≤0.05, ** p≤0.01, *** p≤0.001. (C) Confocal images of live MII oocyte and zygote 
expressing mScarlet-Rab11a (grey) and H2B-mEGFP (magenta); cyan boxes indicate region of interest zoomed in next to each 

zygote; cyan arrows indicate mScarlet-Rab11a-positive vesicles in cytoplasm of zygote. S = Spindle, PB = Polar body, ♂ = male 

pronucleus ♀ = female pronucleus. z-projection of 30x1.5 µm slices with Gaussian blur 1 px. Images taken with a Zeiss LSM-
800 microscope. Scale bar = 20 µm. 

 

Testing different antibodies for Rab11a and related Spire and Formin actin nucleators 

In the Department of Meiosis, several different antibodies against Formin-2, Spire1/2, and Rab11a/b 

were available; see Table 5 in the Methods section 2.2 for details. To see whether these antibodies 

could be useful for our experiments, I tested these antibodies in fixed GV oocytes, and for each 

antibody, oocytes were fixed in two different conditions; in wild-type control oocytes, and in those 

either lacking the protein of interest, or otherwise perturbing the function of the protein, so that a 

comparison would allow observation of a specific signal. In the case of Formin-2 antibody tests, 

oocytes were collected from mice with a 129/Sv background, either wild-type (Fmn2+/+) or Fmn2 

knock-out (Fmn2-/-) (Leader et al., 2002); a specific antibody should show a clear signal in the wild-type 

oocytes that is not present in the knock-out oocytes, as the target protein should not be present. In 

the case of Spire1/2 and Rab11a antibody tests, oocytes were collected from wild-type C57BL/J x 

CBA/J F1 mice, and incubated in either methanol or brefeldin A for one hour prior to fixation. For 

Spire1/2, brefeldin A has been reported to cause a decrease of Spire2-positive vesicles, and an 

increase of homogenous Spire2 levels in the cytoplasm of oocytes (Holubcová et al., 2013); a specific 

antibody would therefore be expected to stain vesicles in only the methanol-treated cells, and have 

an increased background in the brefeldin A-treated cells. For Rab11a, a decrease in the number of 

vesicles due to blocked vesicle formation has been described in oocytes treated with brefeldin A 

(Holubcová et al., 2013). Thus, a specific antibody would be expected to allow observation of vesicles 

in the cytoplasm of methanol-treated oocytes, which are decreased or absent in the brefeldin A-

treated oocytes. The fixation, staining and imaging protocol used can be seen in Methods section 2.2. 

Representative images are shown in Figure 8.  

For Formin-2, two different antibodies were tested. For Ab-F1, a signal was observed throughout the 

cytoplasm with a very dotted or noisy pattern. There was a difference between the control oocytes 

and those from the Fmn2-/- mice; the noisy signal appeared darker in the knock-out oocytes, and there 
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were also bright clusters in cytoplasm and around the cortex, indicated by the cyan arrows. However, 

no clear Formin-2-specific ‘nodes’ or other structures as described in live imaging of oocytes (Pfender 

et al., 2011) could be seen in this staining. For Ab-F2, the staining was less obvious in the cytoplasm, 

but very strong at the cortex. This cortical staining was decreased in Fmn2-/- oocytes, and clusters were 

seen in the cytoplasm, indicated by the cyan arrow in the lower Ab-F2 panels of Figure 8. This likely 

indicates a cortical localisation of Formin-2 in oocytes, but no specific cytoplasmic structures could be 

observed. Therefore, these Formin-2 antibodies were not used any further.  

In the case of Spire1/2, three different antibodies were tested. For Ab-S1, a fairly even signal was 

observed throughout the cytoplasm with a slightly stronger signal at the cortex, and no clear 

difference apparent between the methanol- and brefeldin A-treated oocytes, indicating this signal was 

not specific for Spire1 or Spire2. For Ab-S2 a more spot-like signal was observed throughout the 

cytoplasm, with no brighter signal at the cortex, and no clear difference between the methanol- and 

brefeldin A treated groups; possibly, the brefeldin A treated oocytes were slightly darker, but no clear 

Spire2-specific structures such as vesicles could be identified. For Ab-S3, there was an even signal 

throughout the cytoplasm, which was slightly stronger at the cortex. This was the same for methanol- 

and brefeldin A-treated oocytes, showing no cytoplasmic increase as reported (Holubcová et al., 

2013). However, in the methanol-treated group, some oocytes showed very small, weak spots in the 

cytoplasm (indicated by cyan arrow in upper Ab-S3 panels of Figure 8), which may correspond to 

Spire2-positive vesicles. However, these spots were small and hard to distinguish from the noise, and 

it was unclear if the signal was specific. Therefore, none of these Spire1/2 antibodies were used for 

further experiments. 

For Rab11a, three different antibodies were tested. For Ab-R1, bright spots were detected throughout 

the cytoplasm in both methanol- and brefeldin A-treated samples; in fact, the spots appeared brighter 

in the brefeldin A-treated samples, making it unlikely that it was Rab11a vesicles that were targeted 

by the antibody. For Ab-R2, again bright spots were seen throughout the cytoplasm, with a slight 

increase at the cortex. However, no difference was seen between methanol- and brefeldin A-treated 

oocytes, indicating that this signal was not specific to Rab11a vesicles. For Ab-R3, there was an evenly 

distributed background signal throughout the cytoplasm, which was brighter at the cortex, in both 

methanol- and brefeldin A-treated oocytes. However, only in methanol-treated cells were small 

vesicle-like spots detected in the cytoplasm, indicated by the cyan arrows in the upper Ab-R3 panels 

in Figure 8. These spots were not present in the brefeldin A-treated oocytes, and were thus likely to 

correspond to endogenous Rab11a-positive vesicles. Therefore, we decided to continue optimising 

the conditions for this antibody, to see if it could be used to confirm our results of the live imaging.  
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Figure 8: Antibody testing of Formin-2, Spire1/2, and Rab11a antibodies in GV oocytes. Confocal images of fixed GV oocytes 
stained with different antibodies for proteins of interest (grey) and Hoechst (DNA; magenta). For Formin-2 antibodies Ab-F1 
and Ab-F2, wild-type (Fmn2+/+) or Formin-2 knock-out (Fmn2-/-) oocytes were used. For Spire1/2 (Ab-S1, Ab-S2, and AbS3) and 
Rab11a (Ab-R1, Ab-R2, Ab-R3), oocytes were incubated in either methanol or brefeldin A for one hour prior to fixation. Cyan 
boxes indicate regions of interest amplified above/below; cyan arrows indicate structures of interest inside the oocyte. All 
antibodies were diluted 1:50 for these tests. Images are z-projections of 25x1 µm slices around the centre of the zygote. 
Images taken with a Zeiss LSM-880 microscope. Scale bar = 20 µm.  Representative images are shown; a total of 10-15 zygotes 
were stained for each Formin-2 antibody and condition, and 3-5 oocytes were used for each Spire1/2 and Rab11a antibody 
and condition, though only 1-2 representative oocytes were imaged of each. Further information about the antibodies can be 
found in table 5. 

 

Optimising Rab11a immunofluorescence staining and imaging conditions in mouse zygotes 

As the Rab11a antibody Ab-R3 showed specific staining in GV oocytes, but also a strong cortical 

staining, my next goal was to optimise the conditions in mouse zygotes. The different steps of 

optimisation are shown in Figure 9.  

The first step was to test different antibody concentrations, to see if a lower concentration would 

avoid the cortical staining while still allowing visualisation of the Rab11a-positive vesicles. This was 

done in two separate experiments, shown in Figure 9A. In the first experiment, zygotes were fixed 

4 hpi, blocked in 3% BSA in PBT, and subsequently stained with Ab-R3 dilutions ranging from 1:300 to 

1:2000. The first observation was that Rab11a-positive vesicles were also observed in the cytoplasm 

of mouse zygotes, as in GV oocytes shown in Figure 8, indicated by the cyan arrows. The cortical 

staining seen in GV oocytes when using a 1:50 dilution was still present at 1:300 and 1:600 in mouse 

zygotes, with Rab11a-positive vesicles also visible in the cytoplasm. The cortical staining decreased in 

dilutions past 1:1000, with Rab11a-positive vesicles still visible in the cytoplasm. However, at these 

concentrations, very small spots were also visible throughout the cytoplasm, and it is unclear whether 

these spots correspond to smaller Rab11a-positive vesicles, or a non-specific background signal. Also 

note that the sperm tail, sometimes present at the zygote’s cortex or in the cytoplasm, was also 

strongly stained with the antibody, and was therefore sometimes seen in the images. 

To see if dilutions past 1:2000 improved this signal, in Experiment 2, zygotes were fixed 3.5 hpi. This 

was done instead of 4 hpi, as in the last experiment, it was observed that some pronuclei had already 

formed at 4 hpi, and for fair comparison, all zygotes should be in the pre-pronuclear stage. The zygotes 

were stained with Ab-R3 dilutions 1:2000, 1:5000, and 1:10000. While there were still bright Rab11a-

positive vesicles present in the 1:2000 group as in the first experiment, the 1:5000 and 1:10000 

dilutions resulted in dimmer spots while still maintaining the smaller spots in the background, making 

it more difficult to distinguish clear vesicles. Therefore, a dilution of 1:2000 was used for subsequent 

experiments. 
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Next, other parameters relating to the fixation, blocking and staining of the oocytes were tested, as 

shown in Figure 9B. For this, zygotes were fixed 3.5 hpi with or without pre-permeabilisation in 0.25% 

Triton-X, blocked in 3%, 6% or 9% BSA/PBT solution, and the secondary antibody used was either α-

rabbit A546 or α-rabbit A488. To cut down on conditions, the 3% and 9% BSA groups were stained 

with the α-rabbit A546 secondary antibody, while the 6% BSA groups were stained with α-rabbit A488. 

Rab11a-positive vesicles were visible in the cytoplasm of each group, but certain conditions were 

found to be favourable over others. First of all, the A488 fluorophore resulted in more small bright 

spots in the background compared to both the 3% and 9% BSA groups stained with A546, making the 

large vesicles harder to identify. For this reason, A546 was preferred as a secondary antibody 

fluorophore over A488. The higher BSA concentration (9%) in the blocking solution further reduced 

the small spots in the background compared to the 3% solution, making the bright vesicles stand out 

more. The pre-permeabilisation had little obvious effect in the A546 groups, though it did reduce some 

background signal in the A488 group. As it did not have a negative effect, we decided to continue to 

use pre-permeabilisation. 

The result of the final conditions used for Rab11a immunofluorescence imaging are shown in 

Figure 9C. This zygote was fixed 2 hpi, and is one zygote from an experiment also shown in Figure 11. 

As mentioned above, pre-permeabilisation was used prior to fixation, and the A546 fluorophore was 

used for the secondary antibody. One additional change was made compared to what was optimised 

in Figure 9B – the BSA concentration in the blocking solution was further increased to 12%, which 

resulted in an even better signal:noise ratio, as the vesicles appear very bright against an almost black 

background, though some small spots remain. These are the conditions used for all subsequent 

staining. 
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Figure 9: Optimisation of Rab11a immunofluorescence staining and imaging conditions. (A) Optimisation of Ab-R3 
concentration in mouse zygotes. Zygotes were fixed 4 hpi (Experiment 1) and 3.5 hpi (Experiment 2), and subsequently stained 
using different dilutions of Ab-R3 (grey) and Hoechst (DNA; magenta) in two separate experiments. Cyan boxes indicate 
regions of interest amplified below; cyan arrows indicate Rab11a-positive vesicles inside the cytoplasm. Images are z-
projections of 17x1.5 µm slices (25.5 µm total) around the centre of the zygote. Images taken with a Zeiss LSM-880 
microscope. Scale bar = 20 µm. Representative images are shown, 2-3 zygotes were imaged per condition. (B) Optimisation 
of fixation, blocking and staining conditions. Zygotes were fixed 3.5 hpi and stained with Ab-R3 (grey) and Hoechst (DNA; 
magenta) with different conditions; they were either pre-permeabilised in 0.25% Triton-X or not, then blocked in either 3%, 
6% or 9% BSA in PBT, and the fluorophore used in the secondary antibody was either A546 (for 3% and 9% BSA) or A488 (for 
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6% BSA). Cyan boxes indicate regions of interest amplified below; cyan arrows indicate Rab11a-positive vesicles inside the 
cytoplasm. Images are z-projections of 17x1.5 µm slices (25.5 µm total) around the centre of the zygote. Images taken with 
a Zeiss LSM-800 microscope. Scale bar = 20 µm. Representative images are shown, 3-5 zygotes were imaged per condition. 
(C) Final conditions used for subsequent Rab11a immunofluorescence staining and imaging. Zygotes were pre-permeabilised 
and fixed 2 hpi, blocked in 12% BSA, stained with Ab-R3 (grey) at a dilution of 1:2000 as well as Hoechst (DNA; magenta), and 
the A546 fluorophore secondary antibody was used. Cyan boxes indicate regions of interest amplified below. The single plane 
shows the central plane of the zygote; z-projections is of 17x1.5 µm slices (25.5 µm total) around the centre of the zygote. 
Images taken with a Zeiss LSM-880 microscope. Scale bar = 20 µm. Representative image is shown, a total of 8 zygotes were 
imaged in this group as part of an experimental series repeated 3 times for quantifications shown in Figure 11. 

 

Confirming co-localisation of Rab11a antibody staining and Rab11a-GFP in fixed zygotes 

Now that the conditions for Rab11a immunofluorescence were optimised, I wanted to confirm that 

the Rab11a-positive vesicles seen in live imaging by overexpression of mRNA corresponded to the 

vesicles observed in the immunofluorescence staining images. Furthermore, I wanted to see if the 

same accumulation that was seen in the cortical region adjacent to the male pronucleus when imaging 

mScarlet-Rab11a, as seen in Figure 7, could be observed by immunofluorescence staining. As the A561 

laser was used to excite the A546 fluorophore of the secondary antibody, live zygotes expressing 

EGFP-Rab11a mRNA (as opposed to mScarlet-Rab11a) were observed under the confocal microscope 

after fertilisation, in individual oil-covered medium droplets on the imaging dish. As soon as the EGFP-

Rab11a accumulation could be seen adjacent to the male pronucleus in a zygote, this cell was pre-

permeabilised and fixed immediately. The zygotes were then stained for Rab11a as optimised, and 

imaged. These results are seen in Figure 10, with two examples shown.  

In Example 1, a z-projection of 17x1.5 µm around the centre of the zygote is shown. EGFP spots could 

still be observed in the cytoplasm, co-localising with the antibody signal, as indicated by the cyan 

arrows. This confirms that the “Rab11a-positive vesicles” are the same structures in live imaging using 

mRNA expression, and immunofluorescence using Ab-R3; however, it does not exclude possible side 

effects of overexpression of the mRNA.  

In Example 2, a single plane of a zygote is shown in which the male pronucleus was forming at the 

cortex, and appeared to be in the stage in which mScarlet-Rab11a accumulation adjacent to the 

forming male pronucleus would have been observed in the region of interest (cyan box). No Rab11a-

positive signal was observed in this region, whether from the Ab-R3 antibody, or the fixed EGFP. 

However, as the EGFP was also maintained in the cytoplasm in this example, as seen in the region of 

interest marked by the magenta box and the cyan arrows, it is possible that this is a consequence of 

the fixation and permeabilisation, which may disrupt membrane structures, including a potential 

Rab11a accumulation in the cortex. The fixation methods were not optimised further to confirm this 

localised, cortical accumulation in fixed cells, and we instead later focused on further live imaging and 

functional approaches. 
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Now that the antibody was confirmed to stain the same cytoplasmic vesicles as observed in live 

imaging, I wanted to confirm the trends observed in Figure 7, where vesicle number peaked around 

time of pronuclear formation, using immunofluorescence. 
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Figure 10: Co-localisation of EGFP-Rab11a and Rab11a immunofluorescence staining. Zygotes expressing EGFP-Rab11a 
mRNA were observed under a confocal microscope, and fixed at the time point of pronuclear formation, during which an 
accumulation of EGFP-Rab11a was observed adjacent to the male pronucleus. Fixed zygotes were stained with Ab-R3-A546 
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(grey in left panels, red in right merged panels) and Hoechst (DNA; magenta in right merged panels), and these were imaged 
together with the fixed EGFP-Rab11a (grey in middle panels, cyan in right merged panels). Cyan and magenta boxes indicate 
regions of interest in the cytoplasm or at cortex zoomed-in above/below; cyan arrows indicate Rab11a-positive vesicles inside 
the cytoplasm. Example 1 shows a z-projection of 17x1.5 µm slices (25.5 µm total) around the centre of the zygote; example 
2 shows a single plane at which the forming male pronucleus is visible. Images taken with a Zeiss LSM-880 microscope. Scale 
bar = 20 µm. Two representative examples of a total of seven zygotes from one experiment are shown. 

 

Immunofluorescence staining of Rab11a in zygotes at different time points after insemination 

In Figure 7, live imaging of mScarlet-Rab11a revealed that Rab11a-positive vesicles appeared at 

fertilisation, increased at pronuclear formation, and decreased again. I now wanted to confirm these 

results using the optimised Rab11a immunofluorescence staining. For this, zygotes were fixed at 

different time points after insemination and stained for Rab11a using Ab-R3. These results are seen in 

Figure 11. It is important to note that for the live imaging results seen in Figure 7, it was possible to 

set the time point of pronuclear formation for each zygote as time point 0, and therefore see the 

dynamics of Rab11a-positive vesicles relative to pronuclear formation. However, for these fixation 

experiments, fixations were done relative to the time of insemination, not pronuclear formation. 

While no pronuclei had formed in the 2 hpi and 3 hpi groups, pronuclei began forming anywhere 

between 3.5 hpi and 5.5 hpi, resulting in heterogenous populations of zygotes in the 4 hpi and 5 hpi 

groups; after 6 hpi, all zygotes had formed pronuclei.  

In Figure 11A, representative images from three experiments are shown. At 2 hpi, the zygote was 

freshly fertilised, and no polar body had formed yet. Rab11a-positive vesicles were already clearly 

visible in the cytoplasm, as seen in the magnified region of interest. At 3 hpi, the polar body extrusion 

had usually occurred, and a similar number of vesicles was seen in the cytoplasm as at 2 hpi. At 4 hpi, 

when some pronuclei began to form, the cytoplasm was filled with many Rab11a-positive vesicles, 

more than observed at 2 hpi and 3 hpi. At 5 hpi, the zygotes showed very heterogenous results, and 

therefore two representative examples are shown. In the first, the pronuclei were only just forming, 

and many vesicles were seen in the cytoplasm. In the second, the pronuclei had already formed, and 

only very faint spots were seen in the cytoplasm. After this time point, no more or only very few clear 

vesicles could be detected in the cytoplasm. This qualitative trend – that vesicles increase up to 

pronuclear formation, then decrease in number to near zero – was the same as observed in live 

imaging of mScarlet-Rab11a (Figure 7). 

Next, these results were quantified. At first, a manual counting approach of the bottom half of the 

zygote was used, as was done for the live imaging; the results are seen in Figure 11B. Indeed, this 

quantification confirmed the same trend with similar values as counted in the live imaging shown in 

Figure 7. A One-Way ANOVA test was done to identify statistical significance of this dataset, which 

revealed a significant difference between groups overall (p<0.001); Tukey’s multiple comparison test 
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allowed further comparison between the different time points. Before pronuclear formation, a mean 

number of 28.24 ± 10.62 vesicles were counted at 2 hpi, and 35.53 ± 23.59 vesicles were counted at 

3 hpi, which did not show significant difference (p>0.05, One-way Tukey’s ANOVA). From 3 hpi to 

4 hpi, there was a significant increase to a mean of 99.38 ± 50.68 vesicles (p<0.001, One-way Tukey’s 

ANOVA). The decrease from 4 hpi to 5 hpi to 57.09 ± 62.62 was also statistically significant (p<0.001, 

One-way Tukey’s ANOVA), and the high standard deviation at 5 hpi reflects the fact that the zygotes 

at this time point were in different stages relative to pronuclear formation. The further drop from 

5 hpi to 6 hpi to 18.13 ± 27.05 vesicles manually counted per half zygote was statistically significant 

(p<0.01, One-way Tukey’s ANOVA). After 6 hpi, no statistically significant change was observed 

between subsequent time points anymore; only very few vesicles could be observed in these time 

points, if any. These results are very similar to those seen in the live imaging experiments, as Rab11a-

positive vesicles increased from fertilisation to pronuclear formation, and decreased again afterwards 

to near zero. However, there were several issues with the manual counting approach, as a possible 

bias was difficult to exclude; the samples could not be counted ‘blindly’ as the stage of pronuclear 

formation and migration was always obvious to the counter. Also, while no more large, bright spots 

were seen in most zygotes after pronuclear formation, some faint spots remained, and it was unclear 

how to classify these in the manual count. For this reason, I optimised automatic spot detection using 

IMARIS Software. 

The exact settings used for the IMARIS Spot detection can be found in Methods Section 2.3. In short, 

a section of 25x25x16.5 µm (x, y, z respectively) around the centre of the zygote was analysed in 

IMARIS. All spots were first detected, regardless of volume. As the software detected background 

noise as spots that all had the same volume of 0.0283 µm3, these minimum-volume spots were filtered 

out. What was left were spots ranging from 0.037 µm3 to the largest spot detected at 26.13 µm3. The 

total number of spots detected for each time point of fixation are shown in Figure 11C. Over 300 spots 

were detected at each time point, both before, during, and after pronuclear formation, even when no 

Rab11a-positive vesicles could be seen with the human eye. It is likely that this was due to the spot-

like background signal of the antibody, and therefore, further sorting was necessary.  

These spots were next binned according to volume, as can be seen in Figure 11D. The largest bin pool, 

>2 µm3, was chosen based on the largest and brightest Rab11a-positive vesicles, very obvious to the 

human eye. The next bin pool, >1 µm3 to ≤2 µm3, was chosen as the group still visible to the human 

eye, but not as clearly, and thus may have on occasion been missed in the manual count. The smallest 

bin pool, >0.5 µm3 to ≤1 µm3, included the group of vesicles that were difficult to classify in the manual 

count as they were only marginally brighter or larger than background spots. As seen in the resulting 

bar chart, the trend observed in all of these binned groups is very similar to what was seen in the 
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manual count of same fixed cells shown in Figure 11B as well as the live imaging manual count in 

Figure 7, though due to a smaller volume of the zygote used for this quantification, the exact values 

are lower. None of the groups show a significant difference between the 2 hpi and 3 hpi groups 

(p>0.05, One-way Tukey’s ANOVA). Between 3 hpi and 4 hpi, all groups show a statistically significant 

increase; the largest group of spots, >2 µm3, increase from a mean of 5.95 ± 4.62 spots at 3 hpi to 

15.58 ± 8.11 spots at 4 hpi (p<0.001, One-way Tukey’s ANOVA); the middle group of spots, >1 µm3 to 

≤2 µm3, sees an increase in the mean number of spots from 6.68 ± 4.11 spots to 13.50 ± 5.03 spots 

(p<0.01, One-way Tukey’s ANOVA); the group of spots ranging in volume from >0.5 µm3 to ≤1 µm3 also 

show a statistically significant increase from 13.32 ± 8.39 spots at 3 hpi to 21.38 ± 9.38 spots at 4 hpi 

(p<0.05, One-way Tukey’s ANOVA). While the smaller two groups do not show a significant difference 

between the 4 hpi and 5 hpi groups, there is a difference seen in the group of spots above a volume 

of 2 µm3, which decreases to 8.32 ± 11.29 spots (p<0.01, One-way Tukey’s ANOVA). Between 5 hpi 

and 6 hpi, all groups show a significant drop in number of spots detected; the largest group of spots, 

>2 µm3, decrease to a mean of 1.86 ± 4.26 spots at 6 hpi (p<0.01, One-way Tukey’s ANOVA); the 

middle group of spots, >1 µm3 to ≤2 µm3, sees a decrease in the mean number of spots from 

12.14 ± 12.84 spots at 5 hpi to 5.48 ± 4.63 spots at 6 hpi (p<0.01, One-way Tukey’s ANOVA); the group 

of spots from >0.5 µm3 to ≤1 µm3 show a significant drop from 27.14 ± 12.83 spots at 5 hpi to 

15.90 ± 9.01 spots at 6 hpi (p<0.001, One-way Tukey’s ANOVA). This smallest group of spots is the only 

one to show a further significant drop between 6 hpi and 8 hpi, down to 7.43 ± 8.05 spots detected 

(p<0.05, One-way Tukey’s ANOVA); between 8 hpi and 10 hpi, none of the binned groups of spots 

show any statistically significant difference.  

Overall, the results in all of these volume groups resemble the trend from the manual count of both 

fixed and live cells shown previously. It is, of course, possible that this analysis method and binning 

still excluded smaller spots that were true Rab11a-positive vesicles, or even included some spots that 

were not true vesicles. Therefore, we cannot exclude the possible existence of smaller Rab11a-positive 

vesicles, nor assume that all spots detected, especially those in the smallest volume group, reflect true 

Rab11a-positive vesicles. Therefore, we cannot be certain if the number of vesicles counted in the 

region of interest is exact. However, as this automatic counting confirms the same trend already seen 

with the human eye, it is likely that the overall trend is true. 

Next, I wanted to use this optimised staining and imaging to confirm the difference in vesicle number 

between MII oocytes and fertilised zygotes, as well as to investigate how the two different Rab11a 

perturbation methods used previously – brefeldin A and the dominant-negative Rab11aS25N – affected 

the endogenous levels of these Rab11a-positive vesicles in zygotes.  
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Figure 11: Immunofluorescence staining and quantification of Rab11a-positive vesicles in zygotes at different time points 
after insemination. (A) Confocal images of zygotes fixed at different time points, stained with Rab11a-Ab-R3 (grey) and 
Hoechst (DNA; magenta); cyan boxes indicate region of interest zoomed in next to each zygote. z-projection of 17x1.5 µm 
slices. Images taken with a Zeiss LSM-880 microscope. Scale bar = 20 µm. Representative images from a total of 3 experiments 
are shown; n-numbers for each time point are shown under the respective bar. (B) Number of vesicles manually counted in 
half zygote over time. The bottom half of each zygote was used to manually count vesicles. Black error bar = one standard 
deviation. Statistical significance between time points calculated using One-way ANOVA with Tukey’s multiple comparison 
test; * p≤0.05, ** p≤0.01, *** p≤0.001. (C) Total number of spots above a volume of 0.0283 µm3 detected in a 25x25x16.5 µm3 
central volume of each zygote, automatically detected using IMARIS Spot detection function. Black error bar = one standard 
deviation. (D) Results from (C) were binned according to volume of detected spots into three categories; >2 µm3 (dark cyan), 
>1 µm3 to ≤2 µm3 (medium cyan) and >0.5 µm3 to ≤1 µm3 (light cyan). Black error bar = one standard deviation. Statistical 
significance between time points calculated using One-way ANOVA with Tukey’s multiple comparison test; * p≤0.05, ** 
p≤0.01, *** p≤0.001. 

 

Rab11a-positive vesicles are absent in MII oocytes and zygotes with perturbed Rab11a function 

Now that Rab11a antibody staining and subsequent automatic spot quantification had been 

optimised, I wanted to confirm an observation made but not quantified with live imaging of mScarlet-

Rab11a in Figure 7; that MII oocytes contained no (or only few) Rab11a-positive vesicles, compared 

to vesicle-containing early zygotes. The results of this are shown in Figure 12A and B. Fixed MII oocytes 

along with zygotes fixed 3 hpi were stained with Rab11a-Ab-R3 (grey) and Hoechst (DNA; magenta). 

After imaging, spots were automatically detected and binned as for Figure 11; representative images 

from 3 experiments are seen in Figure 12A, and the quantification in Figure 12B. As is evident in both 

the images shown and from the quantification, MII oocytes had significantly fewer spots in all specified 

volume groups than zygotes 3 hpi. For the largest spot volume group of >2 µm3, no vesicles were 

detected in any MII oocytes, while a mean of 6.26 ± 4.94 vesicles were detected in the zygotes 

(p<0.001, Welch’s t-test). In the medium spot volume group of >1 µm3 to ≤2 µm3, again zero vesicles 

were detected in the MII oocytes, while 6.70 ± 4.12 spots of this volume were detected in the zygote 

(p<0.001, Welch’s t-test). In the smallest volume group of >0.5 µm3 to ≤1 µm3, 3.07 ± 2.72 spots were 

detected in the MII oocyte, and 14.22 ± 7.37 were detected in the zygote (p<0.001, Welch’s t-test). 

This confirms the side observation made in live imaging of mScarlet-Rab11a that the large Rab11a-

positive vesicles seen in early zygotes are not present prior to fertilisation.  

In this project, two functional approaches to disrupting Rab11a function were used; first of all, 

brefeldin A was used previously by Kathleen Scheffler, and was also used for my part of the project 

later on. Secondly, expression of a dominant-negative Rab11a variant, S25N, was used as an alternate 

way to disrupt Rab11a function. Both of these methods have been previously described to disrupt 

Rab11a localisation in oocytes expressing fluorescently tagged Rab11a imaged live (Holubcová et al., 

2013), but this had not been confirmed in zygotes, and not looking at endogenous Rab11a levels using 

immunofluorescence as opposed to overexpression of mRNA. Therefore, the effect of brefeldin A 

(Figure 12C and D) and expression of SNAP-Rab11aS25N mRNA (Figure 12E and F) on Rab11a-positive 
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vesicles detected in immunofluorescence was tested. For this, zygotes incubated in methanol or 

brefeldin A, or expressing wild-type or dominant-negative SNAP-Rab11a mRNA, were fixed 3 hpi, then 

stained, imaged and analysed as established. 

In Figure 12C, representative images from 3 experiments treating zygotes with methanol or brefeldin 

A are shown. While Rab11a-positive vesicles were present in the cytoplasm of the methanol-treated 

zygotes, no such bright spots were observed in the brefeldin A-treated zygotes. The quantification 

shown in Figure 12D confirms this; all three groups of spots with different volumes were decreased 

significantly in the brefeldin A group. For the largest spot volume group of >2 µm3, a mean of 

6.26 ± 4.94 spots were detected in the methanol-treated zygotes, compared to 0.04 ± 0.21 spots in 

brefeldin A-treated zygotes (p<0.001, Welch’s t-test). In the medium spot volume group of >1 µm3 to 

≤2 µm3, 6.70 ± 4.12 spots of this volume were detected in the methanol-treated zygotes, compared 

to 0.30 ± 0.63 spots in the brefeldin A-treated zygotes (p<0.001, Welch’s t-test). In the smallest volume 

group of >0.5 µm3 to ≤1 µm3, a mean of 14.22 ± 7.37 spots were detected in the methanol-treated 

zygotes compared to 6.09 ± 5.42 in the brefeldin A-treated zygotes (p<0.001, Welch’s t-test).  

In Figure 12E, representative images from 3 experiments with zygotes expressing either wild-type 

SNAP-Rab11aWT or dominant-negative SNAP-Rab11aS25N mRNA are shown. As in methanol-treated 

zygotes, Rab11a-positive vesicles were visible in the cytoplasm of the zygotes expressing SNAP-

Rab11aWT, but no such bright spots were seen in the SNAP-Rab11aS25N expressing zygotes. The 

quantification shown in Figure 12F shows that all three groups of spots with different volumes were 

decreased significantly in the dominant-negative group. For the largest spot volume group of >2 µm3, 

a mean of 9.65 ± 6.44 spots were detected in the zygotes expressing wild-type Rab11a, compared to 

0.05 ± 0.21 spots in zygotes expressing dominant-negative Rab11a (p<0.001, Welch’s t-test). In the 

medium spot volume group of >1 µm3 to ≤2 µm3, 7.13 ± 4.22 spots of this volume were detected in 

the SNAP-Rab11aWT expressing zygotes, compared to 0.27 ± 0.77 spots in the SNAP-Rab11aS25N-

expressing zygotes (p<0.001, Welch’s t-test). In the smallest volume group of >0.5 µm3 to ≤1 µm3, a 

mean of 12.17 ± 7.30 spots were detected in the wild-type Rab11a zygotes compared to 1.05 ± 2.59 

in the dominant-negative group (p<0.001, Welch’s t-test). 

These results indicate that treatment with brefeldin A and expression of SNAP-Rab11aS25N mRNA, 

which both disrupt the early fast migration of the male pronucleus, disrupt the same Rab11a-positive 

vesicles that we detect in our early zygotes, but were not detected in later zygotes or in MII oocytes. 

Finally, all of these observations support the statement made previously that the spots detected with 

a volume of >0.5 µm3 to ≤1 µm3 were likely a mixture of true Rab11a-positive vesicles and some non-

specific background spots. There was a statistically significant difference between the perturbed and 
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control cells as well as MII oocytes and zygotes, indicating that a large portion of spots detected in this 

group were biologically relevant in this process. However, while in MII oocytes, no spots of the larger 

volumes were found, the number of these small spots detected was not zero, making it possible that 

some background spots are being detected with this size. However, it still cannot be excluded that 

these spots are smaller Rab11a-positive vesicles which are indeed present in MII oocytes and are 

resistant to brefeldin A and Rab11aS25N perturbation. 

After these different immunofluorescence experiments, the next focus of the project was to continue 

optimising live imaging of Rab11a and other structures in higher temporospatial resolution, to further 

investigate its possible role in early pronuclear migration. 
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Figure 12: Immunofluorescence staining of MII oocytes, brefeldin A-treated and SNAP-Rab11aS25N-expressing mouse 
zygotes. (A) Confocal images of fixed MII oocytes and zygotes 3 hpi stained with Rab11a-Ab-R3 (grey) and Hoechst (DNA; 
magenta); cyan boxes indicate region of interest zoomed in below each zygote. z-projection of 17x1.5 µm slices. Images taken 
with a Zeiss LSM-800 microscope. Scale bar = 20 µm. Representative images from a total of 3 experiments are shown; n-
numbers for each condition are shown under the respective bar. (B) Vesicles in MII oocytes and zygotes 3 hpi were 
automatically detected using IMARIS spot detection function and were binned according to volume of detected spots into 
three categories; >2 µm3 (dark cyan), >1 µm3 to ≤2 µm3 (medium cyan) and >0.5 µm3 to ≤1 µm3 (light cyan). Black error bar 
= one standard deviation. Statistical significance between conditions calculated with Unpaired, two-tailed t-test with Welch’s 
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correction; * p≤0.05, ** p≤0.01, *** p≤0.001. (C) Confocal images of fixed zygotes 3 hpi treated with either methanol or 
brefeldin A, stained with Rab11a-Ab-R3 (grey) and Hoechst (DNA; magenta); cyan boxes indicate region of interest zoomed 
in below each zygote. z-projection of 17x1.5 µm slices. Images taken with a Zeiss LSM-800 microscope. Scale bar = 20 µm. 
Representative images from a total of 3 experiments are shown; n-numbers for each condition are shown under the respective 
bar. (D) Vesicles in zygotes treated with methanol and brefeldin A were automatically detected using IMARIS spot detection 
function and were binned according to volume of detected spots into three categories; >2 µm3 (dark cyan), >1 µm3 to ≤2 µm3 
(medium cyan) and >0.5 µm3 to ≤1 µm3 (light cyan). Black error bar = one standard deviation. Statistical significance between 
conditions calculated with Unpaired, two-tailed t-test with Welch’s correction; * p≤0.05, ** p≤0.01, *** p≤0.001. (E) Confocal 
images of fixed zygotes 3 hpi expressing either SNAP-Rab11aWT or SNAP-Rab11aS25N mRNA, stained with Rab11a-Ab-R3 (grey) 
and Hoechst (DNA; magenta); cyan boxes indicate region of interest zoomed in below each zygote. z-projection of 17x1.5 µm 
slices. Images taken with a Zeiss LSM-800 microscope. Scale bar = 20 µm. Representative images from a total of 3 experiments 
are shown; n-numbers for each condition are shown under the respective bar. (F) Vesicles in zygotes expressing wild-type or 
dominant-negative Rab11a were automatically detected using IMARIS spot detection function and were binned according to 
volume of detected spots into three categories; >2 µm3 (dark cyan), >1 µm3 to ≤2 µm3 (medium cyan) and >0.5 µm3 to ≤1 µm3 
(light cyan). Black error bar = one standard deviation. Statistical significance between conditions calculated with Unpaired, 
two-tailed t-test with Welch’s correction; * p≤0.05, ** p≤0.01, *** p≤0.001.  
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3.4 Rab11a and actin nucleators accumulate adjacent to the forming male pronucleus 

Live imaging of mScarlet-Rab11a in high temporospatial resolution at the forming pronuclei 

In Figure 7, three observations were made: Firstly, that MII oocytes did not contain large Rab11a-

positive vesicles as observed in zygotes; secondly, that these Rab11a-positive vesicles were present 

from fertilisation until shortly after pronuclear formation, when they peaked; and thirdly, that in some 

zygotes, an accumulation of mScarlet-Rab11a was seen at the cortical region adjacent to the forming 

male pronucleus. The former two observations were able to be confirmed by immunofluorescence in 

the last sections, while the latter was not confirmed in zygotes fixed at the time point of pronuclear 

formation (shown in Figure 10). This could have been for two reasons; either, this accumulation was 

real and possibly functional, but simply was not maintained under the fixation and permeabilisation 

protocol we used; or, it was a possible artefact of mRNA overexpression. Therefore, the rest of this 

thesis focused on finding alternative ways to investigate this accumulation, with a variety of 

observational and functional techniques. 

First of all, I wanted to better characterise the mScarlet-Rab11a accumulation seen when imaging 

mScarlet-Rab11a by imaging it with a higher temporospatial resolution. In Figure 7, whole zygotes 

were imaged with a z-resolution of 3 µm and time resolution of 15 minutes. Now, I wanted to optimise 

imaging settings to visualise the area surrounding the forming male pronucleus, in particular the 

cortical region directly overlaying it, and also compare this to the area surrounding the forming female 

pronucleus. For this, regions of 46.98 x 46.98 µm, zoomed into the pronuclei of zygotes expressing 

mScarlet-Rab11a mRNA, were imaged every 3 minutes with a z-resolution of 1.5 µm. A few difficulties 

were encountered during this optimisation. First of all, the best way to see this cortical region and 

enrichment was when the sperm entry site and thus male DNA was located exactly in the central plane 

of the zygote at the cortex, as opposed to at the top or bottom of the zygote. Even when it was only 

slightly above the central plane, and therefore further away from the objective, the signal intensity of 

the mScarlet-Rab11a was weakened enough to make observation of the accumulation difficult. 

Another issue was that the zygotes were often rotating before pronuclear formation, especially as 

some zygotes had still-swimming sperm stuck in between the zona pellucida and the plasma 

membrane. This meant that in some cases, imaging had to be stopped, the zygote repositioned, and 

imaging continued again. The timing of pronuclear formation varied greatly between zygotes, meaning 

that when multiple zygotes were imaged, and some had already formed while others were still 

rotating, not all zygotes imaged would result in useful images. Lastly, while most male DNA after sperm 

entry would be located directly adjacent to the cortex, other sperm entered deeper into the oocyte, 

meaning it would not be lying right at the cortex. As Kathleen Scheffler showed in her initial 

experiments shown in the Introduction section 1.4, the male pronuclei that formed deeper inside the 
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cell would often not show the initial fast migration that male pronuclei showed when they formed 

closer to the cortex. While these zygotes were initially excluded from imaging, later on, they were 

imaged to see how this would affect mScarlet-Rab11a accumulation. Thus, cortical male pronuclei as 

well as female pronuclei were imaged in 4 separate experiments, while male pronuclei forming deeper 

were imaged in only one experiment. These results are shown in Figure 13. 

In Figure 13A, the area of a zygote expressing mScarlet-Rab11a surrounding the male pronucleus is 

shown. Both the single z-plane of the centre of the male DNA, as well as a z-projection of 15x1.5 µm 

around this centre is shown. This male pronucleus formed close to the cortex, and a fertilisation cone 

was visible prior to pronuclear formation at time points -0:06 and 0:00. In the third panel, the 

pronucleus had begun forming, and therefore, the last time point before pronuclear formation was 

set as time point 0. At first, a faint line of mScarlet-Rab11a was visible around the fertilisation cone. 

As the pronucleus forms, a bright accumulation was seen at 0:12, which was no longer visible after 

the pronucleus had migrated quickly away from the cortex at 0:21. Another observation that could be 

made from these higher time-resolution images was that the cytoplasmic Rab11a-positive vesicles 

appeared to be highly dynamic before and around pronuclear formation – there were some vesicles 

visible at -0:06, fewer at 0:00, and many more at 0:03. At 0:12, when the accumulation by the cortex 

appeared, the cytoplasmic vesicles were not visible, but they were visible again at 0:21. These 

oscillations were not the focus of these experiments, and the imaging conditions did not allow 

quantification. However, the general observation that vesicle number oscillated with a period of 

approximately 3-6 time points (9-18 minutes), was made. As had already been shown in Figure 7, 

Rab11a-positive vesicles were no longer visible within 30 minutes after pronuclear formation, though 

these time points are not shown here. 

In Figure 13B, the area of a zygote expressing mScarlet-Rab11a surrounding the female pronucleus 

and the polar body (PB) is shown. In the cytoplasm, highly dynamic vesicles were observed, which 

fluctuated in number and intensity over time. Also, some accumulation was apparent at the site of 

polar body extrusion and cytokinesis, but no obvious accumulation was seen by the female pronucleus 

as it formed and began its slower migration towards the centre. 

In Figure 13C, the area of a zygote expressing mScarlet-Rab11a surrounding a male pronucleus that 

formed deeper inside the zygote is shown. Again, vesicles were seen in the cytoplasm, though fewer 

than in the other two examples shown. As the pronucleus formed with some distance to the cortex, 

no obvious mScarlet-Rab11a accumulation could be seen. This is a representative example of only four 

of these types of ‘deep’ male pronuclei with varying distances from the cortex. One of these, which 

formed a little closer to the cortex, showed some mScarlet-Rab11a accumulation. 
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The quantification of these results is shown in Figure 13D. For each imaged zygote, a judgement was 

made by eye whether or not accumulation could be seen. As explained above, not all male pronuclei 

formed at the perfect angle to the objective to make this accumulation appear as bright as in the 

example shown in Figure 13A. However, bias was avoided as much as possible by repeating this 

quantification three times for each zygote, so that “yes” or “no” could be decided for each sample. In 

the case of male pronuclei forming close to the cortex, mScarlet-Rab11a enrichment could be seen in 

30/37 (81.08%) of cases. No female pronuclei (0/18; p<0.001, two-tailed Fisher’s exact test compared 

to male pronuclei), which all formed deeper inside the cell, showed such an accumulation. Of the male 

pronuclei that formed deeper inside the cell, 1/4 (25%; p=0.0388, two-tailed Fisher’s exact test 

compared to male pronuclei) showed mScarlet-Rab11a enrichment at the cortical region adjacent to 

it. 

In these results, we saw that higher temporospatial imaging revealed mScarlet-Rab11a enrichment 

adjacent to the majority of forming male pronuclei, but not female pronuclei, and not in most male 

pronuclei that form further from the cortex, possibly depending on distance from the cortex at 

pronuclear formation. They also showed that this imaging and its analysis were not always straight-

forward, but the observations made were nonetheless interesting and required further investigation.  
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Figure 13: Live imaging of mScarlet-Rab11a in high temporospatial resolution at male and female pronuclei. (A) Confocal 
images of area surrounding male pronucleus forming close to the cortex of live zygote expressing mScarlet-Rab11a (grey) and 
H2B-mEGFP (magenta) over time. Single z-planes show plane at which male DNA is central; z-projection is of 15x1.5 µm 
around centre. Cyan arrow indicates Rab11a accumulation as the pronucleus forms adjacent to the cortex. Images taken with 
a Zeiss LSM-800 microscope. Gaussian blur 1 px applied. Scale bar = 10 µm. Time shown in hours:minutes relative to 
pronuclear formation. Representative images from a total of 4 experiments are shown, total n=37. (B) Confocal images of 
area surrounding female pronucleus forming away from the cortex of live zygote expressing mScarlet-Rab11a (grey) and H2B-
mEGFP (magenta) over time. Single z-planes show plane at which female DNA is central; z-projection is of 15x1.5 µm around 
centre. The last time point before pronuclear formation is set as time point 0:00. Images taken with a Zeiss LSM-800 
microscope. Gaussian blur 1 px applied. PB = Polar body; Scale bar = 10 µm. Time shown in hours:minutes. Representative 
images from a total of 4 experiments are shown, total n=18. (C) Confocal images of area surrounding a male pronucleus 
forming further away from the cortex of live zygote expressing mScarlet-Rab11a (grey) and H2B-mEGFP (magenta) over time. 
Single z-planes show plane at which male DNA is central; z-projection is of 15x1.5 µm around centre. Images taken with a 
Zeiss LSM-800 microscope. Gaussian blur 1 px applied. Scale bar = 10 µm. Time shown in hours:minutes relative to pronuclear 
formation. Representative images from one experiment are shown, n=4. (D) Quantification of enrichment seen at male 
pronuclei shown in (A), female pronuclei shown in (B), and deep male pronuclei shown in (C). Presence of mScarlet-Rab11a 
enrichment was judged by eye, three separate times per zygote to avoid bias, with a yes/no read-out. Two-tailed Fisher’s 
exact test used to test statistical significance between Male pronucleus group and the other two groups individually; * p≤0.05, 
** p≤0.01, *** p≤0.001. 
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Live imaging of mScarlet-Rab11a at the male pronucleus with Rab11a perturbations 

With the newly optimised settings for high temporospatial imaging of the forming male pronucleus, I 

next wanted to investigate whether this mScarlet-Rab11a enrichment would be affected by 

perturbation by brefeldin A and expression of SNAP-Rab11aS25N mRNA, like the cytoplasmic Rab11a-

postive vesicles detected by immunofluorescence. These results are shown in Figure 14. Zygotes 

expressing mScarlet-Rab11a and H2B-mEGFP mRNA, which were either incubated in 

methanol/brefeldin A or expressing SNAP-Rab11aWT/SNAP-Rab11aS25N mRNA, were imaged with a 

focus on the male pronucleus forming at the cortex. 

In Figure 14A, the methanol-treated zygote showed mScarlet-Rab11a enrichment at the fertilisation 

cone and adjacent to the forming male pronucleus, in particular at time point 0:12, as indicated by the 

cyan arrow. The male pronucleus migrated away from the cortex and the mScarlet-Rab11a enrichment 

faded. In the example shown of the brefeldin A-treated zygote, the male pronucleus clearly formed, 

but migrated much slower away from the cortex, and even 30 minutes after pronuclear formation, 

the male pronucleus was larger but remained at the cortex. This reflected what was observed in the 

pronuclear migration tracking experiments using brefeldin A by Kathleen Scheffler (see Introduction 

1.4). No mScarlet-Rab11a enrichment was seen as the male pronucleus forms, indicating that this 

perturbation also blocked the formation of this accumulation. However, as brefeldin A blocks coat 

recruitment at the Trans-Golgi network, other cellular structures were also affected, and fluorescent 

clusters such as those pointed out by the magenta arrow were seen throughout the cytoplasm and 

near the cortex in all zygotes imaged. In many cases, this made it even more difficult to analyse by eye 

whether mScarlet-Rab11a enrichment was present. For this reason, this experiment was not 

quantified, and also not repeated. 

In Figure 14B, the results of this imaging when expressing either SNAP-Rab11aWT or Rab11aS25N mRNA 

are shown. In the presence of SNAP-Rab11aWT, a faint accumulation of mScarlet-Rab11a was seen, 

indicated by the cyan arrow. However, this was fainter than in previous experiments, likely because 

of the co-expression and resulting co-localisation of the fluorescently tagged mScarlet-Rab11a and the 

non-fluorescently-tagged SNAP-Rab11aWT, on top of the endogenous protein. In the zygote expressing 

the dominant-negative version of Rab11a, no accumulation of Rab11a could be seen, indicating that 

this perturbation of Rab11a also blocked this accumulation. However, as in this case it was very 

difficult to see the accumulation in wild-type-expressing cells, also this experiment was not quantified 

nor repeated. 

These preliminary experiments did indicate that perturbations of Rab11a likely disrupted the 

accumulation of mScarlet-Rab11a seen at the cortex as the pronucleus formed, as well as perturbing 
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the fast, initial migration of the male pronucleus away from the cortex. However, as quantification of 

the Rab11a accumulation was already difficult under normal conditions, and the clusters caused by 

brefeldin A as well as the co-expression of SNAP-Rab11aWT made objective quantification of this 

enrichment even more difficult, these experiments were not reproduced further. Instead, actin-

related proteins linked to Rab11a vesicles in oocytes, Spire2 and Formin-2, were investigated in the 

next experiments. 

 

Figure 14: Live imaging of mScarlet-Rab11a at the male pronucleus with Rab11a perturbations. (A) Confocal images male 
pronucleus forming close to the cortex of live zygote expressing mScarlet-Rab11a (grey) and H2B-mEGFP (magenta), treated 
with either methanol (top) or brefeldin A (bottom), over time. Single z-planes of plane at which male DNA is central is shown. 
Cyan arrow indicates Rab11a accumulation as the pronucleus forms adjacent to the cortex; magenta arrow indicates cluster 
in cytoplasm. Images taken with a Zeiss LSM-800 microscope. Gaussian blur 1 px applied. Scale bar = 10 µm. Time shown in 
hours:minutes relative to pronuclear formation. Representative images from one experiment are shown, with n=8 for 
methanol, and n=10 for brefeldin A. (B) Confocal images male pronucleus forming close to the cortex of live zygote expressing 
mScarlet-Rab11a (grey) and H2B-mEGFP (magenta), also expressing either SNAP-Rab11aWT (top) or SNAP-Rab11aS25N mRNA 
(bottom), over time. Single z-planes of plane at which male DNA is central is shown. Cyan arrow indicates Rab11a 
accumulation as the pronucleus forms adjacent to the cortex. Images taken with a Zeiss LSM-800 microscope. Gaussian blur 
1 px applied. Scale bar = 10 µm. Time shown in hours:minutes relative to pronuclear formation. Representative images from 
one experiment are shown, with n=8 for SNAP-Rab11aWT, and n=8 for SNAP-Rab11aS25N. 
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Optimisation of Spire2 and Formin-2 live imaging in the mouse zygote 

To further investigate the role of the Rab11a in pronuclear migration, the localisation of two actin 

nucleators related to Rab11a in oocytes, Spire2 and Formin-2, was investigated. First, live imaging of 

mEGFP-Spire2, mCherry-Spire2, and Formin-2-EGFP was tested in zygotes imaged every 15 minutes 

and with a z-resolution of 3 µm. The results of this are shown in Figure 15. 

First, expression of mEGFP-Spire2 mRNA on its own was tested. As seen in Figure 15A, when mEGFP-

Spire2 mRNA with a concentration of 150 ng/µL was expressed in the zygote, it showed only very faint 

cytoplasmic localisation in the early zygote. However, as the male pronucleus began to form, a bright 

spot of mEGFP-Spire2 was detected at the cortex next to it, seen at 0:30 and 0:45 and indicated by the 

cyan arrows. This spot disappeared by one hour post pronuclear formation, and the cytoplasmic levels 

of Spire2 increased until nuclear envelope breakdown. 

Next, Formin-2-EGFP was imaged. I initially imaged this on its own in the zygote, but could not see any 

specific localisation over time (data not shown). As it was previously shown that Formin-2-EGFP co-

localised with mCherry-Spire2 in mouse oocytes (Pfender et al., 2011), I next attempted to co-express 

them, as seen in Figure 15B. While the Formin-2-EGFP mRNA concentration was kept the same in all 

experiments, two different mCherry-Spire2 mRNA concentrations were used, to see if higher 

overexpression would change the Formin-2-EGFP localisation. To see the location of the DNA as well, 

the zygotes were incubated with SiR-DNA during imaging; note that this allowed only weak 

visualisation of the DNA before pronuclear formation, and once the pronuclei had formed and 

migrated inwards, SiR-DNA labelling was too weak to see them. The signal was not sufficient to 

determine the exact timing of pronuclear formation, and thus, the time is given from the start of 

imaging; however, it was enough to determine the approximate location of pronuclear formation of 

the male pronucleus, annotated in the figure. 

In zygotes with a lower mCherry-Spire2 mRNA concentration (150 ng/µL), mCherry-Spire2 

accumulation at the cortex above the male pronucleus was observed, as pointed out by the cyan arrow 

in the top panels of Figure 15B. The accumulation was present from 15 minutes after start of imaging, 

until time point 2:45. This is longer than observed in Figure 15A, which may have been due to co-

expression, or the differences in mRNA stock, the fluorophore, and/or imaging settings. However, no 

specific Formin-2-EGFP localisation was observed. When mCherry-Spire2 mRNA was expressed at a 

higher concentration of 400 ng/µL, this mCherry-Spire2 accumulation stayed at the cortex even 

longer, with a ring-like structure appearing around the area of the sperm entry site prior to pronuclear 

formation, which then appeared to constrict into a spot. This spot-like accumulation stayed visible 

until 4:45. In these zygotes, Formin-2-EGFP was observed to accumulate in the same area as mCherry-
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Spire2, appearing from time point 1:15 in the area where the male pronucleus had formed. It 

remained there over eight hours, until the end of imaging. 

These experiments indicated that Spire2, tagged with either mCherry or mEGFP, could localise to the 

cortical area adjacent to the forming male pronucleus, to the same area that mScarlet-Rab11a 

accumulation had been observed. It also showed that Spire2 mRNA overexpression could alter Formin-

2-EGFP localisation, as well as the duration of Spire2 accumulation at the cortex.  

These results were used to further optimise the next experiments. I did not continue to focus on 

Formin-2, as it required co-expression with high levels of Spire2 to show a detectable, specific signal. 

However, Kathleen Scheffler used these preliminary experiments to later image Formin-2 in more 

detail at the forming male pronucleus, in co-expression with Spire2. These data are shown in Figure 

29 in the appendix. I, on the other hand, continued to study Spire2 localisation in the next 

experiments. My next step was to co-express mEGFP-mSpire2 with mScarlet-Rab11a mRNA to 

investigate their co-localisation.  
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Figure 15: Optimisation of mEGFP-Spire2, mCherry-Spire2, and Formin-2-EGFP live imaging in mouse zygotes. (A) Confocal 
images of zygotes expressing mEGFP-Spire2 (grey) and H2B-mCherry mRNA (magenta), over time. Zygotes were imaged 
every 15 minutes, with a z-resolution of 3 µm; single plane shows central plane of male pronucleus, and z-projection shows 

maximum projection of 28x3 µm. For both, Gaussian blur of 1 px was applied. PB = Polar body, ♂ = male pronucleus ♀ = 
female pronucleus. Cyan arrow indicates mEGFP-Spire2 accumulation. Images taken with a Zeiss LSM-880 microscope. 
Gaussian blur 1 px applied. Scale bar = 20 µm. Time shown in hours:minutes relative to pronuclear formation. Representative 
images from one experiment, n=9 zygotes. (B) Co-expression of Formin-2-EGFP (grey in central panels; cyan in merged panels) 
with low (1:16 dilution) and high (1:6 dilution) of mCherry-Spire2 mRNA (grey in top panels; red in merged panels) in zygotes 
incubated with SiR-DNA (magenta in merged panels). z-projections of 28x3 µm are shown with a Gaussian blur of 1 px applied. 

PB = Polar body, ♂ = male pronucleus ♀ = female pronucleus. Cyan arrow indicates mCherry-Spire2 or Formin-2-EGFP 
accumulation. Images taken with a Zeiss LSM-880 microscope. Gaussian blur 1 px applied. Scale bar = 20 µm. Time shown in 
hours:minutes relative to start of imaging. Representative images from one experiment, n=11 for 1:16 dilution and n=10 for 
1:6 dilution. 
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Co-expression of Rab11a and Spire2 at the male pronucleus 

As fluorescently tagged Spire2 localised to the cortical region by the forming male pronucleus, I 

wanted to compare the pattern and timing of mScarlet-Rab11a and mEGFP-Spire2 enrichment in this 

area by co-expressing their mRNA and imaging the area surrounding the male pronucleus. The results 

of this are shown in Figure 16. Zygotes expressing mScarlet-Rab11a and mEGFP-Spire2 were imaged, 

zoomed-in at the area of the fertilisation cone. In this case, no DNA marker was used. This was because 

the same experiment was first attempted with SiR-DNA, which has a far-red fluorophore, and the 

filter/laser settings for the channel excited by the 561nm laser had to be set so narrowly to avoid 

cross-talk between the red- and far-red channels, that the mScarlet-Rab11a signal was very weak and 

barely visible above the noise (data not shown). Therefore, SiR-DNA was not added in the shown 

experiment, and the position was set based on locating the sperm entry site in the transmitted light 

image. Note that the time given is relative to the start of imaging, as opposed to the time of pronuclear 

formation, as the timing of pronuclear formation could not be clearly determined. 

The mEGFP-Spire2 signal was quite noisy, as shown in the upper panels of Figure 16; however, a clear 

enrichment was seen from 0:24, indicated by the cyan arrow, which soon formed a bright spot seen 

at 0:33 and 0:42, which was not visible anymore by 1:06. This bright spot had a similar appearance as 

the enrichment seen in the mEGFP-Spire2 signal shown in Figure 15, where a bright spot was also 

observed next to the forming male pronucleus.  

In the panels of Figure 16 showing mScarlet-Rab11a, an initial faint signal was seen over the 

fertilisation cone, similar to what was seen in Figure 13, indicated by the cyan arrow at 0:12. As the 

pronucleus appeared to form below this area, the signal became brighter and more localised, as seen 

at 0:24. This, again, was similar to the Rab11a enrichment described previously in figure 7 and 13. 

However, the mScarlet-Rab11a enrichment previously described in Figure 13 faded after this point; in 

co-expression with mEGFP-Spire2 shown here, the mScarlet-Rab11a signal did not fade, and instead 

too formed a bright spot at 0:33 and 0:42. Note that imaging settings were checked to confirm this 

was not due to a cross-talk between channels - the two channels were imaged on separate tracks.  

From this experiment, two conclusions could be drawn: first, that mEGFP-Spire2 was not optimal for 

imaging, as it gave a very noisy signal; and second, that co-expression of mEGFP-Spire2 appeared to 

alter the localisation of mScarlet-Rab11a. However, it was not clear whether there was also an effect 

in the other direction, namely that mScarlet-Rab11a expression altered the localisation of mEGFP-

Spire2, partly because the mEGFP signal was not very clear. Due to the effect of co-expression, these 

results did not allow a real comparison of Spire2 and Rab11a localisation. Therefore, our next step was 

to find a better fluorophore with which to express Spire2, and to focus on visualising this on its own. 
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Figure 16: Co-expression of mScarlet-Rab11a and EGFP-Spire2 at the male pronucleus. Confocal images of zygotes co-
expressing mEGFP-Spire2 (grey in top panels; cyan in merged panels) with mScarlet-Rab11a mRNA (grey in middle panels; 
red in merged panels), zoomed into the fertilisation cone area of the zygote. Single planes show the middle plane of the 
fertilisation cone or of the accumulation signal later; z-projections of 15x1.5 µm are shown below single planes; Gaussian blur 
of 1 px applied to all images. Cyan arrow indicates mEGFP-Spire2 or mScarlet-Rab11a accumulation. Images taken with a 
Zeiss LSM-800 microscope. Scale bar = 10 µm. Time shown in hours:minutes relative to start of imaging. Representative 
images from one experiment, n=4. 

 

Live imaging of mClover3-Spire2 in high temporospatial resolution at the forming pronuclei 

To achieve better live imaging results of Spire2, I constructed the plasmid pGEMHE-mClover3-Spire2 

for in vitro expression of mClover3-Spire2 mRNA; see Methods 2.1 for cloning strategy. Based on my 

previous imaging of mEGFP-Spire2 and mCherry-Spire2 shown in Figure 15, as well as the higher 

resolution live imaging optimised with mScarlet-Rab11a shown in Figure 13, this mRNA was then used 

for high temporospatial resolution imaging of male and female pronuclei by Kathleen Scheffler. As 

these experiments were the result of a collaborative effort, and the results are highly relevant to 

experiments I will show later, I have included them here in the results section. While I initially helped 

with the set-up of the imaging to be similar as the mScarlet-Rab11a imaging shown in Figure 13 as 

possible, the data shown in Figure 17 were collected by Kathleen Scheffler. 

In Figure 17A, confocal images of zygotes expressing mClover3-Spire2 and H2B-mCherry mRNA are 

shown, with both single planes at the central plane of the forming male pronucleus shown above, and 

z-projection of 15x1.5 µm shown below. Nine minutes before pronuclear formation, a faint mClover3-

Spire2 signal could be observed at the edges of the fertilisation cone, indicated by the cyan arrows. In 

the z-projection, this localisation appeared almost like a ring surrounding the fertilisation cone, which 

‘contracted’ or became smaller as the pronucleus formed and moved away from the cortex, eventually 

leaving a bright spot in the cortex. It is clear that the mClover3 signal was much brighter and clearer 

than the mEGFP signal shown previously. Also, as this signal covered a larger area and the 

accumulation became very bright, it was also easier to quantify its presence than mScarlet-Rab11a, 

even if the zygote slightly rotated or the angle was not perfect.  

A few female pronuclei were also imaged, to confirm if no such bright accumulation could be seen at 

their formation, like for mScarlet-Rab11a. These results are seen in Figure 17B. Some bright spots 

were visible at the edge of the polar body, likely as Spire2 is known to be involved in polar body 

extrusion. However, as the female pronucleus formed, no clear increase in signal or accumulation was 

seen, whether in the cortical region overlying it or the adjacent cytoplasm.    

The quantification of how often this accumulation was seen is shown in Figure 17C. As mentioned, 

this signal was brighter and more obvious to the human eye than the mScarlet-Rab11a signal, and 

37/37 (100%) of zygotes imaged in four separate experiments showed accumulation at the male 
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pronucleus. For the four female pronuclei imaged in two of these experiments, none showed any 

accumulation (p<0.001, two-tailed Fisher’s exact test). 

Now that we had seen localisation of fluorescently labelled actin-related Rab11a vesicles and the actin 

nucleator Spire2, the next experiments investigated whether actin nucleation itself was actually 

increased in this area, by live imaging different actin probes in mouse zygotes. 
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Figure 17: Live imaging of mClover3-Spire2 in high temporospatial resolution at male and female pronuclei. (A) Confocal 
images of area surrounding male pronucleus forming close to the cortex of live zygote expressing mClover3-Spire2 (grey) and 
H2B-mCherry (magenta) over time. Single z-planes show plane at which male DNA is central; z-projection is of 15x1.5 µm 
around centre. The last time point before pronuclear formation is set as time point 0:00. Cyan arrows indicate Spire2 
accumulation as the pronucleus forms adjacent to the cortex. Images taken with a Zeiss LSM-880 microscope. Scale bar = 
10 µm. Representative images from a total of 4 experiments are shown, total n=37 zygotes. (B) Confocal images of area 
surrounding female pronucleus forming away from the cortex of live zygote expressing mClover3-Spire2 (grey) and H2B-
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mCherry (magenta) over time. Single z-planes show plane at which female DNA is central; z-projection is of 15x1.5 µm around 
centre. The last time point before pronuclear formation is set as time point 0:00. Images taken with a Zeiss LSM-880 
microscope. PB = Polar body; Scale bar = 10 µm. Representative images from a total of 2 experiments are shown, total n=4 
zygotes. (C) Quantification of enrichment seen at male pronuclei shown in (A), and female pronuclei shown in (B). Presence 
of mClover3-Spire2 enrichment was judged by eye with a yes/no read-out. Two-tailed Fisher’s exact test used to test 
statistical significance; * p≤0.05, ** p≤0.01, *** p≤0.001. 
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3.5 The functional role of actin nucleation on the fast migration of the male pronucleus 

Optimisation of actin live imaging in the mouse zygote 

To investigate whether the Rab11a- and Spire2- accumulations seen by the forming male pronucleus 

may be nucleating actin filaments that play a functional role in its fast migration away from the cortex, 

I next tested different live actin probes in mouse zygotes and oocytes. It was known that actin is 

present in the fertilisation cone of the freshly fertilised zygote, and that there are actomyosin 

contractions in the fertilisation cone (Ajduk et al., 2011). However, it was not clear whether there 

could be a short-term increase in actin nucleation as a result of the acute, localised accumulation of 

actin-related vesicles and actin nucleators described above. Therefore, my goal was to attempt 

imaging of actin filaments with very high temporal resolution. 

The probes tested were EGFP-tagged Utrophin, a dystrophin-related, actin-binding protein (Winder et 

al., 1995), which had previously been used to visualise actin in live oocytes (Schuh and Ellenberg, 

2008); mClover3-tagged Utrophin, cloned by Nick Chun So in the lab; SiR-actin, a jasplakinolide-based 

live actin probe from the company Spirochrome; and GFP-tagged Actin Chromobody from the 

company Chromotek, the coding region of which I cloned into a pGEMHE vector for in vitro mRNA 

synthesis (see Methods 2.1 for cloning strategy). The full details of these probes can be found in Table 

3 of the Methods section. The zygotes (in the case of both Utrophin probes) or GV oocytes (in the case 

of SiR-actin and the actin chromobody) were imaged not using standard confocal imaging, but rather 

using Airyscan imaging on the Zeiss LSM800 or LSM880 microscopes to better visualise individual actin 

filaments. These results are shown in Figure 18. 

The first probe tested was EGFP-Utrophin (EGFP-UtrCH), which was tested in two separate 

experiments, shown in Figure 18A. In the first experiment, different concentrations and laser settings 

were tested, while the second experiment looked at imaging of the same cell over time to see if live 

imaging was possible. Four different cells are shown of the first experiment; two with a concentration 

of 800 ng/µL of the EGFP-UtrCH mRNA, and one each of 320 ng/µL and 200 ng/µL. The first image of 

the 800 ng/µL concentration group shows the area surrounding the male pronucleus shortly after it 

had formed and began migrating away from the cortex. Overall, actin filaments were clearly visible in 

the cytoplasm of the cell. A bright EGFP-Utrophin enrichment was seen in the fertilisation cone, as 

well as some spots between the cone and the nucleus, as indicated by the cyan arrows. The area 

overlaying the female pronucleus, as shown in the next image, did not have such an enrichment in the 

800 ng/µL concentration group. However, one issue with EGFP-Utrophin is that it can lead to 

cytoskeletal defects as it binds endogenous F-actin, an example of which is shown in the next image, 

where a 320 ng/µL concentration of the mRNA was expressed. The cyan arrow indicates some EGFP-
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Utrophin-positive blebs in the cytoplasm near the male pronucleus, as well as some bright spots near 

the cortex. With this lower concentration of EGFP-Utrophin mRNA, the cortical signal appeared 

weaker, and the cytoplasmic actin filaments were not as clear, though still visible. To see if lower 

concentrations could avoid such side effects while still allowing visualisation of actin filaments, a 

concentration of 200 ng/µL was also tested. While the fertilisation cone and cortical actin were clearly 

visible, no clear filaments could be seen in the cytoplasm, even with a higher laser power of 5% 

compared to 1.5-2% laser power used for the previous images. 

Even though EGFP-Utrophin caused some side effects in the cell, I next wanted to test if live imaging 

with a high temporal resolution was possible, to see if we could detect the dynamics of the actin 

cytoskeleton as the male pronucleus migrated away from the cortex. For this, a single zygote 

expressing EGFP-Utrophin mRNA with a concentration of 400 ng/µL was imaged in the second 

experiment. An Airyscan image was taken every 1.26 seconds, with the first, 21st and 41st time points 

shown in. While at first, the actin cortex, some filaments and actin nodes indicated by the cyan arrows 

were visible and highly dynamic, the fluorophore appeared to quickly get bleached by the laser, as 

within less than 30 seconds, the signal had weakened; see cortex in bottom left of image. However, 

this temporal resolution was required to capture the dynamics of the actin cytoskeleton as done 

previously (Holubcová et al., 2013), and without such high laser powers, the filaments and nodes were 

not visible. Therefore, I decided to try Utrophin tagged with a different fluorophore, mClover3, next. 

Images of representative zygotes expressing mClover3-Utrophin are shown in Figure 18B. The area 

around the fertilisation cone from a single zygote expressing mClover3-Utrophin mRNA with a 

concentration of 400 ng/µL was imaged every 1.25 seconds; time points 1, 21, 41, and 61 are shown. 

While the mClover3 fluorophore required lower laser powers than EGFP, and some cytoplasmic 

structures could be identified in the first image, the fluorophore was quickly bleached in this time 

series. It should be noted that zygotes expressing 800 ng/µL and 200 ng/µL dilutions of this mRNA 

were also imaged, but did not show anything different, and are therefore not shown here. 

As Utrophin was found to cause some side effects when expressed in high concentrations, did not 

allow visualisation of filaments when expressed in lower concentrations, and was easily bleached 

whether EGFP- or mClover3-tagged, I decided to try Airyscan imaging of alternative actin probes next. 

For these initial tests, I used GV oocytes instead of zygotes, as they did not require superovulation to 

retrieve. 

The first alternative actin probe I tried was SiR-actin, a far-red probe based on the actin-inhibiting drug 

jasplakinolide. SiR-actin is supposed to be cell-permeable, but incubation with SiR-actin was not 

sufficient to allow observation of any actin structures in GV oocytes (data not shown). Therefore, SiR-
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actin was microinjected directly into the cytoplasm of GV oocytes at different concentrations; 

undiluted (1mM), 40 µM, and 4 µM. These results are shown in Figure 18C. First, two GV oocytes are 

shown, into which undiluted SiR-actin was injected. While a signal was seen at the cortex and in the 

cytoplasm, in both cells, a large area of the cytoplasm showed a sort of ‘frozen’ cytoskeleton as well 

as large, bright nodules unevenly distributed. What was also apparent was that the side on which the 

injection had occurred had brighter staining at the cortex. Clearly, undiluted SiR-actin injected straight 

into the cytoplasm caused defects in the cell. An injection of SiR-actin at a concentration of 40 µM did 

not cause any obvious defects, as shown in the next two cells. However, it also did not allow clear 

visualisation of the actin filaments inside the cytoplasm, even with laser powers as high as 2-4%. The 

actin cortex was clearly visible, but in both cells, the signal appeared stronger on the side at which the 

injection had taken place. This indicated that the SiR-actin probe was not distributed evenly in the cell 

upon microinjection. Lastly, SiR-actin with a concentration of 4 µM was injected into the cytoplasm of 

a GV oocyte. As can be seen in this Airyscan image, no cytoplasmic filaments were visible; however, 

the weaker dilution also did not cause an uneven staining of the clear actin cortex. Unfortunately, as 

we required a probe for fast imaging of small F-actin structures without perturbing the architecture 

of the cell, SiR-actin was not a feasible solution. 

The last actin probe tested was the Actin Chromobody, which is based on a nanobody against the actin 

protein, bound to a TagGFP probe. While it is intended to be transfected into tissue culture cells, 

oocytes are transcriptionally silent, which is why mRNA expression is used instead of transfection. For 

this reason, I first cloned the coding region of the Actin Chromobody plasmid into the pGEMHE vector 

used for in vitro mRNA synthesis. The undiluted mRNA was injected into the cytoplasm of GV oocytes 

and expressed for three hours, and the results shown in Figure 18D. While a signal was observed on 

both the cortex and in the cytoplasm in the two oocytes shown, and no clear deformation or defects 

were seen in the cell, the cytoplasmic signal did not show filaments, even with Airyscan microscopy. 

Therefore, this actin probe did not prove optimal for the requirements of imaging actin filaments in 

high temporal resolution.  

None of the tested actin probes were found to be adequate for live-imaging of actin nucleation at the 

male pronucleus. While the Utrophin-based actin probes confirmed that actin was present in the 

fertilisation cone, and possibly showed some brighter actin filaments between the forming, migrating 

male pronucleus and the overlying cortex, they also caused defects in the cell and bleached too quickly 

to allow imaging with high temporal resolution, and thus tracking of actin filaments. The other two 

actin probes either created a frozen actin cytoskeleton, or did not allow visualisation of individual actin 

filaments. Therefore, instead of continuing imaging of actin filaments, the rest of the experiments 

were focused on functional as opposed to purely observational experiments. 
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Figure 18: Optimisation of different actin probes for live imaging in mouse zygotes. (A) Airyscan images of zygotes 
expressing EGFP-Utrophin (EGFP-UtrCH) from two separate experiments, with different mRNA concentrations and laser 
settings tested. Cyan arrows indicate actin structures of interest, as well as possible defects caused by the expression of the 
mRNA. Only single z-planes were imaged. For the first experiment, example images are shown from four different zygotes; 
total number of zygotes imaged was 10. For the second experiment, example time points of one zygote imaged every 1.26s 
are shown, time given in seconds after imaging start. A total of 13 zygotes were imaged in this experiment. Images taken 
with a Zeiss LSM-880 microscope in the first experiment, and LSM-800 in the second experiment, both using the Airyscan 
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mode. PB = Polar body; Scale bar = 10 µm. Percentage shown in bottom left corner indicates strength of 488nm laser. (B) 
Airyscan images of zygote expressing mClover-Utrophin (mClover-UtrCH) over time, imaged every 1.25s with selected time 
points shown here, time given in seconds after imaging start. A total of 23 zygotes were imaged in this experiment, which 
were injected with 800 ng/µL (n=7), 400 ng/µL (n=9) and 200 ng/µL (n=7) concentrations of the mRNA; an example of a zygote 
expressing the 400 ng/µL mRNA is shown here. Images taken with a Zeiss LSM-800 microscope using the Airyscan mode. Scale 
bar = 10 µm. Percentage shown in bottom left corner indicates strength of 488nm laser. (C) Airyscan images of GV oocytes 
injected with different concentrations of the far-red SiR-actin probe. Cyan arrows indicate actin structures of interest, as well 
as possible defects caused by injection of the probe. Only single z-planes were imaged. A total of 6 zygotes were imaged in 
this experiment, 2 per concentration group, though only one of the 4 µM group is shown here. Images taken with a Zeiss LSM-
880 microscope using the Airyscan mode. Scale bar = 10 µm. Percentage shown in bottom left corner indicates strength of 
633nm laser. (D) Airyscan images of GV oocytes expressing undiluted mRNA for the GFP-tagged Actin chromobody. Only 
single z-planes were imaged. Four GV oocytes were imaged in this experiment, two of which are shown here. Images taken 
with a Zeiss LSM-800 microscope using the Airyscan mode. Scale bar = 10 µm. Percentage shown in bottom left corner 
indicates strength of 488nm laser.  

 

Spire2-Formin-2 interaction is required for fast migration of the male pronucleus 

We had previously established that Rab11a has a functional role in the fast migration of the male 

pronucleus away from the cortex by perturbing Rab11a with brefeldin A (see Figure 4 of the 

Introduction section 1.4) and Rab11aS25N (see Figure 5). As actin nucleator Spire2 localises to Rab11a-

positive vesicles in oocytes (Schuh, 2013), and fluorescently tagged Rab11a and Spire2 were both 

found to localise to the cortical region at the male pronucleus as it formed, we next wondered if Spire2 

function was also essential for the fast migration. In previous reports, Spire2 function was inhibited in 

RNAi-treated oocytes grown through follicular culture (Pfender et al., 2011; Schuh, 2013). As this was 

not an option for our superovulation and IVF protocol, we instead injected the zygotes with purified 

FH2 domain, which perturbs the interaction of Spire2’s KIND Domain with the FH2 domain of Formin-

2, and thus perturbs actin nucleation in oocytes (Montaville et al., 2014). Next, we tracked the 

pronuclear migration of these zygotes, expressing H2B-mCherry and MyrGFP. These experiments were 

done together with Kathleen Scheffler, as the results were of interest to both of our experiments. The 

timing of these experiments was also complicated and better to achieve with two people. The results 

are shown in Figure 19. 

Indeed, we found that in the presence of the purified FH2-His protein, the male pronucleus migrated 

slower away from the cortex than when MBP-His was injected, thus giving a similar result as Rab11a 

perturbation. This can be seen in the live imaging panels shown in Figure 19A, where the cyan box 

highlights the distance of the male pronucleus from the cortex 30 minutes after pronuclear formation. 

While in the MBP-His-injected zygote, the male pronucleus formed at the cortex and quickly migrated 

towards the centre, in the FH2-His-injected zygote, the male pronucleus formed at the cortex but did 

not migrate quickly towards the centre, rather growing in size still in close proximity to the cortex. As 

seen in later images, both the male and female pronuclei continued to migrate to the centre in both 

conditions until nuclear envelope breakdown. 
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This migration is quantified in Figure 19B. In the zygotes with MBP-His, the male pronuclei formed 

with a mean distance of 36.52 ± 2.31 µm from the centre; after 15 minutes, they had migrated to 

29.31 ± 3.68 µm from the centre, and by 30 minutes to 25.29 ± 2.18 µm from the centre. In the first 

30 minutes, they migrated an average of 11.23 µm. In the presence of FH2-His, the male pronuclei 

formed with a mean distance of 35.19 ± 2.20 µm from the centre of the zygote; after 15 minutes, they 

were still 32.63 ± 1.30 µm from the centre (p<0.001 compared to wild-type, Welch’s t-test), and even 

after 30 minutes they had not migrated past 30.88 ± 1.20 µm from the centre (p<0.001 compared to 

wild-type, Welch’s t-test), a mean migration of 4.31 µm in 30 minutes. At the last time point before 

nuclear envelope breakdown, the male pronucleus was on average 10.41 ± 1.40 µm from the centre 

in MBP-His-injected cells, and 10.92 ± 1.64 µm in FH2-His-injected zygotes (p<0.001, Welch’s t-test). 

The female pronuclei shown on the right-hand-side graph formed closer to the centre than the male 

pronuclei, whether MBP-His or FH2-His was injected into the zygote. In the control group, the female 

pronuclei formed with a mean distance from the centre of 24.57 ± 4.02 µm, and before nuclear 

envelope breakdown, had travelled to 11.41 ± 1.76 µm from the centre of the zygote. In the FH2-His 

group, the mean distance from the centre of the zygote at pronuclear formation was 23.53 ± 2.16 µm, 

and 11.42 ± 2.23 µm at nuclear envelope breakdown, neither of which was significantly different from 

the control group. 

Next, the average velocities in different time frames were calculated and are shown in Figure 19C. 

Several of the time frames show a significant difference in the velocity of migration for both the female 

and male pronuclei; generally, the initial faster migration of the first 30 minutes to one hour is slowed 

down in the presence of FH2, while later migration in the last hours before nuclear envelope 

breakdown are occasionally faster than in control cells. As for dominant-negative Rab11a-expressing 

zygotes in Figure 5, it is possible that the pronuclei travelling faster later may be to ‘catch up’ the fact 

they were slowed down initially, so our focus was the first phase of migration. In the first 30 minutes 

after pronuclear formation, the male pronucleus migrated at a mean velocity of 

0.38 ± 0.07 µm/minute towards the centre in the MBP-His-injected group, and in the dominant-

negative group the mean velocity was 0.15 ± 0.05 µm/minute (p<0.001, Welch’s t-test); the female 

pronucleus moved at a mean velocity of 0.036 ± 0.091 µm/minute in the control cells, and -

0.019 ± 0.046 µm/minute in the dominant-negative group, even moving away from the cortex in this 

initial phase (p=0.0109, Welch’s t-test). While the male pronuclei did not show a significant change in 

velocity in the 0.5-1h or 1-2h post pronuclear formation time frames, the female pronuclei did show 

a significant decrease in velocity at the next two time points. Between 0.5-1h after pronuclear 

migration, female pronuclei of MBP-His-injected zygotes moved at a mean velocity of 

0.034 ± 0.044 µm/minute, compared to a mean velocity of 0.000 ± 0.022 µm/minute in the FH2-His 
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group, essentially at a standstill. In the next time frame from 1-2h post pronuclear formation, female 

pronuclei moved at a mean velocity of 0.027 ± 0.026 µm/minute towards the centre in control cells, 

compared to 0.011 ± 0.023 µm/minute in the FH2-His group. 

Overall, these results indicate a role of Spire2-Formin-2 interaction in the early stages of pronuclear 

migration. In particular, the male pronucleus was unable to migrate as fast away from the cortex in 

the first 30 minutes when Spire2-Formin-2 interaction and thus actin nucleation was perturbed. 

Quantification indicated that migration of the female pronucleus was also affected during the first two 

hours of pronuclear migration, with female pronuclei on average showing an outward migration in the 

first 30 minutes, followed by barely any migration in the next half hour, and then slow migration 

inwards. Both male and female pronuclei were able to reach the centre of the zygote with no 

significant difference in the FH2-treated groups compared to the control. Indeed, both male and 

pronuclei migrated faster in the later stages of pronuclear migration in FH2-His-injected zygotes 

compared to control cells. This is possibly due to the fact that the pronuclei still had more distance to 

cover than in MBP-His-injected zygotes.  

With the knowledge that FH2 inhibits fast migration of pronuclei, my next goal was to investigate the 

effect of FH2 on the cortical enrichment we described for both mScarlet-Rab11a and mClover3-Spire2 

at the forming male pronucleus. 
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Figure 19: Spire2-Formin-2 interaction is required for fast migration of the male pronucleus. (A) Confocal images of live 
zygotes injected with either MBP-His or FH2-His purified protein, as well as MyrGFP (grey) and H2B-mCherry (magenta) 
mRNA. Cyan box highlights position of male pronucleus 30 minutes after pronuclear formation. Images taken every 15 

minutes, every 3 µm throughout the zygote. PB = Polar body, ♂ = male pronucleus ♀ = female pronucleus. Images shown are 
maximum intensity projections of the z-planes with a 1 px Gaussian blur filter applied. Images taken on Zeiss LSM-880 
confocal microscope. Scale bar = 20 µm. Time shown in hours:minutes relative to pronuclear formation. Representative 
images; total n=25 for MBP-His, and n=23 for FH2-His from three experiments conducted together with Kathleen Scheffler. 
(B) Migration of female and male pronucleus over time. The live imaging data were reconstructed in 3D using IMARIS 
software, and the relative distance of each pronucleus from the centre of the zygote was calculated and plotted over time. 
On the left, migration of male pronucleus is shown, and on the right, the female, each comparing zygotes injected with MBP-
His (light cyan and light magenta respectively), and FH2-His (dark cyan and dark purple respectively); dashed lines = one 
standard deviation. (C) Velocity of male (left) and female (right) pronucleus in different time frames. The mean velocity of 
each pronucleus for each time frame was calculated and plotted so that each dot represents one pronucleus; the mean of all 
pronuclei for each time frame was calculated and is indicated by the black line with error bars signifying one standard 
deviation. The colour key is identical to (B). Note the differing y-axes for male and female pronuclei, and that the dotted black 
line shows where y=0. Shaded yellow area signifies time frame in which there is a significant difference between the MBP-His 
and FH2-His groups. Statistical significance between conditions calculated with Unpaired, two-tailed t-test with Welch’s 
correction. * p≤0.05, ** p≤0.01, *** p≤0.001. 
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mScarlet-Rab11a and mClover3-Spire2 accumulation by the male pronucleus require Spire2-Formin-

2 interaction 

In the last section, we showed that interaction between Spire2 and Formin-2 was required for the first 

fast migration of pronuclei, indicating that actin nucleation by these two proteins is important for early 

migration. Earlier, we also described enrichment of mScarlet-Rab11a as well as mClover3-Spire2 

adjacent to the fast-moving male pronucleus around the time of its formation, though we were not 

able to find out if they directly increase actin nucleation in this area. The next question was whether 

the interaction between Spire2 and Formin-2 was also required for this enrichment. For this, zygotes 

expressing either mScarlet-Rab11a (Figure 20A and B) or mClover3-Spire2 (Figure 20C and D) mRNA 

were imaged during formation of the male pronucleus, as previously described in Figures 13 and 17, 

in the presence of either MBP-His or FH2-His.  

In Figure 20A, the results from the mScarlet-Rab11a imaging are shown. Zygotes expressing mScarlet-

Rab11a (grey) and H2B-mEGFP (magenta) were injected with either MBP-His or FH2-His after 

fertilisation and subsequently imaged. An enrichment of mScarlet-Rab11a was observed adjacent to 

the forming male pronucleus, as indicated by the cyan arrow, in the zygote injected with MBP-His. It 

should be noted that an air bubble formed in the immersion oil of the objective around the time point 

of pronuclear formation, making the overall signal darker, though the enrichment was still visible. No 

such enrichment could be seen in the zygote injected with FH2-His, though vesicles were seen in the 

cytoplasm. The male pronucleus migrated slower away from the cortex compared to the male 

pronucleus shown above. This experiment was only repeated one time with mScarlet-Rab11a; as 

mentioned previously, we found that imaging with mClover3-Spire2 gave clearer results, as the 

enrichment was more obvious to distinguish. Therefore, I instead repeated this experiment three 

times with mClover3-Spire2 as shown below. However, this one experiment was still quantified, as 

shown in Figure 20B; 5/6 (83.333%) of zygotes injected with MBP-His showed a Rab11a enrichment 

at formation, while 0% of FH2-His-injected zygotes showed this enrichment (p=0.0476, two-tailed 

Fisher’s exact test). 

In Figure 20C, the results from the mClover3-Spire2 imaging are shown. Zygotes expressing mClover3-

Spire2 (grey) and H2B-mCherry (magenta) were injected with either MBP-His or FH2-His after 

fertilisation and imaged. In the MBP-His-injected zygotes, a clear enrichment was seen, with a weaker 

signal apparent at the fertilisation cone and a stronger signal at its edges at first, which became a 

bright accumulation as the male pronucleus formed, as indicated by the cyan arrow at 0:09. At the 

same time, the male pronucleus migrated quickly away from the cortex. In the FH2-His injected zygote, 

no such enrichment was detected, though mClover3-Spire2-positive vesicles were visible in the 

cytoplasm, as indicated by the cyan arrows. The male pronucleus formed but migrated slowly away 
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from the cortex. This experiment was repeated three times, and quantifications are shown in Figure 

20D; all zygotes injected with MBP-His showed an mClover3-Spire2 enrichment, compared to none of 

the FH2-His injected zygotes (p<0.001, two-tailed Fisher’s exact test). 

In these experiments, it was shown that the enrichment of mScarlet-Rab11a and mClover3-Spire2 at 

the forming male pronucleus was dependent on the interaction between Spire2 and Formin-2. 

However, these results still did not allow us to distinguish between the role of cytoplasmic actin 

nucleation by these proteins, and the enrichment seen localised to the forming male pronucleus. 

Therefore, an overexpression approach was used next to further investigate the mechanisms at play. 
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Figure 20: mScarlet-Rab11a and mClover3-Spire2 accumulation by the male pronucleus require Spire2-Formin-2 
interaction. (A) Confocal images of male pronucleus forming close to the cortex of live zygote expressing mScarlet-Rab11a 
(grey) and H2B-mEGFP (magenta), injected with either MBP-His (top) or FH2-His (bottom), over time. Single z-planes of plane 
at which male DNA is central is shown. Cyan arrow indicates Rab11a accumulation as the pronucleus forms adjacent to the 
cortex; magenta arrow indicates cluster in cytoplasm. Images taken with a Zeiss LSM-800 microscope. Gaussian blur 1 px 
applied. Scale bar = 10 µm. Time shown in hours:minutes relative to pronuclear formation. Representative images from one 
experiment are shown, with n=9 for MBP-His, and n=9 for FH2-His. (B) Quantification of enrichment seen at male pronuclei 
shown in (A). Presence of mScarlet-Rab11a enrichment was judged by eye, three separate times per zygote to avoid bias, with 
a yes/no read-out. Two-tailed Fisher’s exact test used to test statistical significance; * p≤0.05, ** p≤0.01, *** p≤0.001. (C) 
Confocal images of male pronucleus forming close to the cortex of live zygote expressing mClover3-Spire2 (grey) and H2B-
mEGFP (magenta), injected with either MBP-His (top) or FH2-His (bottom), over time. Single z-planes of plane at which male 
DNA is central is shown. Cyan arrow indicates Spire2 accumulation as the pronucleus forms adjacent to the cortex. Images 
taken with a Zeiss LSM-800 microscope. Gaussian blur 1 px applied. Scale bar = 10 µm. Time shown in hours:minutes relative 
to pronuclear formation. Representative images from three experiment are shown, with total n=17 for MBP-His, and n=19 
for FH2-His. (D) Quantification of enrichment seen at male pronuclei shown in (C). Presence of mClover3-Spire2 enrichment 
was judged by eye, with a yes/no read-out. Two-tailed Fisher’s exact test used to test statistical significance; * p≤0.05, ** 
p≤0.01, *** p≤0.001. 

 

Overexpression of Spire2 elongates fast migration of pronuclei  

To complement the observational and perturbational experiments shown, an overexpression assay 

was the next step. As described in Introduction section 1.5, Rab11a is small GTPase of the Rab family, 

specifically involved in the targeting of vesicles to the plasma membrane. As such, it is unlikely that 

overexpression of only the Rab11a protein would necessarily lead to an increase of Rab11a-positive 

vesicles or their function, as several additional points of regulation exist in this network (Stenmark, 

2009). On the other hand, both Spire2 and Formin-2 overexpression with mRNA have been used 

previously in mouse oocytes to induce an increase in actin nucleation (Pfender et al., 2011). As Formin-

2-EGFP shown in Figures 15 and 29 was not visible without Spire2 expression, I thus chose to try Spire2 

overexpression in zygotes to see its effect on pronuclear migration. Note that this experiment was 

done prior to optimisation of mClover3-Spire2, and therefore mEGFP-Spire2 was still used. 

For this experiment, mEGFP-Spire2 was overexpressed at two different concentrations of mRNA: 

1200 ng/µL, and 400 ng/µL, together with H2B-mCherry, and the whole zygotes were imaged every 15 

minutes. The results of this are shown in Figure 21. In the first example, of a total of 7 zygotes imaged 

in this high concentration group, a very large ring of localisation around the forming male pronucleus 

was seen, indicated by the cyan arrows at -0:15 and 0:00. This had a similar but much larger 

localisation compared to the pattern seen with imaging of mClover3-Spire2 shown in Figure 17. As the 

male pronucleus formed, this localisation of mEGFP-Spire2 became more focused above it, as 

indicated by the cyan arrow at 0:15. In the next 15 minutes, both male and female pronuclei migrated 

very quickly to the side opposite to the mEGFP-Spire2 localisation, moving all the way to the opposite 

cortex by 0:30, indicated by the cyan box. While in lower concentrations of Spire2 imaging done 

previously, this bright spot-like localisation would fade quickly, here it remained even until four hours 

after pronuclear formation. In addition to the mEGFP-Spire2 localisation seen near the male 



Mechanisms of pronuclear migration in mammalian zygotes: Results 

Page 111 of 177 
 

pronucleus, other areas of the cortex also showed bright spots, indicated by the magenta arrows over 

time. The large area of mEGFP-Spire2 localisation, near the polar body at 1:30, faded over time, with 

the signal becoming more heterogenous in the cytoplasm. The nuclei began to migrate to the centre 

as the localised signal faded; however, in this example, mEGFP-Spire2 was later seen as a bright area 

of spots on one side of the zygote, as indicated by the cyan arrows, with the pronuclei still somewhat 

on the opposite side.  

In the zygote shown in the second panel of Figure 21, the same high level of overexpression of mEGFP-

Spire2 mRNA also resulted in elongated, fast pronuclear migration, though the extent of this was 

lower. Again, a ring-like localisation of mEGFP-Spire2 was seen at the cortex, as indicated by the cyan 

arrows, with quite a distance to the fertilisation cone, and this ring concentrated over time to form a 

smaller accumulation over the male pronucleus. As in the first example, both the male and female 

pronuclei migrated quickly over the next hour, not quite reaching the opposite cortex, as indicated by 

the cyan box. The mEGFP-Spire2 enrichment did not completely fade until over four hours after 

pronuclear formation. Bright spots of mEGFP-Spire2 were also seen at other areas of the cortex in the 

first hours of imaging, indicated by the magenta arrows. However, unlike the first example, no bright 

cortical localisation returned after this point, and the pronuclei migrated to the centre, where they 

remained until the end of imaging. 

In the two lower panels of Figure 21, two examples of zygotes expressing a lower (though still high) 

concentration of mEGFP-Spire2 mRNA are shown. In the first example, accumulation of mEGFP-Spire2 

appeared around the fertilisation cone, but not as far away from the male pronucleus as in the higher 

concentrations described above. This constricted to formed a bright spot, which was present until 

over 3 hours after pronuclear formation. As opposed to the fast migration of both pronuclei to the 

opposite side of the cortex, the female pronucleus did not appear to be affected by the Spire2 

overexpression, while the male pronucleus appeared to move somewhat faster than normal, 

migrating slightly past the centre of the zygote as indicated by the cyan box. The pronuclei were able 

to migrate to the centre later, where they stayed until the end of imaging. In this zygote, further bright 

spots of mEGFP-Spire2 were seen in different cortical regions as indicated by the magenta arrows.  

In the second example, from a total of 9 zygotes imaged in this group, the mEGFP-Spire2 enrichment 

seen was only small by the male pronucleus, as indicated by the cyan arrow, and disappeared around 

2:15 post pronuclear formation. The male pronucleus formed and migrates past the centre, as 

indicated by the cyan boxes. In this example, the pronuclei eventually migrated to the centre, though 

they appeared to take longer than in previous examples. No additional spots of mEGFP-Spire2 

enrichment were observed in this zygote.  
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In this experiment, it was found that higher concentrations of mEGFP-Spire2 mRNA expressed in 

zygotes was sufficient to induce fast migration of both pronuclei away from the localisation of mEGFP-

Spire2. Furthermore, the localisation of mEGFP-Spire2 was found to form a bright ring quite far away 

from the fertilisation cone, which became smaller and localised over the male pronucleus as it formed; 

also, mEGFP-Spire2 signal could be observed at other spots throughout the cortex. At slightly lower 

concentrations, the male pronucleus would migrate slightly too far in the first hours after pronuclear 

formation, but the female pronucleus did not appear to be affected. One additional observation made 

here was that even 15 hours post pronuclear formation, when pronuclei had long reached the centre, 

none of the zygotes imaged (total of 16 from the two groups) were able to undergo the first mitotic 

division, likely as Spire2 is also involved in cytokinesis. As this experiment was a preliminary test of the 

effect of overexpression of Spire2, it was not repeated again; rather, Kathleen Scheffler used these 

observations and eventually quantified pronuclear migration in response to overexpression of SNAP-

Spire2 mRNA, as shown in figure 30 in the appendix.  

As this experiment provided evidence that Spire2 overexpression could speed up pronuclear migration 

of both male and female pronuclei, we next investigated whether the mScarlet-Rab11a and mClover3-

Spire2 enrichments could also be observed if the female pronucleus formed close to the cortex. 
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Figure 21: Overexpression of mEGFP-Spire2 elongates fast migration of pronuclei. Confocal images of zygotes expressing 
different concentrations of mEGFP-Spire2 (grey) and H2B-mCherry mRNA (magenta), over time. Zygotes were imaged every 

15 minutes, with a z-resolution of 3 µm. z-projections of 28x3 µm are shown with Gaussian blur of 1 px. PB = Polar body, ♂ = 

male pronucleus ♀ = female pronucleus. Cyan arrows indicate mEGFP-Spire2 accumulation around forming male pronucleus, 
magenta arrows indicate other localisations of mEGFP-Spire2. Cyan box indicates position of pronuclei. Images taken with a 
Zeiss LSM-880 microscope. Gaussian blur 1 px applied. Scale bar = 20 µm. Time shown in hours:minutes relative to pronuclear 
formation. Images from two representative zygotes are shown per group, from one experiment; n=7 zygotes for the 
1200 ng/µL group, and n=6 for the 400 ng/µL dilution group.   
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3.6 Fast migration of pronuclei and enrichment of Spire2, Rab11a are not dependent on sperm entry 

site, nor the fertilisation cone 

The female pronucleus exhibits fast migration and mScarlet-Rab11a, mClover3-Spire2 accumulation 

when it forms close to the cortex 

One key question remaining was whether the very fast migration observed in the first 30 minutes of 

male pronuclear migration was inherent to the site of sperm entry and the fertilisation cone, or other 

mechanisms and signalling pathways were involved, not inherent to the male DNA. As explained in 

the Introduction section 1.4, Kathleen Scheffler made the observation that as a side effect of 

nocodazole treatment, female pronuclei would often form closer to the cortex, and show a fast inward 

migration, similar to the male pronuclei. In the next set of experiments, mScarlet-Rab11a and 

mClover3-Spire2 were imaged in zygotes treated with DMSO or nocodazole, and the formation and 

migration of female pronuclei were imaged. The results of these experiments are shown in Figure 22.  

First, I imaged the localisation of mScarlet-Rab11a in zygotes treated with either DMSO or nocodazole. 

The example images shown In Figure 22A are from a female pronucleus forming deeply in a DMSO-

treated zygote, and a female pronucleus forming peripherally in a nocodazole-treated zygote. When 

the female pronucleus formed deep in the cell, no mScarlet-Rab11a enrichment was observed. 

However, in the lower panels, the maternal DNA was still positioned deep in the cell 45 minutes prior 

to pronuclear formation, but localised to the cortex prior to pronuclear formation. As the pronucleus 

formed peripherally, mScarlet-Rab11a localised to the cortical area adjacent to it, as indicated by the 

cyan arrows. It appeared as though a small ‘cone’ or protrusion formed around the maternal DNA at 

the cortex, similar to the fertilisation cone at the site of sperm entry. The female pronucleus could 

then be seen to migrate quickly away from the cortex. It should be noted that most, but not all female 

pronuclei formed peripherally (at the cortex) in the nocodazole group (18/31), and a few female 

pronuclei unexpectedly formed at the at the cortex in the DMSO group (5/21) (p=0.0227, two-tailed 

Fisher’s exact test); the quantification of this are shown in Figure 22B. Thus, to quantify enrichment 

based on proximity to cortex, both DMSO and nocodazole groups were first sorted by whether the 

pronucleus formed close to the cortex or not; then, whether or not mScarlet-Rab11a was enriched at 

the cortex was scored for each zygote. The results of this quantification from four experiments are 

seen in Figure 22C and D. In the DMSO group, the majority of cells formed deep inside the cell, and 

0/16 of these showed mScarlet-Rab11a enrichment. As mentioned, in five zygotes of the DMSO group, 

the female pronucleus also formed at the cortex. This was unexpected, but may have been due to 

slight differences in experimental set-up (see Methods section 2.2) and delay in putting zygotes on 

the microscope; perhaps they were not kept warm enough, and the cold-sensitive microtubules fell 

apart, creating the same effect as nocodazole. Regardless of the reason for this difference, it was 
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found that in the DMSO group, 5/5 of the zygotes in which the female pronuclei formed peripherally 

showed mScarlet-Rab11a enrichment (p<0.001 compared to those forming deeply, two-tailed Fisher’s 

exact test). In the nocodazole group, 13 zygotes did not have peripherally forming female pronuclei, 

which also did not show mScarlet-Rab11a enrichment. However, 17 of 18 of the zygotes in which 

female pronuclei formed at the cortex in response to nocodazole treatment showed mScarlet-Rab11a 

accumulation adjacent to the female pronucleus (p<0.001 compared to those forming deeply, two-

tailed Fisher’s exact test).  

Next, mClover3-Spire2 was imaged in the same way as mScarlet-Rab11a above, to confirm that it too 

localised adjacent to the female pronucleus when it formed at the cortex. Note that of four 

experimental repetitions, one was conducted by me, and three by Kathleen Scheffler; images shown 

are from my repetition, and quantifications from all experiments pooled together. In the images 

shown in Figure 22E, the top panels show a female pronucleus forming inside a DMSO-treated zygote. 

While mClover3-Spire2 was seen at the site of polar body extrusion, no enrichment was seen as the 

pronucleus formed. In the nocodazole-treated zygote, the maternal DNA was initially inside the cell, 

as shown 54 minutes prior to pronuclear formation. At this time point, we could also see a side-effect 

of the nocodazole treatment, as chromosomes began to fall apart slightly, indicated by the magenta 

arrow. By the time the pronucleus formed, the chromosomes were at the cortex, and a clear cone had 

formed around them, with mClover3-Spire2 enrichment seen at its periphery, indicated by the cyan 

arrows. As the pronucleus formed and migrated quickly away from the cortex, the cone constricted, 

and mClover3-Spire2 enrichment could be seen overlying the female pronucleus in a bright 

accumulation. In these experiment, extra care was given to avoid DMSO-treated cells also having 

perturbed microtubules by ensuring they were kept warm at all times, and as can be seen in 

Figure 22F, only nocodazole-treated zygotes showed peripherally-forming female pronuclei in the 

four experiments (p<0.001, two-tailed Fisher’s exact test). The quantifications for DMSO- and 

nocodazole-treated groups are shown in Figure 22G and H respectively. While there were no 

peripherally-forming female pronuclei in the DMSO group, one of the deep forming female pronuclei 

did show some mClover3-Spire2 enrichment at the cortex; it was not as strong as shown above, but a 

slight ‘ring’ of signal could be observed, and it was thus counted as such. However, the majority 

(20/21) did not show any enrichment of mClover3-Spire2 when they formed deep in the cell. In the 

nocodazole-treated group, none (0/5) of the deep-forming pronuclei were accompanied by any 

mClover3-Spire2 enrichment, while 100% (28/28) of peripherally-forming pronuclei showed the same 

pattern of mClover3-Spire2 enrichment as shown in the example in Figure 22E (p<0.001, two-tailed 

Fisher’s exact test).  



Mechanisms of pronuclear migration in mammalian zygotes: Results 

Page 117 of 177 
 

In these experiments, we were able to find that the mScarlet-Rab11a and mClover3-Spire2 enrichment 

described at the site of pronuclear formation was not unique to male pronuclei, but indeed could be 

seen adjacent to female pronuclei when they formed close to the cortex. We continued to investigate 

the nature of this fast migration in the next set of experiments, which perturbed the actomyosin 

contractions of the fertilisation cone. 
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Figure 22: The female pronucleus exhibits fast migration and mScarlet-Rab11a, mClover3-Spire2 accumulation when it 
forms close to the cortex. (A) Confocal images of forming female pronucleus of live zygote expressing mScarlet-Rab11a (grey) 
and H2B-mEGFP (magenta), incubated with either DMSO and with deep pronuclear formation (top) or with nocodazole 
inducing peripheral pronuclear formation (bottom), over time. Single z-planes of plane at which female DNA is central is 
shown. Cyan arrow indicates Rab11a accumulation as the pronucleus forms adjacent to the cortex. Images taken with a Zeiss 
LSM-800 microscope. Gaussian blur 1 px applied. Scale bar = 10 µm. Time shown in hours:minutes relative to pronuclear 
formation. Representative images from four experiments are shown, with n=21 for DMSO, and n=31 for nocodazole. (B) 
Quantification of location of female pronuclear formation in DMSO and nocodazole treated zygotes. Two-tailed Fisher’s exact 
test used to test statistical significance; * p≤0.05, ** p≤0.01, *** p≤0.001. (C and D) Quantification of mScarlet-Rab11a 
enrichment at female pronuclei in DMSO-treated and nocodazole treated zygotes respectively. Female pronuclei formed 
either deep in the cell or peripherally at the cortex, and either showed enrichment or did not. Presence of mScarlet-Rab11a 
enrichment was judged by eye, three separate times per zygote to avoid bias, with a yes/no read-out. Two-tailed Fisher’s 
exact test used to test statistical significance; * p≤0.05, ** p≤0.01, *** p≤0.001. (E) Confocal images of forming female 
pronucleus of live zygote expressing mClover3-Spire2 (grey) and H2B-mEGFP (magenta), incubated with either DMSO and 
with deep pronuclear formation (top) or with nocodazole inducing peripheral pronuclear formation (bottom), over time. 
Single z-planes of plane at which male DNA is central is shown. Cyan arrow indicates Spire2 accumulation as the pronucleus 
forms adjacent to the cortex; magenta arrow indicates chromosomes falling apart in nocodazole-treated cell. Images taken 
with a Zeiss LSM-800 microscope. Gaussian blur 1 px applied. Scale bar = 10 µm. Time shown in hours:minutes relative to 
pronuclear formation. Representative images from four experiment are shown, with total n=21 for DMSO, and n=33 for 
nocodazole. Note that one of four experiments for mClover3-Spire2 was done by me, with the remaining done by Kathleen 
Scheffler; images are shown from my repetition. (F) Quantification of location of female pronuclear formation in DMSO and 
nocodazole treated zygotes. Two-tailed Fisher’s exact test used to test statistical significance; * p≤0.05, ** p≤0.01, *** 
p≤0.001. (G and H) Quantification of mScarlet-Rab11a enrichment at female pronuclei in DMSO-treated and nocodazole 
treated zygotes respectively. Female pronuclei formed either deep in the cell or peripherally at the cortex, and either showed 
enrichment or did not; note that no female pronuclei in DMSO-treated cells formed peripherally in these experiments. 
Presence of mClover3-Spire2 enrichment was judged by eye, with a yes/no read-out. Two-tailed Fisher’s exact test used to 
test statistical significance; * p≤0.05, ** p≤0.01, *** p≤0.001. 

 

Fast pronuclear migration is possible without actomyosin contractions of the fertilisation cone 

In mouse zygotes, the fertilisation cone has been described to show rhythmic actomyosin contractions 

prior to pronuclear formation, which could be perturbed by MLCK-inhibitor ML-7 (Ajduk et al., 2011). 

ML-7 selectively inhibits the catalytic nature of MLCK (Saitoh et al., 1987), thus perturbing function of 

MLCK-dependent myosins, including myosin-II that is active in actomyosin contractions of the 

fertilisation cone. As it was possible that these actomyosin contractions were involved in the fast 

migration of pronuclei away from the cortex, I next tracked pronuclear migration in zygotes treated 

with either DMSO or ML-7. The exact protocol can be found in Methods section 2.2. Note that as 

opposed to other drug treatment experiments, ML-7 required two changes that worsened overall 

culture conditions: First, ML-7-containing medium could not be covered with paraffin oil, meaning 

that evaporation was more likely; and second, to reach a final ML-7 concentration of 30 µM, a dilution 

factor of drug and DMSO of 1:333 had to be used, as opposed to 1:1000 for other drug experiments. 

Furthermore, ML-7 affects not only actomyosin contractions of the fertilisation cone, but has also 

been shown to alter other myosin-related functions such as cortical tension in oocytes (Larson et al., 

2010), and extrusion of the second polar body in zygotes (Matson et al., 2006), and thus may be 

involved in a number of processes of the zygote.  

First, the conditions for ML-7 incubation were optimised. In the literature, ML-7 had been dissolved in 

either DMSO, or ethanol and water. When this experiment was attempted with ML-7 dissolved in 
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ethanol and water, the zygotes developed very poorly, and often showed severe blebbing (data not 

shown). For this reason, the ML-7 powder was instead dissolved in DMSO, and this was used for the 

three experiments tracking pronuclear migration shown in Figure 23. While these cells still did not 

develop optimally as shown in the images, it was significantly better than in the experiments using 

ethanol and water. To ensure that ML-7 was indeed active during the duration of imaging, immature 

GV oocytes were placed in the imaging dish with the zygotes; ML-7 disrupts polar body extrusion in 

mouse oocytes (Matson et al., 2006), and rate of polar body extrusion was counted after imaging of 

zygotes was completed. For the three experiments conducted, a total of 36 GV oocytes were placed 

with the DMSO groups, 78% of which had polar body extrusion; 37 GV oocytes were placed with the 

ML-7 groups, none of which had polar body extrusion (p<0.001, two-tailed Fisher’s exact test). 

Furthermore, even though zygotes in the ML-7 group showed nuclear envelope breakdown towards 

the end of imaging, cleavage of the first mitotic division failed, indicating that ML-7 was functional and 

inhibiting MLCK activity until the end of imaging. 

Zygotes expressing MyrGFP and H2B-mCherry mRNA were imaged to allow pronuclear migration. The 

images can be seen in Figure 23A; one example of a DMSO zygote is shown, and two zygotes from the 

ML-7 group are shown. In the DMSO group, both pronuclei formed as normal, and the male pronucleus 

could be seen migrating away from the cortex quickly in the first 30 minutes after pronuclear 

migration, as indicated by the cyan box. In the later development of the zygote, the pronuclei did not 

appear to migrate as well into the centre as shown for previous control groups in Figures 5 and 19, 

possibly due to the higher concentration of DMSO and poor culture conditions required for this 

experiment. Regardless, by nuclear envelope breakdown, the pronuclei were at the centre, and 

mitotic division occurred successfully. 

Two ML-7 groups are shown, as two different scenarios were seen in ML-7 treated zygotes. As 

mentioned previously, ML-7 inhibits cytokinesis of polar body extrusion, and thus, if it was added prior 

to the polar body having formed, both sets of maternal DNAs would remain in the zygote. This case is 

shown in the first example. Note that for quantification of pronuclear migration, both female 

pronuclei were tracked in these cases. Interestingly, these sets of maternal DNAs would often form 

pronuclei at the cortex as a result. In turn, all three forming pronuclei of this zygote showed a fast 

inwards migration towards the centre of the zygote, indicating that the fast migration of pronuclei 

was possible in the absence of MLCK activity and actomyosin contractions. In other zygotes, the polar 

body had already formed, and one of these examples is shown as the second ML-7-treated zygote. As 

can be seen, the polar body was present, and the female pronucleus formed in its usual place deeper 

inside the cell. The male pronucleus formed at the cortex, and migrated quickly towards the centre, 

as indicated by the cyan box. Interestingly, the MyrGFP signal shows an accumulation by the male 
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pronucleus, though it is not clear why. While in some zygotes, the polar body stayed intact throughout 

pronuclear migration, in other zygotes, including this example, the polar body later collapsed; here, 

this is shown between time points 8:00 and 8:15, when the polar body collapsed and its DNA entered 

the zygote. Note that these pronuclei appearing later were not quantified for tracking of pronuclear 

migration. Neither the first nor second ML-7-treated zygote appeared to be developing completely 

normally, as the pronuclei did not migrate completely to the centre. Also, cortical spots could be seen 

as MyrGFP expression increased over time, possibly indicating cortical disruptions. As mentioned, 

nuclear envelope breakdown occurred, but ML-7 treated zygotes were not able to undergo 

cytokinesis. 

This migration is quantified in Figure 23B. Overall, for the migration of the male pronuclei, it appears 

that the migration patterns of both DMSO and ML-7 groups overlapped fairly well; both showed an 

early, fast migration towards the centre. In the DMSO-treated zygotes, the male pronuclei formed 

with a mean distance of 36.14 ± 2.51 µm from the centre; by 30 minutes, they had migrated to 

24.70 ± 1.69 µm from the zygote’s centre. Thus, in the first 30 minutes, they migrated an average of 

11.44 µm. In the presence of ML-7, the male pronuclei formed with a mean distance of 

34.63 ± 3.89 µm from the centre of the zygote, and after 30 minutes, they had migrated to 

26.16 ± 4.45 µm from the centre (p>0.05, Welch’s test), a mean migration of 8.47 µm in 30 minutes. 

Later, both groups showed a plateau of inward migration, lasting approximately 90 minutes, not 

usually seen in control cells shown previously. It is possible that this was due to the culture conditions 

mentioned. Ninety minutes after pronuclear formation, the male pronucleus was on average 

20.62 ± 1.76 µm from the centre in DMSO-treated cells, and 21.23 ± 1.85 µm in ML-7 treated zygotes 

(p>0.05, Welch’s t-test), and they both did not migrate far the next 90 minutes. However, they did 

continue to migrate further later on, as by the last time point before nuclear envelope breakdown, 

the pronuclei of both groups were at similar distances from the centre; in the DMSO group, the mean 

distance from the centre was 12.14 ± 2.21 µm, and in the ML-7 group, it was 11.22 ± 3.01 µm (p>0.05, 

Welch’s t-test). 

The female pronuclei are shown on the right-hand side graph. As shown in the images of Figure 23A, 

some female pronuclei formed close to the cortex in ML-7 treated zygotes, but not in DMSO-treated 

zygotes. In the DMSO group, the female pronuclei formed with a mean distance from the centre of 

23.81 ± 2.69 µm, compared to 32.39 ± 7.12 µm in the ML-7 group (p<0.001, Welch’s t-test), a value 

much closer to the male pronuclei at this time point. Within the first 30 minutes, the female pronuclei 

in the ML-7 group had migrated to 24.18 ± 4.55 µm, compared to 22.51 ± 2.38 µm in the DMSO group, 

which still had a significant difference (p=0.03, Welch’s t-test). Like the male pronuclei described 

above, the female pronuclei did not migrate further inward after this fast migration, in fact moving 
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slightly outward before continuing migrating towards the centre, which resulted in them not reaching 

as close to the centre as in DMSO-treated cells. Before nuclear envelope breakdown, female pronuclei 

in DMSO-treated zygotes had travelled to 13.17 ± 1.72 µm from the centre, and 16.90 ± 2.34 µm in 

the ML-7 treated group (p<0.01, Welch’s t-test). 

To further analyse these data, the average velocities in different time frames were calculated and are 

shown in Figure 23C. The velocities in male pronuclei were significantly different in first and second 

half hours, but not later time frames. In the first 30 minutes, the male pronucleus moved at a mean 

velocity of 0.39 ± 0.05 µm/minute towards the centre in the DMSO group, and 0.31 ± 0.14 µm/minute 

in the ML-7 group (p=0.0068, Welch’s t-test). In the next time frame from 0.5 - 1hour after pronuclear 

formation, the DMSO group had an average velocity of 0.085 ± 0.034 µm/minute towards the centre, 

compared to 0.14 ± 0.13 µm/minute in the ML-7 group (p=0.0349, Welch’s t-test). Thus, while ML-7 

caused a slower migration of the male pronucleus in the first 30 minutes compared to DMSO, the next 

30 minutes were faster in the ML-7 group than in the DMSO group. Overall, it appeared that there 

was simply a much higher variability to the velocities in the first hour, but male pronuclei migrated as 

far into the centre within the first hour in ML-7 and DMSO groups. The effect described here was not 

similar to the effect of Rab11a or actin nucleation perturbations shown in Figure 5 and 19 respectively; 

many male pronuclei were still able to migrate quickly away from the cortex, even with perturbed 

MLCK activity, indicating that it was not required for the fast migration, even if it did clearly change 

some dynamics in the zygote.   

When looking at the velocities of female pronuclei, it is further clear that MLCK was not required for 

the fast migration of pronuclei; in fact, the female pronuclei migrated with an increased velocity only 

in the ML-7 group, as some of them formed close to the cortex. The female pronuclei moved at a mean 

velocity of 0.038 ± 0.060 µm/minute in the DMSO group, compared to 0.29 ± 0.17 µm/minute in the 

ML-7 group (p<0.001, Welch’s t-test). The high variability in the ML-7 group can be explained by the 

fact that some female pronuclei still formed at their usual position inside the cell, thus migrating slowly 

towards the centre. In the next time frame, the female pronuclei were still faster in the ML-7 group 

than the DMSO group; in the DMSO group, the mean velocity of female pronuclei was 

0.038 ± 0.048 µm/minute, and 0.10 ± 0.09 µm/minute in the ML-7 group (p<0.001, Welch’s t-test). 

The remaining time frames did not show a significant difference between the groups, neither for the 

male nor female pronuclei.  

While these results did show that the culture conditions in ML-7 experiments were likely subpar, and 

that MLCK is likely involved in many processes in the early zygote, it does not appear that it was 

absolutely essential for the fast migration of pronuclei that formed close to the cortex. As we had 



Mechanisms of pronuclear migration in mammalian zygotes: Results 

Page 123 of 177 
 

observed mClover3-Spire2 localisation to the fertilisation cone, which could be linked to the 

actomyosin contractions, the next experiments looked at mClover3-Spire2 localisation in zygotes 

treated with ML-7. 
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Figure 23: Fast pronuclear migration is possible without actomyosin contractions of the fertilisation cone.  (A) Confocal 
images of live zygotes treated with DMSO or ML-7, expressing MyrGFP (grey) and H2B-mCherry (magenta) mRNA. Cyan box 
highlights position of male pronucleus as it migrates away from cortex; magenta box highlights position of female pronuclei 

when the polar body fails to form. Images taken every 15 minutes, every 3 µm throughout the zygote. PB = Polar body, ♂ = 

male pronucleus ♀ = female pronucleus. Images shown are maximum intensity projections of the z-planes with a 1 px Gaussian 
blur filter applied. Images taken on Zeiss LSM-880 confocal microscope. Scale bar = 20 µm. Time shown in hours:minutes 
relative to pronuclear formation. Representative images; two examples are shown for ML-7 as formation of polar body 
depended on exact time of drug addition. Total number of zygotes n=26 for DMSO, and n=33 for ML-7 from three experiments. 
(B) Migration of female and male pronucleus over time. The live imaging data were reconstructed in 3D using IMARIS 
software, and the relative distance of each pronucleus from the centre of the zygote was calculated and plotted over time. 
On the left, migration of male pronucleus is shown, and on the right, the female, each comparing zygotes treated with DMSO 
(light cyan and light magenta respectively), and ML-7 (dark turquoise and dark purple respectively); dashed lines = one 
standard deviation. (C) Velocity of male (left) and female (right) pronucleus in different time frames. The mean velocity of 
each pronucleus for each time frame was calculated and plotted so that each dot represents one pronucleus; the mean of all 
pronuclei for each time frame was calculated and is indicated by the black line with error bars signifying one standard 
deviation. The colour key is identical to (B). Note the differing y-axes for male and female pronuclei, and that the dotted black 
line shows where y=0. Shaded yellow area signifies time frame in which there is a significant difference between the DMSO 
and ML-7 groups. Statistical significance between conditions calculated with Unpaired, two-tailed t-test with Welch’s 
correction. * p≤0.05, ** p≤0.01, *** p≤0.001. 

 

Spire2 accumulation at the forming male pronucleus persists when actomyosin contractions are 

inhibited 

In Figure 17, we had described a ring-like accumulation of mClover3-Spire2 at the base of the 

fertilisation cone; this ring contracted over time to focus over the forming male pronucleus. As 

contractions of the fertilisation cones have been described around the time of pronuclear formation, 

with actin and myosin-II localisation described at the base of the fertilisation cone, and the formation 

of fertilisation cones as well as their contractions were disrupted by inhibiting MLCK function (Ajduk 

et al., 2011), I next wanted to test if the dynamics of the mClover3-Spire2 localisation were linked to 

these fertilisation cone contractions. As shown in Figure 23, the fast migration of pronuclei away from 

the cortex was still possible, though slightly slowed and lengthened, in the presence of ML-7. Next, 

zygotes expressing mClover3-Spire2 mRNA treated with either DMSO or ML-7 were imaged with high 

temporospatial resolution at the forming male pronucleus. The results are shown in Figure 24.   

In Figure 24A, representative images from a zygote treated with DMSO (top) and a zygote treated with 

ML-7 (bottom) are shown over time. In the DMSO-treated zygote, a fertilisation cone formed above 

the forming male pronucleus, and mClover3-Spire2 was clearly visible, as indicated by the cyan arrows. 

This accumulation concentrated at the cortical region directly overlying the growing male pronucleus, 

which moved quickly away from the cortex. In the ML-7-treated zygote, no clear protrusion of the 

fertilisation cone is visible, an effect of ML-7 that had been described in approximately half of the 

zygotes previously (Ajduk et al., 2011). However, as indicated by the cyan arrows, mClover3-Spire2 is 

present in these zygotes, and shows similar dynamics as in the DMSO group. The shape of the 

accumulation appeared slightly different than in control cells, as it was less evenly distributed, possibly 
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as a consequence of the fertilisation cone changes in presence of ML-7. The male pronucleus formed 

and migrated quickly away from the cortex, as in the DMSO-treated zygote shown.  

The quantification from three experiments are shown in Figure 24B. All zygotes from both DMSO 

(14/14) and ML-7 (21/21) groups showed enrichment of mClover3-Spire2 at the forming male 

pronucleus (p>0.05, two-tailed Fisher’s exact test). 

This experiment, in conjunction with the results of Figure 23, reveal that MLCK function at the 

fertilisation cone did not appear to be required for the fast migration of pronuclei away from the 

cortex, nor for the mClover3-Spire2 accumulation.  
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Figure 24: mClover3-Spire2 accumulation persists when actomyosin contractions are inhibited with ML-7. (A) Confocal 
images of male pronucleus forming close to the cortex of live zygote expressing mClover3-Spire2 (grey) and H2B-mEGFP 
(magenta), treated with either DMSO (top) or ML-7 (bottom), over time. Single z-planes of plane at which male DNA is central 
is shown. Cyan arrow indicates Spire2 accumulation as the pronucleus forms adjacent to the cortex. Images taken with a Zeiss 
LSM-800 microscope. Gaussian blur 1 px applied. Scale bar = 10 µm. Time shown in hours:minutes relative to pronuclear 
formation. Representative images from three experiment are shown, with total n=14 for DMSO, and n=21 for ML-7. (B) 
Quantification of enrichment seen at male pronuclei shown in (A). Presence of mClover3-Spire2 enrichment was judged by 
eye, with a yes/no read-out. Two-tailed Fisher’s exact test used to test statistical significance; * p≤0.05, ** p≤0.01, *** 
p≤0.001. 
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3.7 Actin is absolutely essential for pronuclear migration in later pronuclear migration 

Overall, our results so far indicated that Rab11a- and Spire2-related actin nucleation are likely 

important in the initial stages of pronuclear migration. As shown in the Introduction section 1.4, 

pronuclei of cytochalasin D-treated zygotes were not able to migrate away from the cortex. It was, 

however, not clear whether F-actin was only required for pronuclei to migrate away from the cortex, 

or also for later stages of pronuclear migration, which are not dependent on Rab11a actin vesicles or 

Formin-2/Spire2-interaction. Therefore, I next investigated the effect of cytochalasin D when it was 

added after pronuclear formation, and thus after Rab11a- and Spire2-related fast migration away from 

the cortex. To achieve this, zygotes expressing MyrGFP and H2B-mCherry were imaged from 

fertilisation. When all pronuclei had formed and the initial migration away from the cortex had 

occurred, either DMSO or cytochalasin D was added to the imaging dish, and the zygotes were 

returned to the microscope. These results are shown in Figure 25.  

Representative images of zygotes treated with either DMSO or cytochalasin D are shown in Figure 

25A. Note that for this experiment, the time could not be set relative to pronuclear formation, but 

rather, relative to the time point imaging was re-started just after drug addition. In both zygotes 

shown, male and female pronuclei formed as normal, with the male pronucleus forming at the cortex 

and migrating quickly inwards, and the female pronucleus forming deeper inside the cell, prior to drug 

addition. After drug addition, the pronuclei in the DMSO group continued to migrate towards the 

centre, while in the zygotes to which cytochalasin D was added, the pronuclei stopped migrating 

towards the centre, and remained in their position as they grew, until the time point of nuclear 

envelope breakdown. 

This migration is quantified in Figure 25B. The migration of both male (left) and female (right) 

pronuclei is shown, relative to the time of imaging restart after drug addition, indicated by the beige 

dashed line. Before drug addition, male pronuclei migrated quickly and female pronuclei slowly 

towards the centre. Then, imaging was paused while the drug was added and zygotes re-positioned, 

and imaging was re-started. From this point onwards, neither male nor female pronuclei show much 

if any migration inwards in the cytochalasin D group compared to the DMSO group. At the time point 

imaging was re-started after drug addition (time point 0), male pronuclei in the DMSO group were at 

a mean distance of 19.59 ± 2.98 µm from the centre, compared to 22.42 ± 3.35 µm when 

cytochalasin D had been added (p<0.001, Welch’s t-test); evidently, pronuclei in the DMSO group had 

already continued their migration before imaging was re-started compared to cytochalasin D. At the 

last time point before nuclear envelope breakdown, male pronuclei had migrated to 10.99 ± 2.03 µm 

from the centre in DMSO-treated zygotes, compared to 19.37 ± 3.13 µm in the cytochalasin D group 
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(p<0.001, Welch’s t-test). The same trend was observed for the female pronuclei. After the drug was 

added and imaging re-started, female pronuclei in the DMSO group were at a mean distance from the 

centre of 18.71 ± 1.77 µm compared to 20.11 ± 2.37 µm in the cytochalasin D group (p=0.0101, 

Welch’s t-test). By the end of imaging at nuclear envelope breakdown, female pronuclei had migrated 

to 10.27 ± 1.99 µm from the centre in DMSO-treated zygotes, but only to 17.47 ± 1.88 µm in those 

treated with cytochalasin D (p<0.001, Welch’s t-test).  

Next, the average velocities in different time frames were calculated and are shown in Figure 25C. 

Here, no significant difference was seen between groups before drug addition, but every time frame 

analysed after drug addition was significantly slower in the cytochalasin D group than in the DMSO 

group. For example, in the first hours after drug addition, the male pronucleus moved at a mean 

velocity of 0.035 ± 0.013 µm/minute towards the centre in the DMSO group, and in the cytochalasin D 

group the mean velocity was 0.011 ± 0.000 µm/minute (p<0.001, Welch’s t-test). In this time frame, 

the female pronucleus moved at a mean velocity of 0.036 ± 0.014 µm/minute in the DMSO-treated 

zygotes, compared to 0.007 ± 0.006 µm/minute in the dominant-negative group (p<0.001, Welch’s t-

test). This trend was also observed in the later time frames; both male and female pronuclei continued 

to migrate at a steady pace in DMSO-treated zygotes, compared to near-zero velocities in 

cytochalasin D-treated zygotes, consistently with a significant difference between the two groups.  

These experiments revealed F-actin was important not only in the early, fast migration away from 

the cortex, but also for later migration of both female and male pronuclei towards the centre. 
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Figure 25: Late pronuclear migration requires F-actin. (A) Confocal images of live zygotes, treated with either DMSO or 
cytochalasin D after early pronuclear migration was complete, expressing MyrGFP (grey) and H2B-mCherry (magenta) mRNA. 
Zygotes were imaged until pronuclei had formed and begun migrating; then, either DMSO or cytochalasin D was added, 
zygotes were re-positioned, and imaging re-started. Images taken every 15 minutes (except during drug addition), every 3 µm 

throughout the zygote. PB = Polar body, ♂ = male pronucleus ♀ = female pronucleus. Images shown are maximum intensity 
projections of the z-planes with a 1 px Gaussian blur filter applied. Images taken on Zeiss LSM-880 confocal microscope. Scale 
bar = 20 µm. Time shown in hours:minutes relative to re-starting of imaging after drug addition, indicated by beige dashed 
line. Representative images; total number of zygotes n=27 for DMSO, and n=35 for cytochalasin D, from three experiments. 
(B) Migration of female and male pronucleus over time. The live imaging data were reconstructed in 3D using IMARIS 
software, and the relative distance of each pronucleus from the centre of the zygote was calculated and plotted over time. 
On the left, migration of male pronucleus is shown, and on the right, the female, each comparing zygotes treated with DMSO 
(light cyan and light magenta respectively), and cytochalasin D (dark turquoise and dark purple respectively); dashed coloured 
lines = one standard deviation. Beige dashed line = time of drug addition. (C) Velocity of male (left) and female (right) 
pronucleus in different time frames. The mean velocity of each pronucleus for each time frame was calculated and plotted so 
that each dot represents one pronucleus; the mean of all pronuclei for each time frame was calculated and is indicated by the 
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black line with error bars signifying one standard deviation. The colour key is identical to (B). Note the differing y-axes for 
male and female pronuclei, and that the dotted black line shows where y=0. Shaded yellow area signifies time frame in which 
there is a significant difference between the DMSO and cytochalasin D groups. Statistical significance between conditions 
calculated with Unpaired, two-tailed t-test with Welch’s correction. * p≤0.05, ** p≤0.01, *** p≤0.001. 
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4. DISCUSSION 

4.1 Summary of results 

Before I joined this project, Kathleen Scheffler had made a number of fundamental observations about 

pronuclear migration in mouse zygotes: that male and female pronuclei show different migration 

dynamics; that filamentous actin is required for pronuclear migration; that microtubules are only 

important for the slower, later phase of migration; and that brefeldin A inhibits only the early, fast 

migration of male pronuclei.  

My objective for my PhD research was to research in more detail the underlying mechanisms of this 

fast migration in the first phase of pronuclear migration. Specifically, the localisation and function of 

Rab11a-positive vesicles as well as Spire- and Formin-type actin nucleators have been investigated, 

and in this thesis, the results obtained from a variety of observational and functional experiments 

have been described. On an observational level, fluorescently tagged Rab11a, Spire2 and Formin-2 

were all found to localise to the cortical region overlying the forming male pronucleus, with Rab11a 

localisation described in the most detail using imaging of live and fixed cells. Different perturbation 

and overexpression experiments revealed that these proteins also play a functional role in the fast 

migration of pronuclei in their first phase away from the cortex. Interestingly, accumulation of Rab11a 

and Spire2, as well as fast pronuclear migration away from the cortex was not dependent on the site 

of sperm entry or actomyosin contractions of the fertilisation cone. As Rab11a, Spire2 and Formin-2 

only appeared to be involved in early pronuclear migration, the effect of actin perturbation on later 

migration was also investigated, and it was found that actin is indeed essential throughout pronuclear 

migration.  

In this next section, the main results leading to these conclusions will be summarised, and where 

applicable, limitations of the types of experiments used to reach these conclusions will be discussed. 

Rab11a, Spire2 and Formin-2 are present at and required for the fast, early pronuclear migration 

away from the cortex 

The first part of the Results focused solely on the function and localisation of Rab11a throughout 

zygotic progression. As shown in the introduction, Kathleen Scheffler had previously found that 

treatment with brefeldin A, which inhibits Golgi function and thus Rab11a vesicle formation, slowed 

down the initial migration of male pronuclei. As we found the same result in zygotes expressing the 

dominant-negative form of Rab11a, Rab11aS25N (Figure 5), we conclude that Rab11a is required for the 

fast, early migration away from the cortex, but is not essential for later pronuclear migration.  
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Optimisation and subsequent imaging of the newly cloned and synthesised mScarlet-Rab11a mRNA in 

live cells revealed that Rab11a-positive vesicles appeared at fertilisation, increased in number around 

the time of pronuclear formation, and were gone within about an hour of pronuclear formation 

(Figures 6 and 7). Optimisation of a commercial Rab11a antibody for immunofluorescence combined 

with an automated counting method confirmed that endogenous Rab11a-positive vesicles showed 

the same trend (Figures 8-11). Furthermore, this immunofluorescence and analysis approach allowed 

confirmation of brefeldin A and Rab11aS25N both perturbing these levels of endogenous Rab11a-

positive vesicles (Figure 12). It should be noted that the automated counting method I established 

may still not be perfectly accurate, as volume thresholds had to be set, and it is possible that some 

non-true vesicles were counted while some true vesicles were not; therefore, absolute number of 

vesicles in the region analysed may not be precise. Also, an element of circular logic remains in the 

conclusion that the antibody is indeed specific; the overexpressed fluorescent marker and 

perturbations were shown to work by using the antibody that was confirmed by co-localisation with 

the same marker and perturbations. However, it is a somewhat unlikely coincidence that 

overexpressed Rab11a with different fluorescent markers and the antibody all localise to the same 

vesicle-like structures that also happen to be significantly perturbed with two different perturbation 

approaches. Thus, I make the assumption that the antibody is specific, and conclude that Rab11a-

positive vesicles are present in the cytoplasm at the same time that their perturbation slows down the 

migration of the male pronucleus.  

One observation from live imaging that could not be confirmed by immunofluorescence was the 

transient accumulation of mScarlet-Rab11a seen at the cortical region overlying the forming male 

pronucleus. As EGFP-Rab11a observed in the cortical region moments before fixation was not 

observed in post-fixation imaging, even though cytoplasmic EGFP-Rab11a signal remained, it was not 

possible to conclude whether Rab11a endogenously accumulated in this region (Figure 10). The pre- 

and post-fixation permeabilisation steps are part of the fixation protocol for oocytes and zygotes to 

allow optimal staining, but it is highly likely that this permeabilisation disrupted membrane structures. 

This is something that could be optimised in the future, for example by attempting different fixation 

protocols that have been optimised for membranous structures in other cell types (Stanly et al., 2016). 

To investigate further what can be observed using live imaging, we decided to optimise high 

temporospatial resolution imaging of the area surrounding the male pronucleus at formation for 

fluorescently tagged Rab11a, as well as Spire2 and Formin-2, which are known to co-localise with 

Rab11a in mouse oocytes (Holubcová et al., 2013). For this, I first optimised high temporospatial 

resolution imaging of mScarlet-Rab11a, which revealed a transient mScarlet-Rab11a accumulation at 

the forming male pronucleus in most zygotes imaged (Figure 13). Quantification of this was somewhat 
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tricky and subjective, as even a slight rotation of the zygote could make it hard to judge. We did 

consider automated quantification of this accumulation, and even attempted to measure the intensity 

of mScarlet-Rab11a in the fertilisation cone over time using regions of interest and kymographs (not 

shown). As rotation and movement of the zygotes as well as variability in expression between zygotes 

did not allow automated quantification with the tools available at this time, we found manual 

quantification by eye to remain our best option. Importantly, the tools used to perturb Rab11a 

function leading to a slow-down of early pronuclear migration, brefeldin A and Rab11aS25N, both 

appeared to perturb this transient accumulation of mScarlet-Rab11a (Figure 14). However, both 

brefeldin A and Rab11aS25N made the already-tricky quantification more difficult. In the case of 

brefeldin A treatment, fluorescent clusters were observed throughout the cell, including in proximity 

to the fertilisation cone. For the dominant-negative Rab11aS25N, control cells were injected with non-

fluorescently-tagged Rab11a, resulting in a competition with mScarlet-Rab11a and a weaker signal. 

Due to these effects, this experiment was not repeated further. 

Next, preliminary data indicated that mCherry-Spire2 also accumulated behind the male pronucleus 

as it forms, but fluorescently tagged Formin-2 was visible there only when mCherry-Spire2 was co-

overexpressed at higher levels (Figure 15). As co-expression of mEGFP-Spire2 and mScarlet-Rab11a 

also appeared to change the dynamics of Rab11a accumulation, it seems that Spire2 modulates the 

dynamics of both Formin-2 and Rab11a, although no clear reverse effect was apparent in these 

preliminary data (Figure 16). Kathleen Scheffler later used these preliminary results to co-express and 

image Spire2 and Formin-2 together, which is shown in the appendix (Figure 29). Next, I cloned and 

synthesised mClover3-Spire2 mRNA, and zygotes expressing this were imaged in the same way as for 

mScarlet-Rab11a by Kathleen Scheffler (Figure 17). The mClover3 fluorophore was better suited for 

this imaging, as it allowed clearer observation of the dynamics of Spire2. While all three fluorescently 

tagged proteins appeared to localise to this area at some point around the time of pronuclear 

formation, the exact localisation and dynamics differed. Rab11a was first observed as a thin layer in 

the fertilisation cone membrane, which became brighter directly overlying the forming pronucleus. 

Spire2 was observed as a ring-like accumulation at the base of the fertilisation cone, which constricted 

to form a bright spot as the pronucleus migrated away. As shown in the Appendix, when Formin-2 was 

co-expressed with Spire2 (Figure 29), it was excluded from the fertilisation cone until its constriction, 

and was then accumulated by the forming male pronucleus. While it would be interesting to visualise 

these proteins simultaneously in the same cell in order to learn more about the real-time differences 

in the dynamics of these proteins, this would require co-expression, which can modulate the observed 

localisation and dynamics. It should be noted that the individual imaging of mScarlet-Rab11a and 

mClover3-Spire2 still required artificial overexpression, and although concentrations of mRNA were 
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kept as low as possible, we cannot exclude that the overexpression itself would affect the observed 

localisation. 

As Formin-2 and Spire2 interact to nucleate actin in other contexts, we used several different methods 

to investigate whether they were nucleating actin at this site. Imaging of actin live probes caused 

cytoskeletal defects and/or did not allow detection of individual filaments over time (Figure 18), and 

therefore, we used a functional approach to disrupt actin nucleation by Formin-2 and Spire2. Indeed, 

perturbation of Formin-2/Spire2 interaction at the FH2-KIND domain by injection of purified FH2 

inhibited the fast migration of pronuclei as seen for brefeldin A and Rab11aS25N (Figure 19), and 

perturbed the accumulation of Spire2 (Figure 20). Thus, we conclude that actin nucleation through 

Formin-2 and Spire2 is required for the fast migration of pronuclei. Unfortunately, one issue with the 

perturbation methods used is that Rab11a, Spire2, and Formin-2 are all required for the dynamic 

cytoplasmic actin mesh in oocytes along which the Rab11a-positive vesicles travel to the plasma 

membrane (Holubcová et al., 2013; Pfender et al., 2011; Schuh, 2013); therefore, perturbation of any 

of these would not only perturb the cortical, transient accumulation we observed, but also the 

cytoplasmic actin network. Thus, it was difficult to conclude whether fast pronuclear migration was 

dependent on the cortical, transient accumulations of these proteins, or the cytoplasmic mesh from 

these results. As we are not aware of an experimental approach to target only the cortical 

accumulation of these proteins or actin, we instead used an overexpression approach to verify a 

function of localised actin nucleation. Indeed, higher levels of Spire2 were sufficient to elongate 

migration away from the more prominent Spire2 accumulation at the overlying cortex, sometimes 

even of both pronuclei to the other side of the cortex (Figure 21); this migration was also quantified 

by Kathleen Scheffler (appendix Figure 30). As the pronuclei migrated away from the cortical 

accumulation of Spire2 past the centre of the cell, we conclude that this strong cortical accumulation 

of Spire2 was the cause of this elongated migration. We conclude that the accumulation of Rab11a, 

Spire2 and Formin-2 by the forming male pronucleus drive fast migration away from the cortex, 

possibly through actin nucleation at the site.  

Fast pronuclear migration away from the cortex is not dependent on sperm entry site or the 

fertilisation cone 

As Rab11a, Spire2 and Formin-2 accumulated transiently at the cortical region of the contracting 

fertilisation cone, we wondered whether this localisation and the fast migration were dependent on 

the sperm entry site and/or the nature of the fertilisation cone. In this context, an early preliminary 

result revealed that sperm DNA located deeper in the cortex at formation did not appear to migrate 

as fast, and Rab11a accumulation was not observed as strongly, if at all (Figure 13 and Kathleen 

Scheffler’s initial results). However, the depth of sperm penetration into the egg could not be 
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experimentally controlled, and therefore, the relationship between the distance of the pronucleus 

from the cortex and the intensity of accumulation could not be quantified with this approach. We 

instead used the microtubule-depolymerizing drug nocodazole to allow maternal DNA to move to the 

cortex and form a pronucleus there. While we can only speculate about the mechanisms by which the 

maternal DNA migrates to the cortex, it is possible that there are cortical flows similar to those 

observed in oocytes (Yi et al., 2011), and the maternal DNA may be subjected to these flows when the 

spindle remnant is depolymerised, bringing it closer to the cortex. Importantly, Kathleen Scheffler had 

found that female pronuclei forming at the cortex showed a fast inward migration (appendix figure 

28). High temporospatial resolution imaging revealed that a protrusion formed overlying the cortical 

maternal DNA, and both Rab11a and Spire2 accumulated as the female pronucleus formed (Figure 

22), as was previously seen for the male pronucleus (Figure 13 and 17). I thus conclude that fast 

migration away from the cortex is not dependent on sperm entry site, but rather on the proximity of 

the DNA to the overlying cortex.  

A previous study described rhythmic actomyosin-dependent contractions of the fertilisation cone that 

ceased at pronuclear formation (Ajduk et al., 2011), and actomyosin contractions have been shown to 

be involved in nuclear migration in various contexts (Martini and Valdeolmillos, 2010; Schenk et al., 

2009; Tsai et al., 2007). Several observations made in our experiments suggested a possible link 

between pronuclear migration and these actomyosin contractions: first, they occurred at the 

appropriate time point to be functionally relevant; second, the ring-like localisation of mClover3-

Spire2 was similar to the described actin and myosin localisation at the base of the fertilisation cone 

(Ajduk et al., 2011); and third, a fertilisation-cone-like protrusion and the same Spire2 and Rab11a 

enrichment were seen when female pronuclei formed close to the cortex. Hence, I wondered whether 

actin nucleation by Spire2 and Formin-2 could be required for these actomyosin contractions of the 

fertilisation cone, as opposed to actin nucleation itself acting as the main source of force for fast 

pronuclear migration. I therefore inhibited MLCK activity with ML-7 (Figure 23), although culture 

conditions were suboptimal as an oil overlay could not be used to avoid evaporation of the medium, 

and due to the required high DMSO concentration to reach the ML-7 concentrations as used 

previously in oocytes and zygotes (Ajduk et al., 2011; Schuh and Ellenberg, 2008). The fast pronuclear 

migration was only slightly delayed as a result, but male pronuclei travelled as far within the first hour 

without myosin-II function as in control cells. Furthermore, female pronuclei sometimes formed at the 

cortex due to failure of polar body extrusion, and as a result, migrated quickly inwards. Fertilisation 

cone protrusions were not as pronounced as in control cells, but mClover3-Spire2 accumulation 

persisted (Figure 24). As mentioned, culture conditions in this experiment were not ideal, as 30 µM 

concentration of ML-7 required a high concentration of DMSO, and the dish could not be covered with 
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oil. However, ML-7 activity was confirmed by co-incubating oocytes in the same dish during imaging, 

and found that these failed to extrude polar bodies. Furthermore, zygotes treated with ML-7 were not 

able to form polar bodies or undergo the first mitotic division. Thus, while myosin-II is likely to be 

important for many functions of the cell, I conclude that it does not seem to be essential for fast 

pronuclear migration away from the cortex. It is more likely that actin nucleation by Spire2 and 

Formin-2, facilitated by Rab11a, or Rab11a vesicle accumulation facilitated by Spire2 and Formin-2, 

may be the main driver of this fast migration. 

Actin is absolutely essential for early and late pronuclear migration 

As mentioned in the introduction, treatment of zygotes with cytochalasin D completely perturbs 

pronuclear migration. We showed that perturbing actin-related proteins Rab11a, Spire2 and Formin-

2 slowed down only the initial migration of pronuclei, but they were usually still able to reach the 

centre by the time of nuclear envelope breakdown. Interestingly, injection of purified FH2 into zygotes 

also slowed down only the early migration phase, even though it perturbed cytoplasmic actin as much 

as knock-out of Formin-2 in mice (Fmn2-/-) (data by Kathleen Scheffler, data not shown). Therefore, I 

wanted to confirm that F-actin was indeed required for pronuclear migration past the early phase. 

Indeed, acute addition of cytochalasin D to zygotes in which pronuclei had already formed and 

migrated from the cortex perturbed any further migration. Thus, it appears that actin structures that 

are not dependent on nucleation by Formin-2 and Spire2, but are nonetheless depolymerised by 

cytochalasin D, are important for later migration of the pronuclei. Kathleen Scheffler further 

investigated this later migration, and taking our results together, we propose a new model for 

pronuclear migration in mouse zygotes. 

4.2 A new model for pronuclear migration in mouse zygotes 

The overarching theme of this project has been to explore the mechanisms of pronuclear migration in 

mouse zygotes, and this thesis focused on the evidence that actin nucleation, mediated by Rab11a, 

Spire2, and Formin-2, was required for the first, fast migration of pronuclei away from the cortex. In 

parallel, Kathleen Scheffler focused her investigations mostly on the mechanisms of the slower 

migration phase. How these combined findings fit in with previous models of pronuclear migration, 

and what model we now suggest, will be discussed here. 

As described in the introduction, in most species studied, pronuclei migrate towards each other and 

the centre of the cell in a microtubule- and sperm-aster-dependent manner. In mice, mature sperm 

lack centrioles, and zygotes depend on actin to migrate their pronuclei to the centre. Specifically, a 

model had been proposed in which a gradient of actin vesicles propels both pronuclei towards the 

centre. Actin vesicles, identified as the nodes of EGFP-Utrophin, were described to be enriched 
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between the pronucleus and cortex throughout the 12-15 hours of pronuclear migration. Inhibition of 

the actin cytoskeleton or myosin-Vb disrupted migration of pronuclei towards the centre, and a role 

for microtubules was mostly disregarded in this model (Almonacid et al., 2018; Chaigne et al., 2016). 

Several mechanistic details were missing from these results, such as the identity of the actin vesicles 

and nucleators responsible for this pushing force. Furthermore, it was not clear from the results 

whether these unidentified actin vesicles were the only mechanism at play, as inhibition of myosin-Vb 

caused severe shape deformations, making it difficult to quantify the effect as compared to 

cytochalasin D. 

While the mentioned study referred only to actin vesicles, visualised with the actin-binding EGFP-

Utrophin (Chaigne et al., 2016), we had reason to believe that these may in fact be Rab11a-positive 

vesicles. In GV oocytes, the same research group described such actin vesicles as forming nodes of the 

cytoplasmic actin mesh required for nucleus centration in a Formin-2- and myosin-Vb-dependent 

manner (Almonacid et al., 2015). Previously, our group had described Rab11a vesicles to lie at the 

actin nodes of GV and MI oocytes, co-localising with and sequestering actin nucleators Formin-2 and 

Spire2, migrating along actin tracks to the cell periphery in a myosin-Vb related manner (Holubcová 

et al., 2013; Pfender et al., 2011; Schuh, 2013). Importantly, in contrast to expression of myosin-VbTAIL 

in zygotes (Chaigne et al., 2016), the dominant-negative Rab11aS25N variant expressed at the levels 

performed here did not disrupt cell shape in the majority of cells, and the imaging system established 

thus allowed precise tracking of pronuclei in the absence of Rab11a-positive vesicles. Perturbation of 

Rab11a caused a change in pronuclear migration, as the initial faster migration of pronuclei, in 

particular the male pronucleus, was perturbed. Both expression of Rab11S25N and injection of purified 

FH2, disrupting Formin-2/Spire2 interaction, resulted in this phenotype; however, in both cases, 

pronuclei were later able to continue migration towards the centre, indicating that Rab11a vesicles 

and Formin-2/Spire2 interaction are not required throughout pronuclear migration. This was 

consistent with the fact that cytoplasmic Rab11a vesicles appeared at fertilisation but were absent 

soon after pronuclear formation. Furthermore, our attempts to image actin with EGFP-Utrophin did 

not confirm the strong accumulation of actin nodes described hours after pronuclear formation 

(Chaigne et al., 2016), but revealed that overexpression of this construct could lead to artefacts in the 

cytoplasm. We instead found that Rab11a and its related actin nucleators transiently accumulated at 

the cortical area overlying the forming male pronucleus. Thus, we firstly propose that the actin vesicles 

described in the previous model of mouse pronuclear migration (Almonacid et al., 2018) may be 

Rab11a-positive vesicles, and that these are indeed important for pronuclear migration, but that their 

function (and that of related actin nucleators Formin-2 and Spire2) is limited to the fast migration 

phase shortly after pronuclear formation near the cortex. Furthermore, our results indicate that 
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accumulation of these proteins and fast pronuclear migration is independent of the sperm entry site, 

as maternal DNA located near the cortex shows the same enrichment and fast migration away from 

the cortex (Figure 22). As inhibition of myosin-II and thus actomyosin contractions of the fertilisation 

cone did not cause the same defect as perturbation of Rab11a or Formin-2/Spire2, we conclude that 

it is unlikely that these actin nucleators facilitate migration through actomyosin contractions. Rather, 

fast migration away from the cortex may be facilitated through Rab11a vesicle accumulation or local 

actin nucleation itself, but we were not able to conclusively distinguish between these two possibilities 

experimentally. Critically, the last result presented in this thesis showed that while actin vesicles and 

nucleators tested were not required for later migration of pronuclei, actin itself continued to be 

important, as acute addition of cytochalasin D after the fast migration still completely inhibited any 

further migration. As Kathleen Scheffler had found that disruption of microtubules slowed down this 

later migration of pronuclei, she investigated how actin and microtubules together facilitate this 

migration. These results are important for our model of centriole-free pronuclear migration in mouse 

zygotes, and will be summarised here. 

Kathleen Scheffler made key findings that explained how actin and microtubules may interact to 

facilitate the slow migration phase of pronuclei in the last ~8 hours before nuclear envelope 

breakdown. As my work focused on the earlier migration, experiments conducted with or by Kathleen 

Scheffler critical to this phase are shown in this thesis or its appendix. However, as my contribution to 

investigations of the later migration was minor (e.g. helping with injections, quantifications, or 

discussions), detailed figures are not shown, but I will briefly describe the main findings here. Kathleen 

Scheffler observed that the microtubule network of mouse zygotes was initially sparse, the main 

structure visible being the spindle remnant. Over time, a dense microtubule network grew, with some 

pericentrin-positive asters appearing, but no observable clear orientation of microtubules. The 

pericentrin-positive MTOCs showed an overall inward movement over time, but their disruption with 

pericentrin TRIM-Away (Clift et al., 2018) did not otherwise affect either the microtubule network or 

pronuclear migration. On the other hand, disruption of dynein with the dominant-negative P150-CC1 

mutant altered the dynamics of the microtubule cytoskeleton, and inhibited inward movement of 

both MTOCs and pronuclei. Cytochalasin D treatment froze the microtubule network, indicating that 

actin and microtubules were indeed linked during this stage. High temporospatial imaging of 

microtubules revealed buckling and bending of microtubules between cortex and pronuclei, possibly 

providing the key to how actin can facilitate slow migration of pronuclei even in the absence of Formin-

2/Spire2-nucleated cytoplasmic actin: through its cortex. Critically, this late migration of pronuclei is 

not passive, as tracking of microinjected oil droplets did not show the same migration patterns. Finally, 
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pronuclei appeared flattened on their inner surfaces once they reached the centre, providing further 

evidence of a pushing force. 

These combined results propose a new model of centriole-independent pronuclear migration in 

mouse zygotes. After fertilisation, the male pronucleus forms closer to the cortex than the female 

pronucleus. Male and female pronuclei show different dynamics in their migration: the female 

pronucleus forms and migrates towards the centre at a relatively steady pace, and the male 

pronucleus is launched from its cortical position inwards at a high velocity in the first hour after 

pronuclear formation. Rab11a-positive vesicles appear at fertilisation, and, together with actin 

nucleators Formin-2 and Spire2, transiently localise to the cortical region overlying the male 

pronucleus. Here, they facilitate the fast migration of the male pronucleus, either directly through 

their localisation or local actin nucleation, but not through actomyosin contractions of the fertilisation 

cone. Soon after this first migration phase, Rab11a-positive vesicles disappear from the cytoplasm, 

and Formin-2/Spire2-related actin nucleation is no longer required for pronuclear migration. Instead, 

microtubules and dynein coordinate pronuclear migration, though still in an actin-dependent manner; 

growing microtubules possibly bend against cortical actin, thereby pushing the pronuclei towards the 

centre. Our model thus describes two separate pathways required for pronuclear migration in mouse 

zygotes. Localised actin-related vesicles and nucleators first facilitate fast launching from the cortex, 

and a growing microtubule network then facilitates slow migration to the centre in an actin- and 

dynein-dependent manner. This new model is shown in Figure 26.  



Mechanisms of pronuclear migration in mammalian zygotes: Discussion 

Page 142 of 177 
 

 

Figure 26: A new model for pronuclear migration in mouse zygotes. Pronuclear migration is initiated by Rab11a-positive 
vesicles that target Formin-2/Spire actin nucleators to regions of the cell surface adjacent to pronuclei (primarily male 
pronuclei which assemble close to the cell surface at the site of sperm entry, zoomed-in in panel 1). This promotes short-lived 
localised actin polymerisation from vesicle-enriched regions that propels fast-phased migration (large arrowheads) of male 
pronuclei away from the cell surface. In contrast, female pronuclei typically assemble farther away from the cell surface due 
to remnant microtubules of the meiosis II spindle (green microtubule clusters, zoomed-in in panel 2). This maintains female 
pronuclei outside the operational range of fast-phased movement. Eventually, pronuclei that are farther away from the cell 
surface are moved in slow-phased migration mode (small arrowheads) by a dense but highly mobile network of microtubules 
in a dynein-dependent manner. Together, coordination of actin and microtubules achieves accurate positioning of pronuclei 
at the centre of zygotes before their disassembly for mitosis. Figure prepared by Kathleen Scheffler for manuscript in 
preparation.  
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4.3 Open questions & future experiments to test the model 

We have used new live imaging methods to elucidate the functions of mouse pronuclear migration in 

far greater detail than had been previously described. This allowed an update to the current model to 

be proposed, but it has also opened many new questions for further investigation. 

First of all, it should be noted that all of the experiments conducted were based on in vitro fertilised 

eggs from superovulated mice from a specific hybrid strain. The C57BL/6J x CBA/CaOlaHsd F1 mouse 

strain was used due to hybrid vigour; hybrid strains are more fertile and better-suited for IVF (Silver, 

1995). To allow visualisation of specific proteins, many experiments involved overexpression of mRNA 

in the zygotes. As mouse oocytes are transcriptionally silent, transfection with DNA was not possible 

for expression of fusion proteins. Therefore, mRNA expression was the best way to allow a wide range 

of proteins to be investigated without the need to first establish several reporter lines. In the future, 

it would be interesting to test whether the findings presented in this thesis also apply to other strains 

of mice, in vitro matured oocytes or zygotes fertilised inside the mouse, as well as zygotes of 

genetically modified strains in which the endogenous protein is fluorescently tagged.  

The experiments shown in this thesis demonstrated that Rab11a vesicles were absent in unfertilised 

MII oocytes, appearing only at fertilisation. This was a new finding; Rab11a-positive vesicles had 

previously been described only in GV and MI oocytes using fluorescently-tagged Rab11a (Holubcová 

et al., 2013; Schuh, 2013). It would be interesting to further investigate the precise timing of Rab11a 

vesicles loss during meiotic progression, and which regulatory pathways are involved. The Rab11a 

immunofluorescence and live imaging tools I optimised as part of this project could be applied to 

investigate this. Understanding the signals that induce Rab11a expression and vesicle formation from 

fertilisation onwards is another area of further interest. For example, it is possible that Rab11a vesicle 

formation is induced through the rhythmic calcium signalling induced by sperm entry. The highly 

dynamic and rhythmic nature of Rab11a vesicles observed when imaging every three minutes 

indicated that Rab11a vesicle numbers oscillated, possibly with a periodicity of 9-18 minutes; this is 

similar to the described period of 11-31 minutes of calcium oscillations (Deguchi et al., 2000). Live 

imaging of Rab11a vesicles with even higher temporal resolution, potentially together with calcium 

markers that have been used previously, such as calcium green-1 dextran (Deguchi et al., 2000; 

Kyozuka et al., 2008) or FuraRed (Ajduk et al., 2011), could reveal potential correlations between 

calcium and Rab11a vesicle oscillations. Furthermore, imaging of mScarlet-Rab11a with higher 

temporal resolution could reveal possible directionality of Rab11a-positive vesicles, or reveal how 

Rab11a, Formin-2 and Spire2 accumulate so quickly and transiently at the cortical region overlying the 

pronucleus. It should be noted that I attempted to image single planes of zygotes expressing mScarlet-
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Rab11a with a time resolution of 3-5 seconds during troubleshooting experiments, and found that 

individual vesicles were difficult to track due to their migration in different directions at high velocities 

(data not shown). It may be possible to follow vesicles during live imaging using a tracking macro, such 

as Autofocuscreen (Rabut and Ellenberg, 2004), MyPiC (Politi et al., 2018) and TipTracker (von 

Wangenheim et al., 2017), which have been optimised for a variety of moving samples. However, it is 

possible that the sheer number of vesicles in the cytoplasm would make this difficult. I also attempted 

self-activation of MII oocytes using strontium chloride (Ma et al., 2005) and subsequent imaging of 

mScarlet-Rab11a, but lack of real data prevented conclusions to be drawn. Bright mScarlet-Rab11a-

positive vesicles were seen in the activated oocytes during imaging set-up, but by the time all positions 

were set up and imaging was started, these vesicles were unfortunately no longer visible (data not 

shown). In normally fertilised zygotes, vesicles were found in the cytoplasm for several hours after 

sperm entry until shortly after pronuclear formation, but they persisted here only for approximately 

30-45 minutes after addition of strontium chloride to the medium, possibly because of a faster onset 

of pronuclear formation. Strontium chloride activates eggs to complete meiosis by triggering calcium 

oscillations (Bos‐Mikich et al., 1995; Zhang et al., 2005), and therefore, it is possible that calcium 

signalling at sperm entry induces Rab11a vesicle formation in the cytoplasm. A more appropriate 

functional test could be to perturb calcium signalling in fertilised zygotes, for example with roscovitin 

(Deng and Shen, 2000), to test any causal, mechanistic link between calcium signalling and Rab11a 

vesicle formation.  

The nature of the mScarlet-Rab11a accumulation observed at the cortex overlying the forming 

pronucleus could be investigated next. It is not clear from the results shown whether this enrichment 

consists of vesicle-bound Rab11a, or of free Rab11a protein accumulating independent of vesicles. 

The images shown in this thesis did not have a high enough resolution to judge whether this 

enrichment consisted of a collection of many small vesicles, or of accumulating, membrane-free 

protein. Confocal imaging with even higher resolution, or possibly using Airyscan or STED systems, 

may help to clarify this point. Additionally, electron microscopy of fixed zygotes at this timepoint may 

be useful in understanding whether membranous vesicles or phase-separated, membrane-free 

protein is accumulating here. Indeed, electron microscopy was recently used to identify the liquid-like 

nature of a novel spindle domain in mouse oocytes (So et al., 2019). Tracking of individual vesicles 

with high temporal resolution, as suggested above, may also help to understand whether vesicles stay 

intact during their migration to the cortex, or rather release Rab11a protein to transiently accumulate. 

Regardless of whether Rab11a accumulated to the cortical region in the form of vesicles or free 

protein, we were able to demonstrate that fluorescently tagged Rab11a, Spire2 and Formin-2 all 

transiently localise to the forming male pronucleus, and that both Rab11a function and Formin-
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2/Spire2 interaction are required for fast migration of pronuclei. However, we were not able to 

investigate the exact hierarchy of this pathway. Firstly, we cannot experimentally distinguish between 

Rab11a vesicles and sequestered actin nucleators present in the cytoplasm, and the transient 

accumulations seen at the cortex overlying the pronucleus. This is because a co-dependency appears 

to exist between Rab11a, Spire2 and Formin-2 that controls their correct dynamics and localisation. 

Without Rab11a vesicles, actin nucleators are not sequestered properly, leading to changes in the 

cytoplasmic actin network (Holubcová et al., 2013), and mClover3-Spire2 cannot accumulate to the 

cortex (data by Kathleen Scheffler, not shown). On the other hand, without Spire2 and Formin-2 actin 

nucleation, Rab11a-positive vesicles do not have cytoplasmic actin tracks to travel along (Holubcová 

et al., 2013), and as shown in the results, neither Rab11a nor Spire accumulated at the forming 

pronucleus when FH2 was injected. Overexpression of Spire2 changed the pattern of both Rab11a and 

Formin-2 localisation with no clear modulation in the other direction, indicating that Spire2 may 

possibly act upstream of Rab11a and Formin-2 in the transient cortical accumulation; also, Spire2 

overexpression is sufficient to elongate fast migration. Our results further showed that fluorescently-

tagged Rab11a, Formin-2, and Spire2 all localised to slightly different surface regions of the 

fertilisation cone, although the exact mechanism or function of this localisation was not further 

investigated. No location-specific or inducible perturbation of any of these proteins currently exist. It 

could be interesting to create and optimise a photo-inducible Rab11aS25N, TRIM-Away (Clift et al., 

2018), or other method to perturb function of specific proteins at the cortical region overlying the 

male pronucleus alone, and to investigate the effects on the other proteins, actin nucleation, and 

pronuclear migration. For example, such photo-inducible systems have been used to control localised 

GTPase activity in fibroblast cell cultures (Guntas et al., 2015). However, it is not clear whether 

spatiotemporal control would be sufficiently precise to make this experimentally feasible in the 

context of the mouse zygote.  

Assuming that cortical accumulation of these proteins is required, important questions remain: are 

Formin-2 and Spire2 required to allow vesicle localisation to the cortical region adjacent to the 

pronucleus, and are these vesicles sufficient to create a pressure gradient, as suggested in the previous 

model of mouse pronuclear migration (Almonacid et al., 2018) - or are Rab11a vesicles required to 

transport the actin nucleators to the cortical region, where they nucleate actin to facilitate launching 

of the pronucleus from the cortex? A recent study suggested that Spire2 forms a complex with Rab11 

through myosin-V in vitro (Pylypenko et al., 2016), and that this binding facilitates myosin-V and Rab11 

activation. It would be interesting to see if this is the case in mouse zygotes, and investigate whether 

Formin-2 is also associated with this complex. Perturbing this interaction, for example by expressing 

Spire2 with a mutation at the identified 27-amino-acid-long linker homology region, may provide 
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further insight into the functional hierarchy. However, it is likely that this would simply cause the same 

issue as described above: perturbation of both cytoskeletal and cortical localisation of all three 

proteins, with no clear answer evident due to the co-dependency. Thus, time- and localisation-specific 

experimental perturbation of this interaction would still be required. 

This hierarchy could also be investigated by testing actin nucleation directly. Imaging of different actin 

probes was attempted, but it was difficult to draw conclusions from these experiments. Testing 

further actin probes for high-resolution imaging of actin filaments would be interesting. Several recent 

studies have used different approaches of visualising newly polymerised actin in live cells, with photo-

activatable GFP to track actin filament movement in mouse embryos (Zenker et al., 2018) and by 

injecting of phalloidin into starfish oocytes to mark already-formed actin networks (Bun et al., 2018). 

These could be used to investigate whether actin is newly polymerised in the region of Rab11a, Spire2 

and Formin-2 accumulation. In addition to testing actin nucleation probes, functional tests could also 

give additional insight. Actin is required for Rab11a and actin nucleator localisation to the cortical area, 

and global actin perturbation would therefore perturb both vesicle accumulation and potential 

resulting actin nucleation. Thus, a localised perturbation of actin nucleation between the pronucleus 

and the cortical region overlying it would be required. Laser ablation has been used to locally perturb 

both microtubule and actin filaments in a variety of cell types (Decker and Brugués, 2015; Goulding et 

al., 2007; Ito et al., 2017; Lomakin et al., 2015); however, this destroys many different structures, and 

a locally inducible method to perturb actin specifically would be preferable. Colcemid-UV has been 

used to allow spatial control of microtubules (Hamaguchi and Hiramoto, 1986), but we are not aware 

of an equivalent light-controlled actin depolymerising drug. However, development of photoinducible 

control of protein activity (Benedetti et al., 2018; Guntas et al., 2015) may well make such an 

experiment possible in the future.  

As mentioned in the introduction, microtubules and actin can facilitate nuclear migration through a 

variety of mechanisms, either directly as a pushing mechanism, or through motor proteins and LINC 

complexes (reviewed by Dupin and Etienne-Manneville, 2011). We were able to exclude a 

requirement for actomyosin contractions for this fast migration away from the cortex, but we were 

not able to conclude exactly how the force might be transmitted to the nucleus. It seems feasible that 

both vesicle accumulation and localised actin nucleation could be sufficient to exert a pushing force 

behind the pronucleus, and it would be interesting to carry out mathematical modelling of these 

forces. The fact that pronuclei begin migrating away from the cortex only when they have begun to 

form and assemble their nuclear envelope might suggest that the nuclear envelope is somehow 

required for force transmission. Therefore, it is also possible that any growing actin filaments in this 

region may be coupled directly to the pronuclear envelope, for example through LINC complexes. 
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KASH proteins contain actin-binding domains (reviewed by Chang et al., 2015a), and facilitate nuclear 

migration through actin TAN lines as opposed to microtubules in migrating cells (reviewed by Luxton 

et al., 2011). While our observations did not show the same pattern as TAN lines, it would be 

interesting to test the requirement of the nuclear envelope for this fast migration, as well as to 

investigate the localisation and function of different LINC complex proteins in mouse zygotes. 

In order to further test the precise functions and interactions of Rab11a, Spire2, Formin-2 and actin, 

it would be interesting to investigate how these proteins are transiently recruited to the cortical 

protrusion overlying the forming pronucleus. As shown in this thesis, female DNA forming a 

pronucleus at the cortex was able to induce a protrusion of the cortex and the same enrichment of 

mClover3-Spire2 and mScarlet-Rab11a as observed adjacent to male pronuclei. The most obvious 

candidate for this recruitment is the Ran-GTP pathway. Ran GEFs localise to chromatin, activating Ran 

GTPases in a localised gradient, which in turn modify the surrounding cytoskeleton (Dumont et al., 

2007b; Kalab et al., 1999). It is critical for mitotic (Kalab et al., 1999) and meiotic (Holubcová et al., 

2015) spindle assembly in some species, as well as for the formation of actin-rich protrusions in mouse 

eggs through the Arp2/3 pathway (Deng et al., 2007; Yi et al., 2011). Paternal (or when induced to 

localise as such, maternal) DNA adjacent to the cortex could signal to the overlying cortex through the 

Ran GTPase pathway, inducing both the cortical protrusion and recruitment of Rab11a, Spire2, and 

Formin-2. The dominant-negative RanT24N could be used to test this, as it has previously been shown 

to perturb the Ran GTPase pathway in mouse and human oocytes (Baumann et al., 2017; Deng et al., 

2007; Holubcová et al., 2015). One relevant observation reported in this thesis is that when 

fluorescently tagged Spire2 was expressed at very high levels, the described Spire2 ‘ring’ had a much 

larger diameter surrounding the sperm entry site; the Spire2 accumulation that later constricted into 

a smaller area at the forming pronucleus started much further away from the sperm entry site than 

with lower expression levels (Figure 21). The centre of this ring, around which it constricted as the 

pronucleus formed, remained the sperm entry site, indicating that some signal must be originating 

from the DNA to coordinate Spire2 accumulation. It is unclear how overexpression of Spire2 would 

change its localisation if the RanGTP pathway was indeed signalling to the overlying cortex, as one 

would assume that the gradient of the Ran GEF would be unaffected by Spire2. In the future, it would 

be interesting to investigate this aspect in more detail, to find out more about the mechanisms of 

downstream effectors of RanGTP and how these can modulate protein localisation and vice versa, and 

to investigate other pathways that may be able to signal from the DNA to the surrounding 

cytoskeleton. 

Although the focus of this thesis was early pronuclear migration, several aspects regarding the slower, 

microtubule- and actin-dependent pronuclear migration in the late zygote require further 
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investigation in order to fully complement our new model of pronuclear migration in mouse zygotes. 

First, the origin of microtubule nucleation in the centriole-free mouse zygote would be of interest. As 

aMTOCs were not found to be required for this nucleation, it is possible that the Augmin-RanGTP 

pathway (reviewed by Meunier and Vernos, 2016) or recently described interphase-bridge (Zenker et 

al., 2017) could contribute to microtubule nucleation. The exact mechanisms of how microtubules 

facilitate late pronuclear migration would also be of interest. As Kathleen Scheffler’s experiments 

implicated a role for dynein in this migration, the localisation of dynein and possible LINC complexes 

could be further investigated. In many cells, dynein facilitates directed migration along a polarised 

microtubule network, i.e. a network in which the minus ends face the direction of desired migration. 

As Kathleen Scheffler was not able to observe such a polarised microtubule network using different 

microtubule end markers, dynein may instead be facilitating microtubule crosslinking and sliding 

(Tanenbaum et al., 2013). Actin was required for microtubule-dependent centration of pronuclei, and 

it would also be interesting to find out which precise actin structures are important. We have shown 

that the Formin-2/Spire2-nucleated actin meshwork is dispensable for late pronuclear migration, so 

testing the function of other actin structures, such as the cortex, could yield further insight into this. 

While no perturbation has been described that targeted the actin cortex specifically, Arp2/3-mediated 

actin nucleation is important for subcortical thickening and control of cortical tension in mouse 

oocytes (Chaigne et al., 2013, 2015). Thus, the effect of Arp2/3 inhibition by CK666 (Hetrick et al., 

2013) on pronuclear migration of mouse zygotes could be tested. Alternatively, it is possible that actin 

and microtubules interact directly. Such actin-microtubule crosstalk, mediated by proteins such as 

MAPs, plectin, and Tau, has been found to be critical for cell shape, morphogenesis, and other cellular 

functions in a range of contexts (reviewed by Dogterom and Koenderink, 2019; Mohan and John, 

2015). Thus, investigating whether any of these proteins are required for the slower migration of 

pronuclei could be another future area of research. 

In summary, our experiments have revealed a number of details regarding two pathways required for 

pronuclear migration in mouse zygotes, opening a vast array of future research questions. 

Importantly, our findings also have relevance outside of the specific context of mouse pronuclear 

migration. 

4.4 Significance of results in other contexts 

The centriole-free model system of the mouse zygote provides an interesting tool for investigation of 

alternative cytoskeletal mechanisms, including pronuclear migration, as discussed in this thesis, and 

spindle assembly (Courtois et al., 2012). Indeed, while pronuclear migration is largely actin-

independent in most species (reviewed by Dupin and Etienne-Manneville, 2011 and in the 
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introduction of this thesis), actin appears to be the critical cytoskeletal component required for both 

fast and slow pronuclear migration in mouse. As described in detail in the introduction, actin has been 

implicated in a variety of nuclear positioning events throughout development; through LINC 

complexes in wound healing (reviewed by Luxton et al., 2011), in collaboration with microtubules in 

C. elegans zygotes (Xiong et al., 2011), through actomyosin contractions in cortical interneurons 

(Martini and Valdeolmillos, 2010), or possibly directly as in the syncytial Drosophila embryo 

(Huelsmann et al., 2013). Although the exact mechanisms remain to be uncovered in future 

experiments, the microtubule- and actin-dependent slower migration of pronuclei in the later zygote 

may be somewhat similar to the situation in the C. elegans zygote, where microtubules nucleated by 

the sperm aster may push off the Arp2/3-dependent cell cortex to allow centration (Xiong et al., 2011). 

Rab11a, Spire2 and Formin-2 are required for GV centration (Almonacid et al., 2015) and meiotic 

spindle positioning (Holubcová et al., 2013) in mouse oocytes, but the transient accumulation of these 

proteins to the cortical region overlying the pronuclei appears to be a novel means of facilitating fast 

nuclear positioning. This raises a number of questions: How did this alternative mechanism evolve in 

rodents? Are the described mechanisms present in other centriole-free cells in mouse or other 

species? Even in centriole-containing systems, could actin be involved in nuclear positioning but 

disregarded due to the strong requirement for microtubules? Indeed, the continued investigation of 

nuclear positioning events throughout development in a wide range of species will be critical in 

defining the context of these new findings. 

Nuclear positioning is critical in many clinical contexts beyond its relevance for basic biological 

research. Pronuclear migration specifically is critical for fertility, as its failure is detrimental to further 

embryonic development. In mouse embryos, failure of pronuclei to migrate completely to the centre 

resulted in multinucleation in the blastomeres of the two-cell-stage embryo (Reichmann et al., 2018). 

Nucleation status is important for further development, as incorrect chromatin localisation can lead 

to aneuploidy in later mitotic divisions. However, multinucleation itself may not always be detrimental 

to embryonic development; at the annual meeting of the European Society for Human Reproduction 

and Embryology (ESHRE), Marcos Meseguer Escriva from the IVIRMA Clinic in Valencia presented 

unpublished time-lapse images of human embryos able to correct multinucleation before blastocyst 

formation. 

Human sperm contain centrioles and thus provide a sperm aster. As such, it is somewhat unlikely that 

the mechanisms described in this thesis are also important during human pronuclear migration; 

nonetheless, confirmation of this would be interesting. However, functional experiments with living 

human zygotes are limited by ethical and practical issues. Legally, scientific research using surplus 

human embryos from IVF treatments, or creating zygotes for a purpose other than fertility treatment, 



Mechanisms of pronuclear migration in mammalian zygotes: Discussion 

Page 150 of 177 
 

are strictly forbidden in Germany (Embryonenschutzgesetz (ESchG) §1). In countries where research 

on early human embryos is legal, surplus embryos are usually only discarded after developmental 

arrest during culture or at the blastocyst stage, long after pronuclear migration has taken place. Even 

if zygotes were donated to research, fertility treatment involves either conventional IVF, or ICSI. 

Conventional IVF requires overnight insemination, during which thousands of sperm are present in 

the medium, so that imaging of pronuclei at their formation would not be possible. During ICSI, the 

sperm is injected deep into the egg, so that the male pronucleus would not form at the cortex, 

preventing the described mechanisms from being tested (reviewed by Elder and Dale, 2011). Given 

that these experiments may thus be hard to achieve in human zygotes, further animal models must 

be considered. Mice have long been the standard mammalian model system, but oocytes and zygotes 

from other mammals such as pig and cow may provide a better system to investigate the clinical 

relevance of pronuclear migration mechanisms. Indeed, both pig (Kim et al., 1997) and cow (Navara 

et al., 1994; Payne et al., 2003) sperm have been shown to provide a sperm aster, and thus, a similar 

imaging approach applied to the zygotes of these animals could tell us whether the dynamics and 

mechanisms observed are conserved in other mammals. Importantly, while Fmn2-/- mice are subfertile 

due to the requirement of Formin-2 for spindle migration in the oocyte, no mutations in FMN2 have 

been identified in IVF patients so far (Ryley et al., 2005), although this may be due to small sample 

size. Mechanisms of nuclear migration are also important for successful embryonic development, 

another feature relevant to fertility. As mentioned above, nuclear positioning is involved in the 

development of several organs and tissues in many species, and incorrect nuclear positioning may be 

a factor in a range of developmental defects and miscarriages, further contributing to fertility-related 

issues. 

In addition to fertility, our findings may have relevance to other clinical areas in which nuclear 

positioning has been shown to be key, including muscular dystrophy, cardiomyopathy, lissencephaly, 

and cancer. Nuclei are usually positioned at the periphery of each myofiber cell, and centrally-

positioned nuclei have been found in muscles of patients with two common dystrophies, Duchenne 

Muscular Dystrophy (Wang et al., 2000a) and Emery-Dreifuss Muscular Dystrophy (Gueneau et al., 

2009). These muscular dystrophies are genetic in nature; Duchenne Muscular Dystrophy is typically 

caused by disruptions of the reading frame in the dystrophin gene (Koenig et al., 1989), while Emery-

Dreifuss Muscular Dystrophy is caused by a variety of genetic mutations. Interestingly, many of these 

mutations are found in nucleus-related genes rather than in muscle-specific genes (Brown et al., 

2008). Mutations in LINC complex components Emerin (Bione et al., 1994), nesprins (Zhang et al., 

2007), and lamins (Bonne et al., 1999) have been identified in patients with Emery-Dreifuss Muscular 

Dystrophy. While all of these findings implicate nuclear migration facilitated by LINC complexes as 
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being important in muscular dystrophies, a direct link has not been investigated (reviewed by Folker 

and Baylies, 2013). Patients with lissencephaly type I have a smooth cerebral cortex, which can be 

caused by a mutation in the gene LIS1. LIS1 is important for nuclear migration in migrating neuronal 

precursors (Tsai et al., 2005), and neuronal migration is critical in the development of this disease 

(Reiner et al., 1993). It is thus possible that nuclear migration defects play a role in lissencephaly type 

I. Finally, the development of a variety of cancers has been associated with nuclear migration defects 

or mutations in LINC complexes, including severe epithelial dysplasia in colorectal adenomas (Konishi 

and Morson, 1982), ovarian and breast cancer (Marmé et al., 2008; Sjöblom et al., 2006), and 

colorectal cancers (Sjöblom et al., 2006). A causal link between nuclear positioning defects and these 

diseases has not been directly found, but the mechanisms whereby LINC complex defects, or 

mutations in other genes involved with nuclear positioning affect the development of a variety of 

diseases should be focus of future research (reviewed by Gundersen and Worman, 2013). Whether 

the nuclear positioning mechanisms described in this thesis are also relevant to any human diseases 

remains to be found. 
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4.5 Conclusions 

The results shown in this thesis, in combination with further work by Kathleen Scheffler, provide 

evidence for a new model of pronuclear migration in mouse zygotes. Using a novel protocol to image 

and track pronuclear migration in live zygotes, a variety of experiments revealed that Rab11a, Spire2 

and Formin-2 are critical to allow fast migration of pronuclei away from the cortex in the early zygote, 

and a growing microtubule network takes over and centres the pronuclei in the later zygote. Several 

open questions remain, and progress in cell biological methods will hopefully allow for more detailed 

characterisation of the described mechanisms in the future. Furthermore, conservation of these 

mechanisms throughout evolution and their role in disease remains to be elucidated. 
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APPENDIX 

 

Figure 27: Cytochalasin D treatment completely perturbs pronuclear migration in mouse zygotes. (A) Three-dimensional 
time-lapse images of pronuclei (H2B-mCherry, magenta) and the cell surface (MyrGFP, white) in zygotes treated with DMSO 

or 5 µg/mL cytochalasin D. Female (♀) and male (♂) genomes are shown at pronuclear formation (time-point 0h). Movement 

speeds are classified as in Fig. 1a. Scale bar, 10 μm. (B, C) The mean distance (thick line) of male (♂, (B)) and female (♀, (C)) 
pronuclei to zygote centre during pronuclear migration in DMSO- or cytochalasin D-treated zygotes was calculated from data 
sets as shown in (A). Movement speeds are classified as in Figure 3. The total number of analysed zygotes specified in italics 
was pooled from three independent experiments. Standard Deviation shown as shaded areas. (D, E) Statistical plots of 

average velocities of male (♂, (D)) and female (♀, (E)) pronuclei during pronuclear migration in DMSO- or cytochalasin D-
treated zygotes calculated from (o) and (p). Movement speeds are classified as in Figure 3; statistical plots as in Figure 3. 
Two-tailed student’s t-test was used to test for significance. (F) Distance of pronuclei to zygote centre at NEBD in DMSO- or 
cytochalasin D-treated zygotes calculated from data sets in (A). All individual values (dots) are overlaid with a box plot. The 
box plot shows median (line), mean (small square), 5th, 95th (whiskers) and 25th and 75th percentile (boxes enclosing 50% 
of the data) calculated from the total number of analysed zygotes specified in italics and pooled from four independent 
experiments. Two-tailed student’s t-test was used to test for significance. Adapted from figure prepared for the unpublished 
manuscript; experiments and analysis done by Kathleen Scheffler and Julia Uraji. 



Mechanisms of pronuclear migration in mammalian zygotes: Appendix 

Page 176 of 177 
 

 

Figure 28: Nocodazole treatment can make the female pronucleus form closer to the cortex. (A) Three-dimensional time-
lapse images of pronuclei (H2B-mCherry, magenta) and the cell surface (MyrGFP, white) in zygotes treated with DMSO or 

1 µM nocodazole-treated from pronuclear formation (time-point 0h).  Yellow arrows indicate the position of female (♀) 
pronuclei. Scale bar, 10 μm. (B) Distance of female pronuclei formation site from the cell centre in DMSO- or nocodazole-
treated zygotes calculated from data sets as shown in (D). All individual values (dots) are overlaid with a box plot. The box 
plot shows median (line), mean (small square), 5th, 95th (whiskers) and 25th and 75th percentile (boxes enclosing 50% of the 
data) calculated from the total number of analysed zygotes specified in italics and pooled from four independent experiments. 

Two-tailed student’s t-test was used to test for significance. (C) The mean distance (black line) of female (♀) pronuclei to 
zygote centre during pronuclear migration in DMSO- or nocodazole-treated zygotes was calculated from data sets as shown 
in (A). Movement speeds are classified as in Figure 3. Total number of analysed zygotes specified in italics was pooled from 
four independent experiments. Standard Deviation shown as shaded areas. (D) Statistical plots of average velocities of female 

(♀) pronuclei during pronuclear migration in DMSO- or nocodazole-treated zygotes calculated from (C). Movement speeds 
and statistical plots are classified as in Figure 3. Two-tailed student’s t-test was used to test for significance. Adapted from 
figure prepared for the unpublished manuscript; experiments and analysis done by Kathleen Scheffler. 
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Figure 29: Co-expression of mScarlet-Spire2 and Formin-2-EGFP mRNA. Time-lapse images of mClover3-Spire2 (red), 
Formin-2-EGFP (white) and male pronucleus (SiR-DNA, blue) in live zygotes displayed as z-projection of 20 sections at 1.5 µm. 
Scale bar, 10 μm. Adapted from figure prepared for the unpublished manuscript; experiments and analysis done by Kathleen 
Scheffler. 

 

 

Figure 30: Fast phase of male pronuclear migration is elongated by SNAP-Spire2 Overexpression. (A) Confocal time-lapse 
images of pronuclei (H2B-mCherry, magenta) and the cell surface (MyrGFP, white) in zygotes expressing SNAP or SNAP-Spire2 

mRNA. Female (♀) and male (♂) genomes are shown at pronuclear formation (time-point 0h). Movement speeds are classified 
as in Fig. 1a. The yellow arrowheads indicate the gap between the male pronucleus and the cell surface. Scale bar, 10 μm. (B) 

The mean distance (thick line) of male (♂) pronuclei to zygote centre during pronuclear migration in zygotes expressing SNAP 
or SNAP-Spire2 was calculated from data sets as shown in (A). Movement speeds are classified as in Figure 3. The total 
number of analysed zygotes specified in italics was pooled from three independent experiments. Standard deviation shown 

as shaded areas. (C) Statistical plots of average velocities of male (♂) pronuclei during pronuclear migration in zygotes 
expressing SNAP or SNAP-Spire2 calculated from (B). Movement speeds and statistics are classified as in Figure 3. Two-tailed 
student’s t-test was used to test for significance. Adapted from figure prepared for the unpublished manuscript; experiments 
and analysis done by Kathleen Scheffler. 
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