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Microtubular Nucleating Centre Dynamics in Assisted Reproduction technology 

(ICSI sheep model) 
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Prof. Pasqualino LOI 

Dr. Marta CZERNIK 

 

ABSTRACT 

 

The scope of this thesis is to investigate abnormal sperm centriole function during the early 

stages of Intra Cytoplasmic Sperm Injection (ICSI) embryo development using sheep as an 

animal model. The main focus was on evaluating the timing and dynamics of the sperm micro-

tubular aster nucleation and organization as a possible factor that undermines early embryonic 

development following ICSI. The main finding was that ICSI derived embryos using freeze-

dried spermatozoa displayed a delay in their aster nucleation and a noticeable hampered embryo 

development. We also noticed that ICSI-derived embryos failed to undergo subsequent devel-

opment and were blocked at the pronuclear stage. In this work, we demonstrated that embryo 

development failure following ICSI in sheep is not actually related to a centriole dysfunction; 

rather, the major problem recorded is the lack of syngamy.  Thus, besides our objective data 

ruling out centriole dysfunction as a cause of developmental failure in sheep/ruminant embryos, 

we have opened a worth theme to investigation, that is the perfecting of artificial protocols in 

sheep oocytes fertilized by ICSI.
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Chapter I 

Introduction 
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I. The current state of sheep genetic resources biodiversity  

Genetic resources variability between species and within an ecosystem define biodiversity. Ag-

ricultural biodiversity, in terms of plants and livestock, ensures human survival and economic 

development through contributing with important services in terms of employment, community 

belonging, tourism, religion and sustainability. Livestock contributes with 40% to the global 

agriculture production and small ruminants, mostly sheep, are a significant element in meat and 

wool production. Currently, the sheep industry counts more than 1 billion head worldwide 

which is satisfying a big part of the global demanded animal products, leading to classify the 

species as one of the most important genetic resources. Unfortunately, the importance of biodi-

versity eco-services is still not well assimilated and livestock genetic resources remain under-

going serious alarming genetic erosion threats due to technical, biotechnological, financial, so-

cioeconomic and even cultural developments. Up to now, different sheep breeds have disap-

peared at a speed that exceeds thousand times the natural estimated rate and some scientists 

guarantee that this rate would be higher in the future and expect a sixth wave of extinction after 

the five massive extinctions that the earth knew during the last five hundred million years. As 

a matter of fact, according to the Second Report on the State of the World’s Animal Genetic 

Resources for Food and Agriculture (FAO, 2019), a total of 647 authentic mammalian species 

breeds have extinct, among which 160 sheep breeds. The report also highlighted that 352 mam-

malian breeds are in a critical risk of extension worldwide and sheep is one of the species in the 

highest risk counting 53 breeds in a critical status of erosion, 86 breeds as endangered and a 

registered increase of 24%, between 2007 and 2015, in the percentage of disappeared sheep 

breeds. Such diversity loss trend is a result of multiple factors namely the viability declines of 

traditional livestock production systems, the ecosystem extermination of indigenous breeds, the 

substitution of native genetic resources with highly productive breeds and the expansion of 

economic globalization (Zhang et al., 2018). The country-report analysis of the Food and Ag-

riculture Organization (FAO) (2015) has revealed that several countries are concerned about 

the intensive international effects of gene flows on the diversity of their native livestock popu-

lations and are actually facing a serious challenge in the management of their local animal ge-

netic resources. In this context, they have expressed the urgent necessity of some governmental 

interventions to implement some conservation priorities to ensure that the ongoing agricultural 
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development suits sustainable use of local livestock diversity, since the loss of any species 

would interrupt the normal functioning of a whole ecosystem. For instance, Pagliarola is an 

ancient sheep breed widely distributed over the Italian central regions, especially in Abruzzo 

mountains. Statistics made by the Italian Sheep Association have demonstrated that Pagliarola 

was the most prevailing sheep breed in Abruzzo by 1971 but, since then, the number of animals 

has severely decreased over years. The remarkable decline was explained, firstly, by the defi-

cient productive performances of the breed comparing to highly specialized breeds and sec-

ondly by the strong urbanization. Consequently, Pagliarola is currently rare and only some 

small flocks, owned by old shepherds, are barely found through extreme environmental condi-

tions. These findings suggest that this typical breed is actually endangered and the establish-

ment of a conservation plan is highly recommended in order to preserve the historical back-

ground, the authentic morphology and the traditional products of the population (Ceccobelli et 

al., 2016). 

II. Assisted Reproductive Technologies (ART) in the management of livestock 

genetic resources 

The conservation of animal genetic biodiversity requires a wide knowledge of the reproductive 

physiology in and within the different existing species. Infertility related issues are one of the 

major and significant impediments that hamper successful natural mating leading to genetic 

heritage loss. It is here that Assisted Reproductive Technologies (ART) were found to be a 

relevant tool to overcome mating difficulties and to conserve genetic biodiversity of small, rare, 

isolated and threated animal populations. ART application in a conservation perspective was 

mainly introduced in the 1990s. In fact, over 30 years ago, ART in livestock have experienced 

several advances in terms of In Vitro Embryo Production (IVEP) including Artificial insemina-

tion (AI), In Vitro fertilization (IVF), In Vitro Embryo Transfer (ET), embryo sexing, sperm 

selection, embryo splitting, cloning and Intracytoplasmic sperm injection (ICSI). Mainly, ART 

were intensively used to overcome infertility but interestingly they have been proved very effi-

cient in accelerating, achieving and diffusing significant valuable genetic merit and in improv-

ing productivity in different breeds of interest. Giving the advantage of choosing and selecting 

male and female gametes, these methodologies led to reduce risks associated with transporting 
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animals and thereby facilitated propagating particular traits from genetically superior animals 

or safeguarding valuable germplasm, i.e. genes, from isolated and endangered mammalian spe-

cies or a breed (Singh Parmar et al., 2013; Paulson and Comizzoli, 2018). Small ruminants, i.e 

sheep and goat, are considered the best animal model for ART development as these species 

stand out a huge ability to be genetically modified for meat and milk productivity. As a matter 

of fact, the first successful experience in term of cloning in livestock was a cloned sheep by 

somatic cell nuclear transfer (NT) (Wilmut et al., 1997). During the last years, considerable 

qualified protocols were established to improve IVEP technologies efficiency and to meet re-

quirements of some specific cases (Herrick, 2019). In sheep, for instance, IVEP protocols were 

developed on the basis of in vivo conditions to mimic as much as possible the embryo develop-

ment processes in the female reproductive tract. Several protocols were developed between 

laboratories and experiments mainly to better standardize the required conditions for the three 

major steps in IVP namely in vitro maturation (IVM), in vitro fertilization (IVF) and in vitro 

culture (IVC). Also, numerous methodologies were tested within the species which the most 

used are In vitro production of embryos by IVM/IVF, intra-cytoplasmic sperm injection (ICSI), 

as reported by Paramio and Izquierdo (2016). IVP has been then proved to be efficient in sheep 

reproduction system since results have demonstrated embryo rates of 62% and 67%, respec-

tively from ovulated and IVM eggs after IVF and IVC (Crozet et al., 1987) and embryo transfer 

that lead to 50% of pregnancies and birth of 26 normal healthy lamb from 124 zygotes from 

IVF ovulated eggs (Cognie et al., 1999). However, despite the released achievements so far and 

the efforts made to improve blastocyst yield and quality, IVEP outputs in sheep are still low 

and not enough satisfactory. Such an evident proves that the technique is still considered at the 

development stage and that the achieved progress is facing critical limitation converging to-

wards bottlenecks, mostly for the preservation of engendered breeds. One highly relevant rea-

son is the lack of knowledge about male and female gamete physiology which seems to com-

promise the success of even the most basic and simple methods (Herrick, 2019). On the other 

hand, fertility preservation techniques were also developed in parallel to IVEP and were found 

of significant help to face breed extermination. The practice defines long term storage of bio-

materials and refers to biobanking. It evolves cryopreservation of fertile oocytes, sperm, and 

even embryos to create reservoirs of the existing diverse gene pool from young, adult, or aged 

individuals, to protect the pre-existing genetic diversity and its sustainability over the future 
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generations. Basically, male fertility preservation has been always made through semen freez-

ing and storing which is no longer an innovation. Believing in cryopreservation and biobanking 

benefits and following the advanced research on spermatozoa sensitivity to cryopreservation 

procedure, consistent progress was achieved and other alternatives have been proposed for 

sperm preservation (Comizzoli, 2015). The most recent interesting technique for sperm preser-

vation is lyophilization or freeze-drying which is an ecological non-cryogenic storage solution 

that facilitated the storage and the distribution of genetic resources in different animal species. 

The main advantage of the technique is the long-time storage option at 4°C or even at ambient 

temperature. Freeze-drying implies water removal and the conservation of the sample under an 

anhydrous state (Loi et al., 2013; Kaneko at al., 2014; Gil et al, 2014). Freeze-dried spermatozoa 

retain their entire fertilizing capacity and have proven their efficacity in many mammalian spe-

cies since viable live offspring were successfully reported in mouse (Wakayama and Yanag-

imachi, 1998), rabbits (Liu et al., 2004), rats (Hirabayashi et al., 2005) and horses (Choi et al., 

2011) through intracytoplasmic sperm injection (ICSI) of lyophilized spermatozoa. In sheep, 

Anzalone et al. (2018) have demonstrated that sperm lyophilization is a relevant low-cost stor-

age option for conserving ram spermatozoa from the endangered typical sheep breed of the 

Italian Abruzzo region, Pagliarola. In their study, they have established a sperm bank for a 

seriously endangered sheep breed and they have reported that the sperm lyophilization process 

requires further development to be more efficient for sperm storage.  

III. Intracytoplasmic Sperm Injection (ICSI)  

Intracytoplasmic sperm injection (ICSI) implies the microsurgical injection of a single sperma-

tozoon into the cytoplasm of a mature egg. The technique was proposed in 1992 to mainly 

circumvent severe male fertility disorders related to the sperm failure to fuse with the oocyte or 

to cross the egg barriers and was found very successful. Currently, ICSI is the best microma-

nipulation technique, for both animals and humans, for treating male factor infertility (Yanag-

imachi, 2004; Terada et al., 2010). In livestock, ICSI has been extensively introduced to realize 

different achievements such as producing high-valuable genetics animals, conserving endan-

gered and valuable breeds, producing transgenic animals and overcoming fertilization issues 

encountered in IVF systems. Thus, it is presented as a worth assisted reproductive tool in in 
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vitro monospermic zygote production with no exclusive focus on male infertility factors (Gar-

cía-Roselló et al., 2009). Since its introduction in farm animals, ICSI has been extended to 

various species, including rabbits (Iritani and Hosoi, 1989), cattle (Goto et al., 1990), sheep 

(Catt et al., 1996), goats (Keskintepe et al., 1997), horses (Cochran et al.,1998) and pigs (Kolbe 

and Holtz, 2000). The technique has been mostly implemented as an experimental device to 

investigate fundamental biological question related to molecular mechanisms of oocyte activa-

tion, ooplasmic factors responsible for male pronucleus transformation as well as early embryo 

development events (Singh Parmar et al., 2013). In ruminants, ICSI was highly efficient in 

overcoming polyspermic fertilization which has been identified the main factor associated with 

IVF system failure. However, in comparison to human, it has been noticed that the technique is 

quite less successful in some species and ICSI embryos were found to display low developmen-

tal rate compared to IVF embryos (Salamone et al., 2017). Investigations have identified that 

the sperm oocyte-activating factor as well as the sperm introduction into the ooplasm are the 

major handicaps that interrupt normal embryo development (Chung et al., 1999; Devito et al. 

2010; Arias et al. 2014). For instance, in cattle, despite the very significant rates of oocyte 

maturation and fertilization, around 90% and 80% respectively, low blastocyst yield, from 30% 

to 40%, has been always reported. In small ruminants, sheep and goats, the number of studies 

is quite limited, particularly on the latter one, and have also highlighted a percentage of blasto-

cyst ranging from 20% to 30%, thus, there is clearly room for improvement. Up to now, various 

issues are hampering the practical use of ICSI in these species although several studies have 

been conducted endlessly to improve the efficiency of the technique. In vitro embryo microma-

nipulation in small ruminants is an outstanding source of low-cost embryos for the implemen-

tation of basic research on developmental biology and physiology as well as for the commercial 

application of the newest biotechnologies such as nuclear transfer and transgenesis. Hence, fu-

ture works must focus deeply on factors and molecular mechanisms which are limiting embryos 

developmental competence following ICSI (Cognié et al., 2003; Paramio and Izquierdo, 2016).  
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IV. ICSI development in sheep 

In sheep embryos, it has been noticed that commercial activity worldwide is suffering a lack of 

proper care comparing to cattle and other farm animals (Paramio and Izquierdo, 2016). Catt and 

Rhodes (1995) have published the first report in sheep ICSI following a study in which they 

explored ICSI potential in fertilizing. Embryonic division was observed when they cultivated 

the injected oocytes in vitro using Synthetic Oviduct Fluid (SOF) medium. By making ICSI 

available in sheep, Catt et al. (1996) performed a prompt ICSI assay using sexed sperm and by 

transferring the presumptive embryo immediately after the injection, they obtained the first off-

spring which was male, according to the type of sexed sperm used. ICSI application in sheep 

has been widespread and several studies were carried out. The obtained results have showed 

remarkable variability and have led to conclude that oocyte activation after injection is an es-

sential factor that significantly affect the blastocyst development rate in ICSI sheep embryos. 

As a matter of fact, studies developed by Gómez et al. (1997, 1998) showed lower cleavage 

rates of 30% and 39% when no activation was carried out. However, they have observed a 

remarkable improvement of 75% in their next assay in which they attempted to activate the 

oocytes using calcium ionophore. Catalá et al. (2012) and Hosseini et al. (2012) have tested 

ionomycin as activation treatment for the injected oocytes and they have reported acceptable 

cleavage rate respectively about 78% and 64%. While the most relevant cleavage rate improve-

ments were found by Shirazi et al. (2009, 2011) who assessed a combination of ionomycin plus 

6-dimethylaminopurine for the activation process reporting a better cleavage rate of 86.50% 

and 78%. In the same context, Anzalone et al. (2016) performed a study to assess the need for 

artificial activation of sheep oocytes following ICSI using ionomycin on damaged ram sperm 

plasma membrane and acrosome vesicle. They have found that oocyte activation only did not 

improve the embryonic development while damaging the ram sperm plasma membrane and 

acrosome vesicle together with ionomycin activation substantially enhanced the zygotes and 

blastocysts rates respectively from 45% to 84% and from 1% to 15% in ICSI sheep embryos.  
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V. Implication of sperm factors in ICSI failure  

Despite the successful achievements realized with ICSI and also the better fertilization rates 

obtained comparing to IVF, many cases of failure have been reported where ICSI derived em-

bryos did not develop in term, besides pregnancy rates related to these embryos have been al-

ways poor, not more than 20%. A concern which is probably due to the lack of knowledge in 

comprehending and identifying some disorders at the cellular and molecular levels within to 

the different post-fertilization events and which has stimulated research to investigate about the 

latest (Manipalviratn et al., 2009; Schatten and Sun, 2015). Briefly, fertilization consists of the 

several stages that lead to male and female gametes fusion into a single cell called a zygote. 

The process begins by the contact between both gametes and the fusion of their plasma mem-

branes which enables the sperm to incorporate into the oocyte. As soon as the sperm is incor-

porated, the oocyte begins a whole series of molecular modifications grouped under the term 

activation and which are triggered by oscillations series of calcium concentration (Ca2+) from 

the sperm. Once activated, the egg completes the division cycle and two haploid pronuclei or 

nuclei appear then fuse which mark the start of embryonic development. Gamete movement 

and fusion is promoted by the sperm centrosome, which nucleates the sperm aster microtubules 

(Manandhar et al., 2005). Figure 1 (Schatten and Sun, 2009) summarize fertilization events and 

the implication of sperm centrosome. In fact, ICSI assists sperm-oocyte fusion handicaps but 

does not address defects related to genome fusion events. Most human infertility diagnosis have 

shown that unfertilized zygotes were arrested at a point of post-ICSI events which was found 

to define the survival of the newly formed embryo (Terada et al., 2010). This explain ICSI 

fertilization disorders are mainly due to the several molecular mediators evolved in post-ICSI 

mechanisms, mostly related to sperm factors.  
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Figure 1. Schematic diagram of fertilization events and the implication of centriole–centrosome complex. 

In (A), prior fertilization, the sperm shows a proximal and a distal centriole and the MII stage oocyte contains 

acentriolar centrosomes. In (B), shortly after fertilization, the sperm proximal centriole initiates sperm aster nu-

cleation. In (C), sperm aster microtubules elongate and bring both pronuclei in the center, pronuclear stage. In 

(D), after syngamy, the duplicated centriole–centrosome complex migrates around the zygote nucleus and relo-

cates to opposite poles to form the centers of the mitotic spindle poles. (E) Mitosis of the first cell cycle 

(Schatten and Sun, 2009). 

The major sperm issues responsible for abnormal development of ICSI derived embryos are 

related to the sperm ability to activate oocyte, the introduction of sperm membranes into the 

oocyte and centrosome dysfunction in early embryo development (García-Roselló et al., 2009). 

In ICSI procedure, spermatozoa are injected with acrosome and plasma membrane into the oo-

cytes, unlike the usual conditions of fertilization. It was found that spermatozoa membrane and 

acrosome persistency lead to atypical and incomplete Ca2+ releasing machinery, supporting the 

hypothesis that sperm is in charge of signaling oocyte activation. Hence, ineffective sperm oo-

cyte-activation compromise early embryo development, as reported by Meerschaut et al. (2014) 

and Salamone et al. (2017). To overcome these limitations, and to partially mimic natural fer-

tilization, spermatozoa were treated to remove the membranes prior ICSI, which was found to 

regulate the onset of Ca2+ waves and induce proper activation of the injected oocyte and pronu-

clear formation upon ICSI  (Moisyadi et al., 2009). In ruminants as well, low development 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Moisyadi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18691759
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ability of ICSI embryos was found to be due to the same factors leading to low blastocyst rates 

in bovine (Chung et al., 1999; Devito et al. 2010; Arias et al. 2014; Morrell and Humblot, 2016) 

as well as in sheep (Shirazi et al. 2018). However, besides these expedients, embryonic devel-

opment following ICSI remains low in sheep and other ruminant embryos (Shirazi at al., 2018). 

Along this line, Anzalone et al. (2018) have revealed an asymmetry between the activation, 

judged on the pronuclear detection (80% in average), and the cleavage rate, lower (30% in 

average) in sheep ICSI embryos. This findings and published data pointed out that further re-

search which focus on relevant processes in fertilization such as centriole dynamics, would 

provide helpful insights on the defective steps that hamper development in sheep ICSI. As a 

matter of fact, Schatten et al. (1999) have reported that calcium oscillations during oocyte acti-

vation phosphorylate the spermatozoa centrosome, which become able to accumulate additional 

proteins from the oocyte cytoplasm leading to sperm aster organization and microtubules nu-

cleation. Various cases of incomplete fertilization following ICSI were associated to sperm as-

ter abnormalities due to irregular microtubule organization (Rawe et al, 2000; Nakamura et al, 

2001). Sperm aster nucleation and microtubule dynamics are crucial post-ICSI events (Palermo 

et al., 1997; Hochi, 2016); however, their involvement in ICSI failure is insufficiently docu-

mented, especially in ruminants. In bovine, some data are available on the implication of sperm 

centriole in male fertility; but still, the missing centrosomal component of the infertile sperma-

tozoa is not identified yet (Terada et al., 2010; Conduit et al., 2015). 

VI. Centrosome dynamics and microtubular organization in early embryonic 

development: the role of the sperm aster 

Centrosome is a permanent cell structure which has particular features and represents the unique 

active division center that establishes spindle bipolarity and assembles microtubules for embry-

onic development (Conduit et al., 2015).  
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1. Centrosome composition and function  

An ordinary mammalian centrosome is the principal microtubule organizing center (MTOC) of 

the cell which is represented by a perpendicularly arranged pair of centrioles composed of radial 

array of microtubules associated by interconnecting fibers (Manandhar et al., 2005; Hoyer-

Fender, 2012). A typical centrosome stands out for its duplication cycle in accordance with 

DNA replication. Thus, once per cell cycle, each single centrosome duplicates, simultaneously 

with the S-phase of the cell cycle, to ensure the assembly of a newly formed centriole, the 

daughter centriole, orthogonally disposed to the pre-existing centriole, the mature or the mother 

centriole, generating two functional centrosomes (Wilson, 2008). Centriole production cycle is 

influenced by substantial cell cycle regulators, signaling molecules and different types of pro-

teins which together organize the pericentriolar material (PCM) components. The assembly and 

accumulating mechanisms of this electron dense matrix of proteins around centrioles is still a 

mystery; however, it is a primary condition for centrosome as the dominant MTOC (Chavali et 

al., 2015). Centriolar microtubules are composed α/β‑tubulin protofilaments anchored on the 

ring of γ-tubulin subunits by their minus ends. They are highly spatial and temporal dynamic 

filaments which grow and to extend into the cytoplasm through the polymerization of their 

α/β‑tubulin heterodimers; defining the process of microtubule nucleation (Petry and Vale, 2015; 

Akhmanova and Steinmetz, 2015; Gunes et al., 2020). A schematic representation of a typical 

mammalian centrosome is on figure 2. 
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Figure 2. Schematic representation of a typical mammalian centrosome. It consists of mother and daughter 

centrioles enclosed by the pericentriolar matrix (PCM). The mother centriole contains distal and subdistal ap-

pendages (not all are shown) and both centrioles are associated by interconnecting fibers. In the PCM, γ-TuRCs 

are located that anchor MT minus ends. (Hoyer-Fender, 2012). 

2. Centrosome inheritance during fertilization 

Normal embryo development requires a single centrosome duplication resulting in two centro-

somes that allow the zygote to enter cell division through ensuring bipolar spindle formation 

and equal segregation of the genetic material. Thus, centrosome number regulation in early 

embryogenesis has to be carefully regulated in tight coordination with DNA replication and cell 

division cycle (Bennabi et al., 2016). In mammalian reproductive systems, if each parental gam-

ete contributes with one full centrosome, which will undergo a canonical duplication cycle; then 

the zygote would present four centrosomes at the first mitosis and thereby an abnormal division 

cycle (Navara, 1995). Thereby, even if centrosomes reconstitution and mechanisms governing 

centrioles biogenesis and controlling centrosome number are still not well understood, it was 

believed that organisms are able to down regulate the gamete centrosome by restoring only one 

copy of during fertilization (Crozet el al., 2000). As reported by Sathananthan et al. (1996), 

Boveri (1887, 1901) have revealed over a century ago typical paternal model of centrosome 

inheritance showing that the active division-center is provided by the spermatozoa, except in 

rodents. According to his theory, male and female gametes are partial complementary entities; 

each is contributing differentially to provide one complete functional centrosome to the zygote. 

As a matter of fact, the ripe egg lacks centrioles but provides the whole accessory elements such 
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as proteins, mRNAs, metabolites and others elements which are mandatory to support early 

embryo development. Elimination of the major microtubule organizing centers in most oocytes 

is still based on some conjectures rather than knowledge. However, it has been proved that 

PCM is maternally contributed to the one-cell stage embryo and that sperm centrosome dupli-

cates and ensures fundamental tasks for all embryo development stages through rapid organi-

zation of astral microtubules (Delattre and Gönczy, 2004; Chatzimeletiou, 2008; Bennabi et al., 

2016). In parthenogenetic embryos from different species, except rodents, the absence of func-

tional centrioles in the early stages of development was reported. In fact, after parthenogenetic 

activation, it was found that the oocyte acquires the capacity to nucleate microtubule, to organ-

ize a functional bipolar spindle and thereby to enter mitosis; but at the morula or blastocyst 

stages. However, the observed spindles were "anastral”; meaning that no centrioles were spot-

ted in the mitotic spindle of these eggs. Such evidences were also reported in sheep (Crozet et 

al., 2000) and have confirmed that the absence of centrioles in sheep mature oocytes is a general 

feature. Sperm centriole–centrosome complex has been studied to investigate about its func-

tionality upon fertilization. It has been found that the spermatozoa count two separated centri-

olar structures within the connecting piece namely the proximal centriole, situated besides the 

sperm head basal plate, and the distal centriole, perpendicularly disposed to the proximal cen-

triole and aligned with sperm tail (Schatten and Sun, 2009). Shortly after sperm incorporation 

into the egg, it was found that the distal centriole degenerates while the proximal centriole was 

observed to be surrounded by pericentriolar components and nucleating a monopolar array of 

microtubules, the sperm aster. The flexible structure of the sperm centrosome, its plasticity, 

together with its molecular reorganizations as well as its microtubule dynamics have made the 

sperm aster a highly dynamic structure which is able to undergo rapid growth and modifica-

tions. As the prominent microtubule structure within the zygote, the sperm centriole accumu-

lates maternal γ-tubulin leading to radial microtubule nucleation and growth of the sperm aster. 

Aster microtubules elongation ensures male and female pronuclear movement, gamete union, 

adequate genetic information inheritance and thereby normal embryo development (Simerly et 

al., 1995; Sathananthan et al., 1996; Manandhar et al., 2005; Hoyer-Fender, 2012; Gunes et al., 

2020). The same sperm behavior has been reported by Crozet (1990) in sheep zygotes. A sche-

matic representation of the sperm centriole–centrosome organization and duplication are on 

figure 3.  
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Figure 3. Schematic representation of centriole–centrosome organization and duplication. (A) before ferti-

lization, the spermatozoon displays the distal centriole aligned with the sperm tail and the proximal centriole lo-

cated within the connecting piece next to the basal plate of the sperm head. (B) Shortly after sperm incorpora-

tion, the sperm aster is nucleated from the proximal centriole allowing pronuclear apposition. (C) After pronu-

clear apposition, the sperm centrioles duplicate during the pronuclear stage. (D) The duplicated centrioles sepa-

rate and migrate around the zygote nucleus to form the opposite poles of the first mitotic spindle (Schatten and 

Sun, 2009). 
 

3. Centrosome dysfunction and implication in male infertility 

The sperm centrosome intervenes at the ultimate stage of the fertilization process; thus, sperm 

centrosomal defects would interrupt the development of post-fertilization events at the pronu-

clear stage. Several pathologies of human male infertility were related to abnormalities within 

the sperm centriole–centrosome complex and sperm aster organization disorders (Chatzime-

letiou et al., 2008). As a matter of fact, investigations on centriole/centrosome implication in 

male infertility were initially established by Sathananthan (1994) and results led to postulate 

sperm with defective centriole/centrosome causes abnormal cleavage and produce aberrant em-

bryos. In fact, abnormal pronuclear morphology and apposition as well as unusual aster for-

mation were observed to disrupt fertilization through generating a slow cleavage trend, blasto-

mere irregularities and embryonic development arrest (Tesarik, 2002, 2005). Other cases have 

revealed, that centrosome dysfunction is responsible for polyploidy and failure of post-zygotic 

chromosomal division which lead to delay or arrest the cleavage-stage development. Sathanan-

than et al. (1996) have highlighted that as long as the sperm centrosome and the surrounding 
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PCM constitute an unabridged complex, then centriolar dysfunctionality might be resulting 

from defects of either or both of these components. As a matter of fact, some authors have 

pointed out that several proteins, such as centrin, pericentrin, γ-tubulin and speriolin, were rec-

ognized surrounding the sperm centrosome and the connecting piece and might be correlated 

with centriole–centrosome complex dysfunctionality (Manandhar et al., 2000). Also, some 

sperm proteasomes have been identified in the neck region of the human spermatozoa by 

Wojcik et al. (2000) while reporting their possible involvement in the releasement of the sperm 

centriole after fertilization. However, there is a huge gap in the investigations about their pos-

sible involvement. According to Schatten et al. (1994), calcium oscillations during oocyte acti-

vation lead to phosphorylate the sperm centrosome which become able to accumulate additional 

γ-tubulin from the oocyte cytoplasm and form a centriole. The accumulated γ-tubulin lead to 

microtubules nucleation and sperm aster organization. Other proteins, such as centrin and 

dynein, might also be involved in microtubule nucleation. Thus, insufficient protein supply im-

pact the sperm ability to fertilize and diminish sperm aster organization upon fertilization which 

affects the fertilization success and interrupts normal embryonic development (Hinduja et al., 

2010). In bovine fertilization, sperm aster nucleation and size have been studied by Navara et 

al. (1996) and Rawe et al. (2002), that have shown that sperm centrosome and aster organization 

is an individual feature which varies from one bull to another while affecting male fertility and 

early development. More detailed molecular analyses are needed about requirements for cen-

trosome growth after fertilization, as mentioned by Schatten et al. (2009). In the same context, 

Nakamura et al. (2002) and Manandhar et al. (2005) have point out that evaluating sperm cen-

trosomal functionalities would be very useful to understand new insights of infertility that 

would lead to immediate medical benefit.  
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VI. Aim of the thesis 

Up to now, timing and the dynamics of sperm aster organization, in early sheep zygote derived 

by ICSI has not been thoroughly investigated. In this work, we set up to investigate centri-

ole/micro-tubular and nuclear dynamics in zygotes obtained by ICSI-fertilized sheep eggs with 

fresh and freeze-dry spermatozoa and In Vitro Fertilization (IVF) as control. 

RESEARCH QUESTIONS  

1. Starting from the moment of fertilization, how does centrosome and centrioles behave in 

early development of sheep embryos? 

2. Are there any differences in microtubular nucleating centers between ICSI and normal IVF 

embryos? 

3. Does spermatozoa lyophilization affects the microtubular nucleating potential of the 

centrosome? 

4. Does sperm centrosome dysfunction is the main factor behind ICSI failure in sheep zygotes? 
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VII. Experimental design 
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Figure 4. Experimental design 
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Chapter II 

Material and Methods  
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Unless otherwise stated, all materials used were purchased from Sigma-Aldrich, Darmstadt, 

Germany. 

I. Oocyte recovery and in vitro maturation (IVM) 

Sheep ovaries were collected from local slaughterhouses and transferred within 1 to 2 hours at 

37 °C to the laboratory. Ovaries were washed twice in Phosphate buffered saline (PBS) solution 

(1X) (figure 5A). Aspiration of the oocytes from the follicles was done in 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) buffered TCM-199 medium with 0.005 % heparin 

using 21 G needles (figure 5B).  Then oocytes were selected under the microscope (figure 6A) 

and only the oocytes with at least 2 or 3 layers of compact cumulus cells were considered for 

maturation (figure 5B). In vitro maturation (IVM) medium is composed by MEM-199 contain-

ing 2 mM glutamine, 0.3 mM sodium pyruvate, 100 μM cysteamine, 10 % fetal bovine serum 

(FBS), 5 μg/mL follicle stimulating hormone FSH, 5 μg/mL luteinizing hormone (LH), and 1 

μg/mL estradiol. After 2 washes in the IVM medium (figure 6C) oocytes underwent maturation 

in 4-well dish in 0.5 mL of IVM medium (figure 6D) in a humidified atmosphere of 5% CO2 in 

air at 38.5 °C for 24 h. 

 

 

 

 

 

 

 

 

Figure 5. Oocyte collection: Ovaries wash in PBS (A); Oocyte aspiration from the follicles using 21G needle 

(B). 
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Figure 6. In vitro maturation of sheep oocytes. Selection of oocytes under the microscope (A); Oocytes with at 

least 2 or 3 layers of compact cumulus (B); Wash of the oocyte in the IVF medium (C), Oocytes underwent In 

vitro maturation in 4 well dish (D). 

 

II. Semen preparation  

     1. Semen collection 

Semen collection was made from adult fertile Sardinian rams by the mean of an Artificial 

Vagina (AV) filled with warm water (40–44°C) and connected to a 15ml tube. Sperm motility 

was checked right after collection by a stereomicroscope. Sperm concentration was also 

checked using a Burker chamber. Sperm selection to be used for the experiment was based on 

the concentration and the motility; thus, ejaculates that count ≥1.8×109 spermatozoa/ml and 

showing a motility of ≥70%, were selected.  
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2.  Semen cryopreservation  

First, a basic medium was prepared by dissolving 2.42 g TRIS base, 1.36 g citric acid, 1 g 

fructose, 100.000 IU penicillin G, 0.1 g streptomycin in 67.20 ml of bi-distilled water (ddH20) 

(pH = 6.7–6.8). The medium was equally divided into 2 volumes of 33.60 ml each. Each volume 

served to prepare Medium A (30°C medium) and Medium B (4°C medium) separately in 15 ml 

tubes. For medium A, 10 ml of egg yolk and 6.40 ml of ddH20 were added and for Medium B, 

10 ml of egg yolk plus 6.40 ml of glycerol. Each tube was kept at 30 and 4 °C, respectively, 

before use. Shortly after sperm collection, Medium A was poured to the ejaculate and trans-

ferred immediately to a cold room (4 °C) for 2 hours to enable a controlled cooling - from 30 

to 4 °C. Then, Medium B was gently poured to the suspension which was kept for additional 2 

hours in the cold room. Equal volumes of both mediums were added to ensure a final dilution 

of the ejaculate to a concentration of 400×106 spermatozoa/ml. Tubes were gently mixed each 

30 minutes by rotating the plugged flask 180 degrees. The suspension was divided into 250 μl 

plastic straws which were sealed with polyvinyl alcohol (PVA) and placed on a metallic grid to 

stabilize for 2 hours at 4 °C. Finally, the sealed straws were exposed to Liquid Nitrogen (LN) 

vapors (−80°C) in a Dewar flask initially for 6 min, then plunged into LN to be stored in filled 

tanks with LN until use. 

3. Semen freeze-drying  

Freeze-drying spermatozoa was performed as previously described by Anzalone et al. (2018). 

Briefly, semen was transferred into a polypropylene tube which contained 1 ml of CZB medium 

supplemented with 10% fetal bovine serum. Semen was incubated for 30 min at 37.5°C, then 

the upper 0.3- 0.5 ml of the sperm suspension was discarded. Semen was diluted in freeze-

drying medium [1 ml 0.5 M TRIS (in water), 5ml 0.5MEGTA (in water), 2.5 ml 1MNaCl (in 

water)], after that an aliquot of 100 µL of the sperm suspension was put inside a 2 ml ampule 

which was directly plunged into liquid nitrogen for 10 min. After semen freezing, the vials were 

placed into Freeze-Dry apparatus (SP Scientific-VirTis, 2.0 BenchTop) with the condenser at a 

temperature of -58°C and the freeze-drying chamber at -12°C. After 12 h approximatively, each 

ampule was sealed under vacuum condition (pressure 15 mBar). Vials were individually 

wrapped with aluminum foil and stored at room temperature until use (figure 7).  
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Figure 7. Freeze-dried spermatozoa stored at room temperature in glass vials. 

 

III. In vitro fertilization (IVF) 

Twenty-four hours post IVM, only mature oocytes (MII) with expanded cumulus and normal 

morphology were selected for in vitro fertilization (IVF) (figure 8). Expanded Cumulus-Oo-

cytes-Complexes (COCs) were mechanically deprived by the majority of cumulus cells by re-

peated pipetting in 300 U/mL hyaluronidase dissolved in Hepes buffered M199. A total of 287 

oocytes were used for IVF, 220 oocytes were dedicated for the sperm aster immunofluorescence 

and 67 oocytes were maintained in culture for embryo development assessment. Groups of 10 

oocytes were put in 50 μL drops of IVF medium composed by Synthetic Oviductal Fluid (SOF) 

medium, plus 20% estrus sheep serum and 16 µM isoproterenol and covered by mineral oil 

(figure 9A). In parallel, frozen ram semen was rapidly thawed in 35°C water and centrifuged in 

bicarbonate-buffered SOF containing 0.4% BSA at 112 × g for 5 min. Then, supernatant was 

discarded and 1.3 to 2 µL of pellet (± 5× 106 spermatozoa/ml) were aspirated and transferred 

into oocytes containing drops (figure 9B). Gametes were co-incubated in a humidified atmos-

phere at 38.5 °C, 5% CO2, and 7% O2, at least for 3 hours and a half to allow fertilization (figure 

9C). Then to check the status of microtubule formation, IVF has been stopped at different time 

points and processed for immune-detection of α-tubulin, in line with the experimental design.   
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Figure 8. Matured sheep oocytes, with an expanded cumulus 

  

Figure 9. In vitro fertilization (IVF). Oocytes containing drops of IVF medium (A) into which washed semen 

were transferred (B), incubation of the oocytes with spermatozoa (C). 
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IV. Intracytoplasmic sperm injection (ICSI) 

At 24 hours from IVM, a total of 290 matured (MII) oocytes were completely denuded from 

cumulus cells by pipetting in 300 U/mL hyaluronidase dissolved in Hepes buffered M199. One 

part of the oocytes (157 oocytes), were injected with FT (87 oocytes) and FD semen (70 oo-

cytes) to allocated to sperm aster immunofluorescence detection. Second part of the oocytes 

(133 oocytes) were allocated to embryo development as described below. ICSI procedure with 

frozen/thawed and freeze-dried semen was performed as described by Anzalone et al. (2016-

2018) and below.  

1. Sperm preparation 

1.1.For frozen/thawed sperm  

Frozen/thawed semen (FT) was fast-thawed by immersing the straw in 35°C water for a few 

seconds. A volume of 5 µl of semen was diluted in 100 µl of H199 medium, then the mixture 

was diluted 1:1 with 12% PolyVinylPyrrolidone (PVP, 360 kDa) and 10 µl drop of this final 

dilution was placed on the lid of a Petri dish, on a warmed microscope stage covered by mineral 

oil.  

1.2.For freeze-dried sperm  

Freeze-dried spermatozoa (FD), were rehydrated by adding 100 μl of bi-distilled water then 5 

μl aliquot was suspended in 100 μl of H199 medium and diluted with PVP as described previ-

ously for frozen spermatozoa. 

2. ICSI procedure 

A 50 µl drops containing 10 oocytes, and two drops of PVP with FT and FD spermatozoa 

suspensions were prepared for ICSI. Spermatozoa were loaded into a suitable injection pipette 

and submitted to few piezo pulses before ICSI to dissect the tail from the head; only the head 

was injected into the oocytes. The injection was performed under an inverted microscope (Ni-

kon Eclipse E-800) connected to a micromanipulation system (Narishige, Tokyo, Japan), using 

a piezo-driven system (PiezoXpert, Eppendorf, Milan, Italy). After ICSI, oocytes underwent a 
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recovery of 5 minutes in H199, then were artificially activated by culturing them in 5 µM iono-

mycin dissolved in H199 plus 0.4% BSA for 5 minutes; then washed 5 minutes and placed in 

embryo culture dish. A schematic representation (figure 10) summarizes ICSI procedure using 

only the sperm head. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Schematic representation of ICSI procedure. The sperm in suspension with PVP drop is pulled 

into the injection from the tail until the neck level (A). The application of 1 to 2 piezo pulses enables the head 

detachment (B). The sperm head is aspirated into the injection pipet then brought near the oocyte and the appli-

cation of 2 to 3 piezo pulses creates an opening into the zone pellucida first (C) and through the plasmatic mem-

brane after (D). The sperm head is then released in the ooplasm (E) and the injection pipet is removed (F). 
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V. Embryo culture 

Presumptive zygotes, resulting from ICSI with FT (ICSI-FT), from ICSI with FD (ICSI-FD) 

and from IVF, were cultured in groups of 5 in 20 µl drops of SOF medium with 2 % (v:v) basal 

medium Eagle (BME)-essential amino acids (EAA), 1 % (v:v) minimum essential medium 

(MEM)-nonessential amino acids (NEAA) (Gibco), 1 mM glutamine, and 8 mg/mL fatty acid-

free BSA, covered by mineral oil in a humidified atmosphere at 38.5 °C, 5 % CO2, and 7 % O2. 

For ICSI-FT, ICSI-FD and IVF presumptive zygotes which were maintained in culture, the 

medium was refreshed at day 3 (SOF- supplemented with 0.27 mg/mL glucose (SOF+), 2% 

EAA, 1% NEAA), day 5 (SOF+ with 10% of charcoal stripped FBS (cs-FBS), 2% EAA, 1% 

NEAA); and day 6 (1:1 MEM/M199 enriched with 10% cs-FBS, 2.5 μg/mL gentamicin and 

1% sodium pyruvate) until day 7 or 8 of culture. Embryo development was assessed 24 hours 

post-culture for the cleavage (2 cell-stage) and at day 7 or 8 post-culture for blastocyst for-

mation. 

VI. Immunofluorescence detection of tubulin  

Presumptive zygotes were fixed at different time points after sperm-egg co-culture starting from 

1 to 2 hours till 9 hours post-fertilization (pf), for IVF derived embryos, and post-activation (pa) 

for IVF derived embryos, or post-activation (pa), for ICSI derived zygotes. Zygotes were treated 

with acid Tyrode’s solution (pH 2.4) for 30 sec followed by 30 sec incubation in 0.5% Pronase 

to dissolve the ZP. Zone free zygotes were fixed in 4 % paraformaldehyde (PFA) in PHEM 

buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgSO 4 ·7H 2 O, pH 6.9) (Riris 

et al., 2013) for 20 min then washed in PBS with 0.4% PVP, and next permeabilized for 15 min 

with 0.5% Triton X-100 in PHEM. After four washes (5 min each) in PHEM with 0.05% Tween 

20, embryos were blocked in 1% BSA in PHEM with 100 mM glycine at room temperature for 

1 h. Zygotes were incubated in mouse monoclonal IgG anti-a-tubulin from Santa Cruz (sc-

23949 Lot #C0718) (1:200 in 1% BSA/PHEM with 100 mMglycine) overnight at 4°C. After 

four washes in PHEM with 0.05% Tween 20, the zygotes were incubated with FITC-conjugated 

goat-anti-mouse IgG (Sigma F5262 Lot # 057M4883V) and/or rabbit anti-goat IgG-PF from 

Santa Cruz (sc-3755, Lot #I2503) (1:200 in 1% BSA/PHEM with 100 mM glycine) for 45 min 
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at room temperature. DNA was counterstained for 5 min in 1 mg Hoechst 33,342 in 10 ml of 

PBS at room temperature. Then slides were mounted, and images were captured using a confo-

cal microscope (Nikon Eclipse Ti-E). 

VII. Pronuclear detection  

The formation of 2 pronuclei (2PN) was checked in all experimental groups (ICSI-FT, ICSI-

FD and IVF). IVF group was considered as control, which is supposed to show 2 PN at 10 h pf 

the syngamy at 22 h pf. To this extend, a total of additional 90 fertilized oocytes (30 ICSI-FT, 

30 ICSI-FD and 30 IVF) were carefully cleaned from cumulus cells and incubated in 5 min 1 

µg Hoechst 33,342 in 10 mL of embryo culture medium. Oocytes were observed one by one 

under inverted microscope connected with a micromanipulator system, at 10 hours pf/pa first, 

for the 2PN assessment, and later at 22 hours pf/pa, for syngamy stage assessment. 

VIII. Statistical analyses  

Statistical analyses were performed using GraphPad Prism 6.0 software. Kruskal-Wallis test 

was applied to compare in vitro embryo development on a minimum of 5 replicates for each 

group (ICSI-FT, ICSI-FD and IVF). The considered data in each group were the number of the 

cleaved embryos and the blastocyst number in each group, a multiple comparison was done 

between groups. 

Statistical significance threshold has been set with P < 0.05. Chisquare test was applied to com-

pare 2 PN formation and early syngamy event. The accurate number of oocytes showing 2 PN 

and syngamy events were the considered data. ICSI groups were compared to IVF. ICSI-FT 

and ICSI-FD groups were also compared between each other. Statistical significance threshold 

has been set with P < 0.01. 

 

 

 

 



 
 
 
 
 

 
 
 

     28 
 

 

 

 

 

 

 

 

Chapter III 

Results  
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1. Sperm evaluation 

After rehydration, freeze-dried spermatozoa exhibited the 58.5% of external membrane dam-

aged (valuated by Pisum sativum agglutinin-PSA). The percentage of intact DNA was similar 

as reported in our previously work (Palazzese et al., 2018) with an estimation of 9.9%, analyzed 

by Comet-assay. 

2. Sperm aster nucleation and microtubular dynamics  

Research on microtubular dynamic in sheep fertilization are missing and data regarding the 

timing of aster nucleation are not available yet. In some preliminary experiments, we wet a 

series of conventional IVF assays according to which we have observed that the spermatozoon 

takes between 3 to 4 hours following sperm-egg co-incubation to get in contact with the oocyte, 

fuse with its plasma membrane and finally incorporate into the ooplasm. Considering our ob-

servations, we initiated evaluating the sperm aster nucleation between 4 to 5 hours from sperm-

egg co-culture, which corresponds to 1 to 2 hours pf in IVF embryos. For ICSI embryos, giving 

the fact that the spermatozoon is directly injected into the ooplasm, we started assessing aster 

nucleation from the moment of the egg activation. 

2.1.ICSI presumptive zygotes 

2.1.1. ICSI with frozen/thawed semen  

In ICSI-FT zygotes, we started assessing the sperm aster activities from 1 to 2 hours pa. We 

have observed that zygotes completed the II meiosis by 3h pa and simultaneously the proximal 

centriole initiated aster nucleation (figure 11A, arrow; figure 12A). A further microtubular 

growth was observed from 4 to 5-hour pa (figure 11B, arrow; figure 12B) with a marked in-

crease by 8 to 9-hour pa, with microtubules radiating from the decondensed male pronucleus 

(figure 11C, arrow; figure 12C, figure 11D, arrow; figure 12D). 

2.1.2. CSI with freeze-dried semen  

In ICSI-FD zygotes, like in ICSI-FT, we started assessing the sperm aster activities from 1 to 2 

hours pa. Unlike the previous observations, aster formation was delayed 1 hour (figure 11E, 
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arrow; figure 12E). In fact, aster nucleation starting only by 4h pa (figure 11F, arrow; figure 

12F). From the 6th hour onward and once the nucleation started, the sperm aster followed the 

same dynamics for the upcoming hours, as previously described, marked by the microtubule 

elongation from 6 to 7 hours pa and microtubule enlargement from 8 to 9 hours pa (figure 11G-

H, arrow; figure 12G-H).  

2.2.IVF presumptive zygotes 

In IVF zygotes, the observed trend overlapped with ICSI-FT. As a matter of fact, within 3h pf 

the oocytes were observed to complete II meiosis with a simultaneous nucleation of the proxi-

mal centriole aster (figure 11I, arrow; figure 12I). Further microtubular growth was observed 

from 4 to 5-hour pf (figure 11J, arrow; figure 12J) with an increased microtubular growth 8 to 

9 hours pf, (figure 11K, arrow; figure 12K, figure 11L, arrow; figure 12L). 
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Figure 11. Sperm aster nucleation dynamics in ICSI-FT (A – D); ICSI-FD (E – H) and IVF (I – L) presumptive 

zygotes after 2-3 hours pf/pa (A-I), 4-5 hours pf/pa (B-J), 6-7 hours pf/pa (C-K), 8-9 hours pf/pa (D-L). Arrows: 

sperm aster nucleation and microtubule elongation; yellow arrow: absence of sperm aster nucleation. 

Red/green:α– tubulin; blue – nucleus/Hoechst. Red color: zygotes were incubated with rabbit anti-goat IgG-PF 

from Santa Cruz (sc-3755, Lot #I2503). Green color: zygotes were incubated with FITC-conjugated goat-anti-

mouse IgG (Sigma F5262 Lot # 057M4883V). 
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Figure 12. Schematic representation of the sperm aster nucleation dynamics in ICSI-FT, ICIS-FD and IVF zy-

gotes when fertilization beginning (time 0), at 2-3h, 4 -5h and 6 -9 h post-fertilization. 
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3. Pronuclear stage and syngamy assessment  

Subsequent embryo development was predicted in accordance to the 2PN stage and syngamy 

event at 10 hours pf/pa and 22 hours pf/pa, respectively. At 10 hours pf/pa, we have found that 

the percentage of embryos which were at the 2PN was not different in ICSI-FT and ICSI-FD, 

respectively 47% (14/30 zygotes) and 53% (16/30 zygotes) while73% (22/30) were at the 2PN 

stage in IVF zygotes (Table 1) (IVF vs ICSI-FT, P<0.001). 

Around 22 hours pa, syngamy was detected only in 28.5% (4/14) of ICSI-FT and 12.5% (2/16) 

of ICSI-FD zygotes while a higher proportion of ICSI zygotes, respectively 71.5 % (10/14) for 

ICSI-FT and 87.5% (14/16) of ICSI-FD were found blocked at the pronuclear stage. 

The picture changed radically in IVF zygotes, where half 50% (11/22) completed syngamy, and 

half 50% (11/22) were found blocked at 2PN stage (IVF vs ICSI-FD, P<0.001). 

 

Table 1. Pronuclei stage and syngamy assessment in ICSI-FT, ICSI-FD and IVF embryos.  

Groups No. oocytes PN (%) Syngamy (%) 

ICSI-FT 30 14/30 (47%)a 4/14 (28.5%) 

ICSI-FD 30 16/30 (53%) 2/16 (12.5%)b 

IVF 30 22/30 (73%) 11/22 (50%) 

aIVF vs ICSI-FT, P<0.001 
bIVF vs ICSI-FD, P<0.001 
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4. Embryo development assessment  

Embryo development was followed and recorded for the different groups which is summarized 

in Table 2.  

Table 2. Embryo development outcomes from ICSI-FT and ICSI-FD and IVF. 

Groups No. oocytes 2-Cells (%) Blastocysts (%) 

ICSI-FT 56 19/56 (34%) 11/56 (19%)a 

ICSI-FD 77 24/77 (31%) 8/77 (10%)b 

IVF 67 30/67 (44%) 22/67 (33%) 

aIVF vs ICSI-FT, P<0.05 
bIVF vs ICSI-FD,  P<0.005 

No significant differences were found in the cleavage rate between the different groups (31% 

vs 34% and 44%, respectively).  

Regarding the blastocyst rate, the percentage of the ICSI-FT and ICSI-FD were statically lower 

than the IVF group (19% and 10% vs 33%, respectively; IVF vs ICSI-FT, P<0.05; IVF vs ICSI-

FD, P<0.005). Moreover, the lowest blastocyst rate corresponded to ICSI-FD zygotes. The ob-

tained trend explains that blastocyst development is more impaired in ICSI-FD derived em-

bryos.  
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In human, various ICSI failure were associated to sperm aster abnormalities and irregular mi-

crotubule organization (Rawe et al., 2000; Nakamura et al., 2002). Sperm aster nucleation and 

microtubule dynamics are crucial post-ICSI events but their involvement in ICSI failure is in-

sufficiently documented, especially in ruminants (Hochi, 2016). This background prompted us 

to investigate whether sperm centrosome dysfunction could be the main factor undermining the 

development of ICSI derived, sheep embryos.  

Our findings on the control IVF and ICSI injected oocytes with frozen/thawed spermatozoa 

have demonstrated that aster nucleation and microtubular dynamics are practically synchro-

nous, and the delay recorded in ICSI FD ones is promptly recovered.  It seems likely that the 

structural modifications induced by the de-hydration might have rendered the centrosome less 

accessible to the oocyte’s reducing cytoplasm, a fundamental requirement for the acquisition 

of microtubule nucleating activity (Simerly et al., 2000). These findings differ from a similar 

study performed by Hara et al. (2011) on ICSI derived bovine embryos injected with freeze-

dried bull spermatozoa. In their experiments, they have noticed that the sperm aster nucleation 

activity is significantly lower in ICSI derived embryos using both frozen/thawed or freeze-dried 

spermatozoa. Thus, they have concluded that the freeze-drying process for bull spermatozoa 

has no negative effects on sperm aster formation and microtubule network assembly. They also 

observed a significant difference in microtubule network function between ICSI and IVF em-

bryos, suggesting that this might be responsible for the lower blastocyst yield in ICSI derived 

embryos compared with IVF ones. 

Our data indicate instead that microtubule nucleation is retarded only in ICSI FD zygotes, but 

once started, it takes place normally, just like the IVF and ICSI FT ones. Therefore, we have 

objectively demonstrated that aster formation and microtubular dynamics are normal in sheep 

ICSI zygotes, which means that other factors are responsible for the reduced development of 

sheep ICSI-derived embryos.  

Thus, while we rule out centrosome dysfunction as major determinant in ICSI’s low efficiency, 

highlighting observations can be drown from our assessments of pronuclear stage and the syn-

gamy in ICSI-produced zygotes. The formation of 2 pronuclei is a good prognostic for further 
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embryo development, because studies have shown that the morphological status of the 2 pro-

nuclei is correlated with the subsequent cleavage of the embryo, blastocyst development and 

quality (Balaban, 2004). 

Our findings have revealed that an enormous proportion of ICSI zygotes, 71% and 87.5% re-

spectively in ICSI-FT and ICSI-FD, failed to achieve syngamy, despite the formation of the 

two pronuclei in 47% and 53% of ICSI-FT and ICSI-FD zygotes, respectively, and remained 

blocked at the pronuclear stage. The picture instead changed radically in IVF zygotes, where 

half of the zygotes successfully undergo syngamy. These data confirm unpublished observation 

in our laboratory that have indicated an asymmetry between the activation, judged on the pro-

nuclear detection (80% in average), and the cleavage rate, lower (30% in average, Anzalone 

personal communication). 

Pronuclear apposition and fusion of their nuclear envelope is a key event for embryo develop-

ment. However, the double membrane layer of the two pronuclei makes this phenomenon a 

complicated event, which is poorly understood. Recent data have indicated that vesicles struc-

tures, localized at the pronuclear interface are the initial steps that triggers nuclear membrane 

fusion by pronuclear apposition in preparation of the first mitosis (Rahman et al. 2020). Thus, 

according to this new model, nuclear membrane fusion, promoted by Ca2+ ions, promotes pro-

nuclear apposition (Ma and Starr, 2020). A series of Ca2+ spikes induced by sperm soluble 

factor, identified as PLCzeta (zeta) (Swann et al., 2016) but known also as “sperm factor” or 

“sperm-borne oocyte-activating factor”. 

This protein is responsible for switching on an oscillatory calcium release within the oocyte, 

that is fundamental for oocyte activation. Once activated, the oocyte, in turn, displays a series 

of calcium waves that trigger the sperm centrosome phosphorylation, resulting in its activation, 

as reported by Simerly et al. (2000) and Schatten et al. (1994). Even though we did not visual-

ize the early Ca2+ spikes (our laboratory is not equipped for that), the early centrosome dynam-

ics indirectly suggest that they are in place. What appear missing in our ICSI zygotes are the 

late Ca2+ spikes, preparatory for pronuclei apposition/fusion.  Of interest for our observations, 

recent data demonstrated that prolonged Ca2+ oscillations might be due to the presence of a 

secondary source/mechanism for late Ca2+ oscillations, important also for pronuclear fusion 
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(Swann, 2020). It is likely that the late Ca2+ spiking is missing in ICSI embryos Jones (2007; 

2018); if proven correct, this might explain the dramatically reduced syngamy in ICSI embryos, 

an event that might activate the G2/M phase arrest, and thereby lack of mitosis, with  early 

embryo development arrest, as reported by Wang et al. (2003). 

This work is a part of our efforts undertaken to optimize ICSI in sheep. The main message our 

data conveys is that, while centriole and microtubular dynamics are normal in sheep ICSI 

zygotes, ruling out previous reports (Manandhar et al., 2005; Schatten and Sun, 2009; Hoyer-

Fender, 2012), we have identified the major roadblock that hampers ICSI embryo development: 

a dramatic reduction of syngamy.  These findings call for a radical revision of the activation 

procedures of sheep oocytes. The current procedures rely on ionophores, a rather dated 

approach (Loi et al., 1998) that our and published data has found unfit for sheep ICSI derived 

embryos. A freshly published approach by leading scientist working on mice (Hirose and 

Wakayama 2020) has demonstrated that activation with the co-injection of PLCζ-cRNA of 

oocytes injected with round spermatid or somatic cell nuclear transfer resulted in higher 

frequencies of development, comparing with the controls.  We believe that time is ready to 

challenge the activation protocols in sheep oocytes, and we will embark on this endeavour in 

our further research.  
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The aim focus of the thesis was dedicated to explore the functionality of the sperm centrosomal 

material in the in vitro produced embryos by Assisted reproduction (ART) techniques.  

The research activities of the main focus of the thesis led to the successive scientific publication: 

- Yosra Ressaissi, Debora Agata Anzalone, Luca Palazzese, Marta Czernik, Pasqualino 

Loi. 2021. The impaired development of sheep ICSI derived embryos is not related to 

centriole dysfunction. Theriogenology 159: 7-12. 

doi.org/10.1016/j.theriogenology.2020.10.008 

Although the majority of the period of the doctoral program was dedicated to the previously 

mentioned theme, I had the opportunity to work in collaboration with the partner institutes des-

ignated in my Career Development Plan (CDP) and to explore other scientific "nuances" always 

linked to reproductive medicine.  

The idea was to investigate alternative procedures that could be useful to optimise In vitro em-

bryo production procedure and which might be of interest for further implementation in In vitro 

sheep assisted reproduction technologies. The scope was on studying and characterizing Extra-

cellular Vesicles (EVs) produced by in vitro cultured preimplantation bovine embryos. The 

main studied topic was to assess the effect of supplementation of bovine embryo-derived EVs 

on the early development of In vitro cultured bovine embryos. 

The research activities within this collaboration, in which I actively contributed in the prepara-

tion and execution of the experiment led to the successive scientific publications: 

- Keerthie Dissanayake, Monika Nõmm, Freddy Lättekivi, Yosra Ressaissi, Kasun 

Godakumara, Arina Lavrits, Getnet Midekessa, Janeli Viil, Rikke Bæk, Malene Møller 

Jørgensen, Sourav Bhattacharjee, Aneta Andronowska, Andres Salumets, Ülle Jaakma, 

Alireza Fazeli. 2020. Individually cultured bovine embryos produce extracellular 

vesicles that have the potential to be used as non-invasive embryo quality markers. 

Theriogenology 149: 104-116. doi.org/10.1016/j.theriogenology.2020.03.008 

- Yosra Ressaissi, Keerthie Dissanayake, Monika Nõmm, Janeli Viil1, Andres Salumets, 

Ülle Jaakma, Aneta Andronowska, Pasqualino Loi, Alireza Fazeli. Assessing the effects 

of bovine embryo-derived extracellular vesicles on the development of individually 

https://doi.org/10.1016/j.theriogenology.2020.03.008
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cultured bovine embryos. Poster presentation. CellFit annual meeting, Athens, Greece 

(10-12 October 2019). 
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Annex I 

The impaired development of sheep ICSI derived embryos is not related to 

centriole dysfunction 

 

  



 
 
 
 
 

 
 
 

     51 
 

 

  

 



 
 
 
 
 

 
 
 

     52 
 

 

  

 



 
 
 
 
 

 
 
 

     53 
 

 

  

 



 
 
 
 
 

 
 
 

     54 
 

 

  

 



 
 
 
 
 

 
 
 

     55 
 

 

  

 



 
 
 
 
 

 
 
 

     56 
 

 

 



 
 
 
 
 

 
 
 

     57 
 

Annex II 

Individually cultured bovine embryos produce extracellular vesicles that 

have the potential to be used as non-invasive embryo quality markers 
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Abstract (CellFit annual meeting, Athens, Greece (10-12 October 2019). 

In vitro embryo production requires an enriched microenvironment with various vital cell-secreted fac-

tors. In vitro cultured single bovine embryos have demonstrated lower blastocyst rate compared to 

grouped cultured embryos. We assumed that extracellular vesicles (EVs) within an embryo culture sys-

tem may affect normal in vitro development. This study aimed to assess the supplementation effects of 

bovine embryo-derived EVs on the development of individually cultured bovine embryos. Bovine oo-

cytes were in vitro maturated (IVM) for 24 h and then in vitro fertilized (IVF). In preliminary experi-

ments, we established that group cultured embryos in EV depleted Bovine Serum Albumin (BSA) media 

successfully completed their development; while single cultured embryos were only able to reach the 

morula stage and then degenerated. Hence, we tested EVs supplementation effects in droplets of EV 

depleted BSA media covered by mineral oil. EVs used for supplementation were produced from single 

embryos cultured for 8 days in droplets of BSA culture media under mineral oil. Conditioned medium 

was collected on day 5. EVs were purified, using Izon columns, from embryos which reached the blas-

tocyst stage and embryos which cleaved on day 2 then degenerated. Non-EV supplemented single em-

bryos cultured in BSA media were considered as control. Purified EVs were characterized by nanopar-

ticle tracking analysis and transmission electron microscope (TEM). A total of 8.8 ×106 particles/ml, 

which we assumed to be the approximate amount of EVs that a single embryo may release during in 

vitro culture, was supplemented to each droplet on day 4 post-fertilization. Cleavage rates were 70 and 

80% for the supplemented groups and 86% for the control. Morula rates were 40%, 47%, and 47% 

respectively. No blastocyst was observed within the supplemented groups while the control group 

counted 33% of blastocysts. Our study suggests that BSA EVs support single cultured embryos to com-

plete their development and that a single embryo needs a significant amount of EVs to reach the blasto-

cyst stage. More researches are needed to understand the role of culture media EVs in supporting single 

embryo development. 
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