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1 Introduction 

 

At the present day, many species are facing a very high risk of extinction due to a variety of 

factors such as human settlements and activities in traditional animal territories, vegetation 

reduction, habitat fragmentation, diseases, world’s climate change and natural disasters. 

Although, it is well-known that the best strategy for endangered species propagation is natural 

habitat preservation (in situ conservation), this strategy might be not accessible in every 

situation. Therefore, ex situ conservation becomes another valuable possibility to overcome 

some hurdles. Furthermore, the advances achieved in assisted reproductive technologies 

(ART) together with the establishment of genetic resource banks (GRB) might help to 

conserve or even to resurrect some of these species.  

Genetic resource banks can help to effectively preserve valuable genetic material as somatic 

cells, gametes or preimplantation embryos for extremely long time periods. But, especially 

when gametes are involved, conventional GRB-techniques comprise the continuous use of 

liquid nitrogen, cryoprotectants and expensive specific laboratory equipment, and depend on 

sophisticated, species-specific freezing protocols. This is why the idea of semen preservations 

based on simple, inexpensive procedures has awakened increasing interest. 

Especially in the situation of sudden death by accident or illness of valuable or threatened 

animals in the wilderness or somewhere far away from any habitation, sperm preservation 

methods free from any sophisticated procedures and equipment might be more practical for 

animal conservation, and simple alternative approaches of semen preservation in combination 

with intracytoplasmic sperm injection (ICSI) might maintain the fertilization capability of 

sperm. 

 

Several alternative semen preservation techniques have been suggested and have been or are 

under investigation. In order to become independent from CPA, which are to a lesser or 

greater extent toxic, some techniques have already been tested (LACHAM-KAPLAN et al. 

2003; WARD et al. 2003; ISACHENKO et al. 2004; ISACHENKO et al. 2012). However, 

dependence on liquid nitrogen and specific laboratory equipment still remains. In contrast, a 

simple semen freezing technique without CPAs at -20 °C might allow the use of a normal 
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household freezer which might be especially beneficial in emergency situations. This 

technique has been tested in the present study, using the pig as a model organism. 

Furthermore, desiccation would allow sperm to be stored in a household refrigerator or even 

at room temperature rather than in costly liquid nitrogen. Some of these dehydration 

procedures are less complicated than conventional cryopreservation and do not require either 

the use of cryoprotectants (CPAs) or, depending on the technique, specific laboratory 

equipment (LI et al. 2007; LIU et al. 2012; YAP et al. 2012). 

Sperm heating for desiccation might provide a simple alternative procedure for preserving 

mammalian semen, which has already been indicated by studies of e.g. LEE and NIWA 

(2006) and LEE et al. (2013). 

Using the pig as a model organism, different methods of heat-desiccation have been 

investigated in the present study. Furthermore, the technique of flame-drying of spermatozoa 

has been introduced. Using such techniques, dried spermatozoa might possibly be prepared 

even at home (in the case of heat-dried spermatozoa) or directly in the field (in the case of 

flame-dried spermatozoa) where only a simple gas burner might be available. 

Since alternatively preserved spermatozoa might be dead or immotile, and acrosomal caps 

might be partly or completely destroyed after processing, intracytoplasmic sperm injection 

(ICSI) becomes necessary. ICSI is one of the most powerful artificial reproductive 

technologies and has been successfully used to bypass critical processes of fertilization in 

several species. Therefore ICSI has been used in the present study for the experimental 

investigation of the fertilization potential of alternatively preserved pig spermatozoa, together 

with in vitro maturation and artificial activation of pig oocytes. 

Thus, using the pig as a model species, the main goals of the present study are to test the 

possibility for successful short- and long-term preservation of spermatozoa without 

cryoprotectants 

in a household freezer at-20 °C, 

by heat-drying at various temperatures and durations, 

and by flame-drying. 
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2 Review of Literature  

 

2.1 Endangered species preservation 

 

Endangered species are creatures confronted with a very high risk of extinction throughout all 

or a part of their range. This phenomenon is illustrated by the IUCN Red List of Threatened 

Species™, Version 2013.2
1 launched by the IUCN Species Survival Commission (IUCN-

International Union for the Conservation of Nature). The list documents e.g. 196 mammalian 

species reported as critically endangered. Moreover, in the Convention on Biological 

Diversity (United Nations 1992: http://www.cbd.int/doc/legal/cbd-en.pdf) a definition of 

biological biodiversity is provided: “… the variability among living organisms from all 

sources including, inter alia, terrestrial, marine and other aquatic ecosystems and the 

ecological complexes of which they are part: this includes diversity within species, between 

species and ecosystems”. Air and water purification, food procurement and nutrient recycling, 

stabilization of the climate, erosion control as well as disease control are important conditions 

that depend on biodiversity conservation (HOLT et al. 1996). 

 

If animal populations remain small and isolated for many generations, they lose genetic 

diversity. With increased inbreeding the risk of e.g. genetically inherited diseases or the 

sensitivity to infections increases and thereby reduces the ability to survive (HOLT and 

PICKARD 1999). Therefore it is essential to sustain and support animal genetic resources (De 

SOUZA et al. 2011). 

 

Habitat preservation (in situ preservation) is recognized as the best way to conserve 

biodiversity in areas where the populations of species exist naturally (WILDT et al. 1997; 

LOI et al. 2001; De SOUZA et al. 2011). On the other hand, ex situ conservation outside the 

natural environments might become necessary for maintaining genetic resources in wild, zoo 

and domesticated species (GLOWKA et al. 1994). The ex situ conservation refers to the 

collection of tissues, semen, oocytes or early embryos and their cryopreservation in liquid 

nitrogen for further processing. It can be seen as an additional method and important back-up 

                                                           
1 IUCN 2013, IUCN Red List of Threatened Species, Version 2013.2 (www.iucnredlist.org); downloaded on 24

th
 

March 2014 

http://www.iucnredlist.org/
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strategy when in vivo conservation cannot be established or cannot conserve the necessary 

population size. Ex situ conservation activities should support in situ conservation activities 

(HENSON 1992). 

 

2.1.1 Assisted reproductive technologies in endangered species 

 

Assisted reproductive technology (ART) refers to the use of techniques other than natural 

mating for breeding animals. The most conventional methods include artificial insemination 

(AI), embryo transfer (ET), in vitro fertilization (IVF) and gamete and embryo banking. But 

advanced methods such as e.g. sperm sexing or cloning of individuals have been introduced, 

too. Nevertheless, the studies in these fields might not proceed as fast as in domestic animals, 

because of insufficient knowledge on basic reproductive events in wild animal species 

(reviewed by ANDRABI and MAXWELL 2007).  

 

2.1.1.1 Artificial insemination 

 

Artificial insemination (AI) has been used with some success in few wildlife species. To 

develop a successful AI method, particular knowledge on the anatomy of the genitals and the 

physiology of reproduction of both sexes of those species is a prerequisite. This includes 

investigations on the reproductive cycle and/or the development of methods for sperm 

collection and sperm processing or the synchronization of ovulations (THONGTIP et al. 

2009). Additionally, the role of social factors, light, temperature, rainfall, nutrition and even 

altitude and lunar variations on reproductive capacity have to be taken into consideration 

(reviewed by WILDT and WEMMER 1999).  

 

The current semen collection techniques include the collection via artificial vagina (AV), 

vaginal condoms, digital stimulation of the penile bulb, or electroejaculation under general 

anaesthesia (HILDEBRANDT et al. 2000). Furthermore, semen collection methods that are 

well known since the very early days of AI, such as sperm collection from a post-copulatory 

female, have been used before AI or sperm cryopreservation in wildlife species, e.g. the 

Sumatran rhinoceros [(Dicerorhinus sumatrensis) (O’BRIEN and ROTH 2000)].  
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For AI, sperm should be deposited in utero before ovulation occurs. This requires a close 

monitoring of the females used as sperm recipients. Nonetheless, the knowledge of female 

mechanisms and the chronology of the events during the estrus cycle is still insufficient in 

many species. Therefore, the use of non-invasive hormonal monitoring or real-time 

ultrasonography is suggested for determining the stage of the reproductive cycle in non-

domestic animals (TROLL et al. 2013). But most of the AI protocols for wildlife require the 

induction and/or synchronization of ovulation through exogenous gonadotrophins (reviewed 

by ANDRABI and MAXWELL 2007).  

 

Regarding the manipulation of the estrus cycle, PUKAZHENTHI and WILDT (2004) noted 

that although commercial gonadotrophins for mammalian wildlife are available e.g., equine 

chorionic gonadotrophin (eCG) and human chorionic gonadotrophin (hCG), they give 

uncertain results. Also, the inconsistency of results after estrus synchronization is obvious. 

 

The development of AI using fresh, frozen-thawed and chilled spermatozoa in wildlife 

allowed the production of live offspring in, e.g., giant panda (MASUI et al. 1989), cheetah 

(HOWARD et al. 1992), ocelot (SWANSON et al. 1996), Asian elephant (BROWN et al. 

2004; THONGTIP et al. 2009), white rhinoceros (HERMES et al. 2009), killer whale 

(ROBECK et al. 2004) and common marmoset (MORRELL et al. 1997). However, the AI 

outcome depends on the source of spermatozoa, insemination techniques and peculiarities of 

the reproductive system of each species (BLANCO et al. 2009). 

 

2.1.1.2 In vitro fertilization and embryo transfer  

 

In vitro fertilization (IVF) is defined as a process by which the interaction of spermatozoa and 

oocytes and finally the fertilization itself occurs in a test tube outside the body. The IVF-

procedure starts with the collection of oocytes from living or dead animals. These oocyte 

donors might have been hormonally stimulated in advance in order to provide multiple 

preovulatory follicles for oocyte aspiration (DURRANT 1998). Alternatively, oocytes derived 

from a variety of follicle size classes from living or dead animals can be matured in vitro 

procedure starts with the collection of oocytes from living or dead animals, these oocytes 
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(IVM) before IVF (reviewed by ANDRABI and MAXWELL 2007). After IVF zygotes can 

either be immediately transferred into the final recipient or first be cultured in vitro until a 

more advanced preimplantation stage is reached and then transferred into surrogate mothers 

(RUIZ et al. 2013). A cryopreservation step might be included before transfer. 

Cryopreservation of embryos plays a crucial role in ex situ conservation programs for 

endangered animals. It might become necessary, e.g. when suitable recipients are missing  

(POPE et al. 2012; RUIZ et al. 2013). 

 

Embryo transfer (ET) is defined as transfer of preimplantation stage embryos into a surrogate 

host female which carries the conceptus until birth. The method permits larger numbers of 

young to be produced from donor animals that are normally capable of producing only few 

offspring during their lifetime (reviewed by LOSKUTOFF 2003).  

 

Because of the fact that endangered species include only a limited number of breeding 

animals, their propagation is also limited. Therefore, conservation strategies include the 

method of interspecies embryo transfer. In this case endangered females can be saved up and 

only used as oocyte or embryo donors, whereas females of another, but closely related species 

can serve as embryo recipients. Successful interspecies embryo transfers have been reported 

by a variety of researchers, e.g. transfers in the Indian desert cat (POPE et al. 1993), gaur 

(JOHNSTON et al. 1994) and wild European mouflon (PTAK et al. 2002). However, 

requirements for a successful induction of interspecies pregnancies via embryo transfer 

include similarities in reproductive anatomy and physiology, duration of gestation, type of 

placenta, generation of fertile progeny after hybridization and comparable body size 

(DONOGHUE et al. 1990; PARIS et al. 2007). Offspring produced after IVF followed by 

intraspecies ET has been reported, e.g., in the tiger (DONOGHUE et al. 1990), western 

lowland gorilla (POPE et al. 1997) and red deer (LOCATELLI et al. 2005). 

 

2.1.1.3 Gamete and embryo micromanipulation 

 

Embryo transfer associated biotechnologies such as microsurgical interventions 

(micromanipulation of gametes or embryos) might allow a further support of reproduction in 
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endangered animals. This is particularly the case, when natural fertilization or conventional in 

vitro fertilization fails. Important micromanipulation techniques associated e.g. with 

fertilization or zona hatching include intracytoplasmic sperm injection (ICSI: KANEKO et al. 

2013) or partial zona dissection (PZD: ISHIBASHI et al. 2013). The great developments 

related to ICSI in humans and some domestic animals are beneficial for animal conserving 

strategies, especially when either no motile or only poor quality spermatozoa are retrieved 

from animals or corpses (KISHIKAWA et al. 1999a). Examples for “poor sperm quality 

species” are e.g. the clouded leopard or the cheetah (ROTH et al. 1995). However, motile 

spermatozoa still have an advantage in generating viable embryos (ALI et al. 2010). There are 

successful studies related to the production of life offspring using ICSI in domestic and 

livestock animals such as cats (THARASANIT et al. 2012), goats (WANG et al. 2003), cattle 

(OIKAWA et al. 2005) and horses (CHOI et al. 2011), but profound knowledge of 

reproductive events in non-domestic species is missing. Additionally, limited animal 

resources hamper further research on reproductive biology in endangered species (reviewed 

by ANDRABI and MAXWELL 2007). Cloning includes micromanipulation steps, too. But 

because of the importance of cloning a separate short literature review is presented in chapter 

2.1.1.6. 

 

2.1.1.4 Sperm sexing 

 

The use of sex sorted spermatozoa helps to produce a larger number of females in rare 

animals. Since an unbalanced sex ratio exacerbates the reproductive management in small 

animal populations, the production of females is especially important, e.g. in the rhinoceros 

(DENNIS et al. 2007). Flow cytometry combined with cell sorting on the basis of the DNA-

content of the sperm head provides a reliable method for identification and separation of X- 

and Y- chromosome bearing sperm populations (O’BRIEN et al. 2009). Sex predetermination 

with sexed semen is successfully commercially applied in livestock animals. Advantages of 

this method are less evident in endangered animals in captivity because of high costs and the 

possibility of inbreeding, although the technique is potentially valuable (GARNER and 

SEIDEL 2003). However, the possibility of sperm loss during the sorting procedure which 

might reach more than 30 % of spermatozoa, depending on the species, needs to be 
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considered (O’BRIEN et al. 2009). Some species (e.g. felids and most primates) produce low 

numbers of spermatozoa per ejaculation. Therefore, the use of sex-sorted spermatozoa might 

be more efficient when combined with another artificial reproductive technology such as 

embryo production in vitro and embryo transfer (HOLT et al. 2007) as well as ICSI (PROBST 

and RATH 2003). In 2003, the first successful production of offspring in wildlife following 

the insemination with sex sorted frozen-thawed semen in the elk was reported by SCHENK 

and DeGROFFT.  

 

2.1.1.5 Animal genetic resource bank 

 

At present, the IUCN Red List of Threatened Species™, Version 2013.2 reports increasing 

numbers of species which are “critically endangered” or “threatened”, e.g. Variegated Spider 

Monkey (Ateles hybridus), White-headed langur (Trachypithecus poliocephalus), saola 

(Pseudoryx nghetinhensis), Giant panda (Ailuropoda melanoleuca), Javan rhinoceros 

(Rhinoceros sondaicus), vaquita (Phocoena sinus) and Blue whale (Balaenoptera musculus). 

Many species have already vanished, e.g., Maclear’s rat (Rattus macleari), Jamaican monkey 

(Xenothrix mcgregori), Large sloth lemur (Palaeopropithecus ingens) and thylacine 

(Thylacinus cynocephalus). Therefore, the creation of genetic resource banks (GRB) or 

genome banks is classed as essential to preserve genetic diversity: semen, oocytes, embryos, 

tissues or DNA of endangered animals might be preserved in a frozen state (HOLT et al. 

2003). Successfully frozen specimen allows e.g. a later tissue grafting (ovarian and testicular 

tissue) or spermatogonial stem cell transplantations (PUKAZHENTHI et al. 2006) and 

cloning (WAKAYAMA et al. 2008). Those techniques provide potentially useful support for 

managing and conserving endangered species. The GRB can be an excellent tool for 

managing the exchange of genetic material cross the world without or with minimized 

movement of living animals from their natural habitats (WILDT 2000; HOLT et al. 2003; 

HERMES et al. 2013).  

 

Cryopreservation allows long-term storage of gametes and embryos. Therefore, sperm 

banking is being promoted extensively, especially in combination with AI or other ART 

methods. The use of frozen spermatozoa from semen banks might increase the generation 
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interval hypothetically indefinitely and allows fewer males to be held in captivity (reviewed 

by ANDRABI and MAXWELL 2007). However, semen banking is still not practical for most 

of the endangered species, because the cryopreservation protocols are still suboptimal since 

they cannot be easily applied across species (De SOUZA et al. 2011). But some success has 

been reported: e.g. HERMES et al. (2013) published the successful semen cryopreservation 

with good quality after thawing in the African elephant (54.6 % ± 3.9 sperm motility, 85.3 % 

± 2.4 acrosome integrity and 86.8 % ± 4.6 spermatozoa with normal morphology), and after 

artificial insemination with those spermatozoa a female African elephant got pregnant. The 

milestone of this study was the birth of progeny on 4
th

 September 2013 at Tiergarten 

Schönbrunn, Austria (www.zoovienna.at/news/iqhwa; published on 29.10.2013).  

 

In many species, oocytes and embryos can survive cryopreservation. This brought hope that 

preservation of female germ cells might be possible for endangered animals, too (SHAW and 

TROUNSON 2002). In general, for oocyte cryopreservation ultra-rapid freezing protocols as 

vitrification are used in order to keep the stability of the oocytes’ cytoskeleton and function 

for further applications (SANCHEZ-PARTIDA et al. 2011; APPARICIO et al. 2013; 

WATANABE et al. 2013). However, the success of this technology is limited by the 

uniqueness of the each species. On the other side, technical progress in laboratory animals, 

e.g. mouse (SAKAMOTO et al. 2005; KOHAYA et al. 2013) and farm animals, e.g. goats 

(PUROHIT et al. 2012), cattle (PRENTICE-BIENSCH et al. 2012), horses (De LEON et al. 

2012), non-human primates, e.g. cynomolgus monkey (HASHIMOTO et al. 2010), as well as 

humans (EDGAR and GOOK 2012) has already been reported.  

 

The situation related to embryo cryopreservation is not so different from oocyte 

cryopreservation. Research concentrates on the development of a suitable vitrification 

procedure (KOHAYA et al. 2013; WATANABE et al. 2013). To date, POPE et al. (2012) 

were successful to produce black-footed kittens from cryopreserved embryos using inter- and 

intra-specific embryo transfer.  

 

Recently, the development of gonadal tissue grafting (testes and ovaries) has been reported, 

and the potential of primordial follicle and spermatogonial cell storage has been recognized 

http://www.zoovienna.at/news/iqhwa
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(LIPTOI et al. 2013). These techniques might provide a further opportunity to rescue e.g. the 

genetic information of immature individuals of an endangered species (PARIS and 

SCHLATT 2007). One of the most important advantages of tissues grafting is that these 

tissues can even be collected from young animals as well as living or dead individuals. In 

addition, xenografting seems to be an advantageous option for the conservation and 

multiplication of domestic or endangered animals (KIKUCHI et al. 2011). To the present day, 

e.g. spermatozoa derived from xenografted immature testicular tissue in combination with 

ICSI allowed the production of live offspring in several species, including mice 

(SHINOHARA et al. 2002; SCHLATT et al. 2003), rabbits (SHINOHARA et al. 2002) and 

pigs (KANEKO et al. 2013). Ovarian grafting was also attempted by numerous researchers, 

and live births have been reported in the mouse (SNOW et al. 2002; WATERHOUSE et al. 

2004; YANG et al. 2006), rat (AUBARD et al. 1998), rabbit (ALMODIN et al. 2004a), sheep 

(ALMODIN et al. 2004b) and monkey (LEE et al. 2004b). 

 

2.1.1.6 Cloning 

 

Since the birth of “Dolly” on 5
th

 July, 1996, somatic cell nuclear transfer (SCNT) or cloning 

has been highlighted as a method providing a unique tool for conservation and propagation of 

valuable endangered species in captivity. During SCNT the genetic material is transferred 

from a donor cell into an enucleated recipient oocyte to create a nearly exact genetic match of 

the original cell donor (reviewed by ANDRABI and MAXWELL 2007). In principle, somatic 

cell cloning might be used to restore extinct species or subspecies (CORLEY-SMITH and 

BRANDHORST 1999). SCNT has already been successfully applied in many mammalian 

species to produce next generations (reviewed by PARNPAI et al. 2011). Nevertheless, this 

method is still arduous for endangered species due to a shortage of oocytes and recipients.  

 

An alternative procedure which might be more useful for rare animals is the interspecies 

SCNT (iSCNT). The principle of the iSCNT technique is the usage of recipient oocytes from 

a closely related, more common species, e.g., domestic cow oocytes for gaur somatic nuclei, 

or domestic cat oocytes for wildcat somatic nuclei. Living offspring from iSCNT had been 

produced in several species such as gaur (LANZA et al. 2000), mouflon (LOI et al. 2001), 
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Pyrenean ibex (FOLCH et al. 2009), African Wildcat (GÓMEZ et al. 2004), sand cat 

(GÓMEZ et al. 2008) and gray wolf (OH et al. 2008). As previously described, iSCNT 

requires a donor cell and a recipient oocyte from a different species (YU et al. 2011; KHAN 

et al. 2014), but problems related to nucleo-cytoplasmic incompatibilities arise which 

contribute the death of iSCNT embryos (LAGUTINA et al. 2013). Restrictions include 

taxonomic distance between donors and recipients which affects embryonic genome 

activation (LAGUTINA et al. 2010; AMARNATH et al. 2011), genes reprogramming 

(CHUNG et al. 2009), nucleo-mitochondrial interactions (JIANG et al. 2011) and the 

epigenetic memory (WANG et al. 2011).  

 

2.2 Intracytoplasmic sperm injection 

 

Intracytoplasmic sperm injection (ICSI) is the direct injection of a single spermatozoon into a 

metaphase II (MII) oocyte. It is the method of choice in the case of severe male factor 

infertility (GOTO 1997; YANAGIMACHI 2005). Research on sperm microinjection started 

already in the early 19
th

 century (mentioned by LILLIE 1914: cited from RAHMAN 2010), 

but the first successful production of live amphibian offspring was only reported by 

GRAHAM (1966) and BRUN (1974). These authors indicated that sperm capacitation and 

membrane interactions between sperm and eggs are not absolutely necessary for the 

successful sperm head transformation into a functional male pronucleus, at least in Xenopus. 

A few years later, first positive results after sperm injections in mammals were published by 

UEHARA and YANAGIMACHI (1976), who investigated isolated hamster or human sperm 

nuclei or fresh or frozen-thawed or freeze-dried human spermatozoa injected into hamster 

oocytes which developed to structures resembling male pronuclei. This documents that sperm 

nuclei are stable structures and that cytoplasmic factors which are controlling the 

transformation of the sperm head into male pronuclei are not species-specific. A similar 

conclusion was drawn by THADANI (1980) and MARKERT (1983). These authors detected 

that the species specificity of sperm-egg interactions can be completely eliminated by 

interspecies intracytoplasmic sperm injection (experiments on mice, rats and deer mice). The 

first report with regard to the birth of normal rabbit offspring after ICSI was published by 

(HOSOI et al. 1988). Afterwards, attempts to use killed or immobilized bovine spermatozoa 
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for ICSI were described by GOTO et al. (1990). These cattle-experiments resulted in a 

development of sperm-injected oocytes up to the blastocyst stage (killed spermatozoa) as well 

as up to the birth of the first normal calf after ICSI. A report on the birth of the first human 

baby obtained after ICSI followed in the year 1992 (PALERMO et al.).  

 

In subsequent studies technical aspects of ICSI were further investigated: HOSOI and 

IRITANI (1993) improved cleavage rates in the rabbit model from 20 % to 50 % when sperm-

injected oocytes were treated with a calcium ionophore (A23187) for 10 min. As mentioned 

by KIMURA and YANAGIMACHI (1995), ICSI using a piezo-driven micropipette was far 

more effective than that using a conventional ICSI pipette, since such a pipette could break 

the oolemma less traumatically.  

 

Higher success rates lead to a more widespread application of ICSI as well as to the 

adaptation of the technique to other species. In 1996, CATT et al. successfully produced a 

male lamb by ICSI using sex-sorted spermatozoa. Later, KESKINTEPE et al. (1997) 

investigated the development of goat embryos after injection of frozen-thawed spermatozoa 

into IVM-oocytes and activation with ionomycin. This resulted in 25 % of the cases in 

embryonic development up to blastocyst stage outside the breeding season. But the first case 

of full-term development of an ICSI-derived goat embryo was reported by WANG et al. 

(2003). COCHRAN et al. (1998) produced the first 2 live foals from IVM/ICSI horse oocytes.   

 

In pigs, ICSI is a beneficial alternative method for in vitro production (IVP) of embryos, 

which allows the creation of monospermic fertilized oocytes, since polyspermia after IVF is a 

severe problem in this species. KIM et al. (1998) demonstrated normal fertilization as 

determined by pronucleus formation, apposition and syngamy either following ICSI of 

spermatozoa or of isolated sperm heads. Blastocysts developed in 38 % vs. 22 % of the cases, 

respectively. The two first reports on the birth of piglets derived after ICSI were published in 

the year 2000 (in vivo-matured oocytes and ICSI: MARTIN; in vitro-matured oocytes and 

ICSI: KOLBE and HOLTZ). 
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Development of ART in dogs and cats is of increasing interest because these species can 

serve as model for endangered non-domestic carnivores (ABRISHAMI et al. 2010; 

CONFORTI et al. 2013). Much progress has already been achieved in ART of feline species 

(FULTON et al. 1998; CARDILLI et al. 2012). POPE et al. (1998) studied embryo 

development after ICSI in jaguarondi (Herpailurus yaguarondi), and observed a cleavage 

frequency of 55.6 %, but no progeny was obtained after interspecies-embryo transfer of 10 

ICSI-derived embryos into 2 domestic cats. In contrast, intraspecies transfer of domestic cat 

embryos resulted in the birth of 3 kittens after transferring 5 ICSI-morulae, respectively, into 

4 recipients. In the same year, FULTON et al. (1998) attempted to produce ICSI-puppies 

derived from IVM-oocytes and chilled dog spermatozoa. Although decondensed sperm 

chromatin along with female pronuclei was observed in 42.1 % (16/38) of injected oocytes 

and 7.8 % (3/38) of ova produced both male and female nuclei, no cleavage occurred. 

 

Generally, natural fertilization of an oocyte needs normal spermatozoa. It has been reported 

that the incidence of chromosomal abnormalities is higher in spermatozoa with structurally 

abnormal heads than in those with normal heads (LEE et al. 1996; KISHIKAWA et al. 

1999b). But spermatozoa with abnormal head morphology are not necessarily genetically 

abnormal. This has been demonstrated in BALB/c mice. The majority (60 - 80 %) of 

spermatozoa in this strain of mice is malformed, and although spermatozoa are motile, they 

are unable to fertilize under regular conditions. But via ICSI normal offspring can be 

produced (BURRUEL et al. 1996). In addition, ICSI allows spermatozoa with damaged DNA, 

which cannot fertilize naturally, to fertilize in vitro. Several clinical studies have found no 

significant correlation between sperm DNA damage and fertilization rates in both of humans 

(TWIGG et al. 1998; GANDINI et al. 2004; KARYDIS et al. 2005; LI et al. 2006; BAKOS et 

al. 2007; BUNGUM et al. 2012; DAR et al. 2013) and animals (AHMADI and NG 1999; 

MEN et al. 2013). 

 

ICSI has been conducted predominantly via micromanipulation performed by skilled 

embryologists. But robotic ICSI has been invented, too. A high success rate of sperm 

injection (90 %) and a survival rate of sperm-injected oocytes of 90.7 % (n = 120) was 

reported in a hamster oocyte-human sperm model (LU et al. 2011). 
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2.3 In vitro production of pig embryos via ICSI 

 

The purpose of the following review is to provide a general outline of embryo in vitro 

production via IVM and ICSI in the pig, because this species/these techniques have been used 

as an experimental model for species conservation using alternative sperm preservation 

methods in the own study. The following steps are included: in vitro maturation, artificial 

activation and in vitro culture of porcine oocytes. 

 

2.3.1 In vitro maturation of porcine oocytes 

 

In the pig, immature oocytes liberated from ovarian follicles and cultured under appropriate 

conditions in vitro can resume meiosis and complete maturation to reach metaphase II (MII). 

In this developmental stage oocytes are ready to be fertilized by spermatozoa. Cumulus-

oocyte-complexes (COCs) can be isolated from porcine ovaries, preferentially from gilts after 

slaughter. They are taken particularly from follicles with a size of 3 to 6 mm in diameter. 

MARCHAL et al. (2002) and KIDSON (2004) suggested that the selection of follicle size 

warrants the harvest of fully grown oocytes and the ability of the oocytes to resume and 

complete meiosis. Liberated oocytes are graded according to the morphology of COCs in 

order to meet the critical criteria for successful in vitro maturation. Normal oocytes should 

have at least 3 layers of cumulus cells surrounding the zona pellucida (ZP) and a uniformly 

granulated dark ooplasm (LEE et al. 2013b). Oocytes collected from immature follicles are 

more viable than those collected from mature follicles before ovulation takes place (HARDY 

et al. 2000).  

 

Generally, the oocyte maturation process itself can be separated into two aspects, nuclear and 

cytoplasmic maturation. Nuclear maturation refers to the resumption of meiosis and 

progression to the MII stage, whereas cytoplasmic maturation refers to oocyte preparation for 

fertilization and preimplantation development (DAY 2000; ABEYDEERA 2002).  

 

Important constituents for nuclear and cytoplasmic maturation of oocytes are the cumulus 

cells (YAMAUCHI and NAGAI 1999, MAEDOMARI et al. 2007; GOMEZ et al. 2011). 
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Fully grown oocytes derived from antral follicles are surrounded by compact layers of these 

cumulus cells (FUNAHASHI et al. 1997) which protect the oocyte against oxidative stress 

caused by reactive oxygen species (TATEMOTO et al. 2000). Factors and substrates with low 

molecular weight are transferred between cumulus cells and oocytes and as well as cumulus 

cells themselves (ALBERTINI and ANDERSON 1974; ANDERSON and ALBERTINI 

1976).  

 

Additionally, cumulus cells can work as an evaluation parameter of COCs developmental 

potential (KIDSON 2004). In response to gonadotrophins expansion of the cumulus oophorus 

occurs (SINGH et al. 1993). 

 

The successful maturation of pig oocytes in vitro can be accomplished in different maturation 

media types including hormonal supplements. ABEYDEERA and colleagues (1998a) 

suggested that the most common maturation media are Tissue culture medium 199 

(TCM199), Waymouth MB 752/1 medium (WM) and North Carolina State University 23 

(NCSU23). The addition of cysteine, cysteamine, epidermal growth factor (EGF), glutamine, 

ß-mercaptoethanol, 9-cis retinoic acid and hormones enhance cytoplasmic maturation and 

subsequent development of pig oocytes (reviewed by GIL et al. 2010). Hormonal 

supplements, such as follicle stimulating hormone (FSH), equine chorionic gonadotrophin 

(eCG) or human chorionic gonadotrophin (hCG), are added to the IVM medium with the aim 

of mimicing the in vivo circumstances and stimulating oocyte maturation (KIDSON 2004). 

ABEYDEERA et al. (1998b) performed studies on further factors that might improve in vitro 

oocyte maturation such as somatic cell co-culture or the addition of growth factors (e.g. EGF) 

to the IVM medium. These additives exert beneficial effects on embryo development and cell 

number in blastocysts. Ultimately, the environment during oocyte maturation is a critical 

point to optimize oocyte developmental potential (SUTTON et al. 2003).  

 

2.3.2 Artificial activation of porcine oocytes  

 

Parthenogenesis is a typical reproductive strategy of “lower species”, e.g. fish, ants, flies. 

Here offspring can be produced without fertilization or without the paternal genome 
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(BREVINI and GANDOLFI 2008). In contrast, parthenogenesis does not belong to the 

process of natural reproduction in mammals. In this group of animals natural activation of the 

oocyte is stimulated by the fertilizing spermatozoon. However, mammalian oocytes can be 

stimulated by e.g. mechanical, chemical or electrical activation (PAFFONI et al. 2008; PARK 

et al. 2012). The product resulting from activation of unfertilized oocytes has been named 

“parthenogenone” (GRAHAM 1974). Other names are “parthenogen” or “parthenote” 

depending on the cited literature (reviewed by KHARCHE and BIRADE 2013). These 

embryos are valuable for studying the oocytes’ developmental ability and the function of 

paternal and maternal genomes in early mammalian development (MARSHAL et al. 1998; 

CHENG et al. 2007). Parthenotes produced in vitro have been transferred into the uterus of 

recipients in some species such as marmoset (MARSHALL et al. 1998), cattle (FUKUI et al. 

1992), sheep (LOI et al. 1998), swine (KURE-BAYASHI et al. 2000), dog (PARK et al. 

2012), and rat (KRIVOKHARCHENKO et al. 2003), and may reach advanced embryonic 

stages. 

 

Parthenogenetic activation is also essential for the success of animal cloning or ICSI, because 

it elevates the cytoplasmic levels of calcium ions concentration (YI and PARK 2005; CHENG 

et al. 2007; KHARCHE and BIRADE 2013). It is known that the calcium increase influences 

the activity of molecules which are involved in the maintenance of MII arrest.  

 

Thus, there are several methods to induce parthenogenetic activation. An electrical 

stimulation following ICSI in pigs provided significantly higher fertilization, cleavage and 

blastocyst rates than ICSI alone (LEE et al. 2003) or round spermatid injection alone (CHOI 

et al. 2004).  

 

For chemical activation of the oocyte, calcium chloride, calcium ionophore, ethanol, 

cycloheximide, strontium, ionomycin and 6-dimethylaminopurine are commonly used 

(VARGA et al. 2008). However, pig oocytes differ in the success rate of parthenogenetic 

activation from other species since electrical pulse, ethanol or ionomycin alone work 

insufficiently (CHENG et al. 2007). Therefore, the combinations of activation procedures can 

improve the developmental competence of the oocytes. PETR et al. (1996) reported that a 
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combined treatment which involved the exposition of oocytes to 10 % ethanol followed by 

culture with cycloheximide containing media showed a synergistic effect upon oocyte 

activation. LEE et al. (2004a) combined activation procedures as electrical pulse plus 

cytochalasin B-treatment or cytochalasin B plus cycloheximide. These activation protocols 

were effective for high rates of activation and development in pig oocytes. Furthermore, in the 

study of JÍLEK et al. (2000) a positive effect of cycloheximide plus calcium ionophore was 

reported on the activation and parthenogenetic development.  

 

2.3.3 In vitro culture of porcine oocytes 

 

After the procedures of ICSI itself and oocyte activation have been processed, the next step of 

in vitro production of embryos is the in vitro culture (IVC) under appropriate conditions. 

During IVC the development of these embryos from the zygote up to the blastocyst stage 

might take place. WANG et al. (2009) reviewed the media that have been developed for IVC 

in pigs, including NCSU 23 and NCSU 37, modified Whitten’s medium (WM), modified 

Chatot Ziomek Bavister medium (CZB), Beltsville Embryo Culture Medium-3 (BECM-3) 

and Porcine Zygote Medium-3 (PZM-3). Nevertheless, it has been suggested that NCSU 23 is 

most successful for the culture of pig embryos derived in vivo or in vitro to the blastocyst 

stage (MACHÁTY et al. 1998; LONG et al. 1999). In contrast, WANG et al. (2009) reported 

that PZM-3 is a better promoter of embryonic development than NCSU 23. However, porcine 

embryos cultured in vitro have lesser developmental competence, number of inner cell mass 

(ICM) cells and ratio of ICM to trophectoderm (TE) cell number than in vivo derived embryos 

(MACHÁTY et al. 1998).  

 

A chemically defined medium as previously described might be used as a potential tool for 

optimizing embryonic growth and the number of embryos that survive. KIKUCHI et al. 

(2002) reported that pig IVF-IVM oocytes were cultured in IVC medium supplemented with 

pyruvate and lactate for the first 2 days and subsequently cultured in medium containing 

glucose for 4 days. Blastocyst formation reached 25.3 %, which is higher than after culture in 

medium supplemented with glucose for the first 2 days (14.5 %). Full term development of 

transferred blastocysts has been reported. In the study of WONGSRIKEAO et al. (2006) it has 
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been suggested that the use of hexose and fructose in the IVC-medium from day 3 to 6 can 

improve embryonic developmental competence and also decrease the evidence of DNA 

fragmentation in blastomeres. Furthermore, pig zygotes cultured in protein-free PZM medium 

containing pyruvate and lactate can develop to the blastocyst stage in approximately 25 % of 

the cases, and further develop to full term after embryo transfer (YOSHIOKA et al. 2003). 

Since it is known that in vitro embryonic development can be disturbed by many factors such 

as an increased production of reactive oxygen species (ROS), LI et al. (2014), added 

glutathione or cysteine to the IVC medium and successfully improved the developmental 

competence of pig ICSI-derived embryos by decreasing the intracellular ROS level and the 

apoptosis index. 

 

2.4 Preservation of spermatozoa 

 

Sperm preservation methods allow the storage of sperm for an extended period under proper 

conditions, and finally the use of preserved sperm for forthcoming purposes such as artificial 

insemination (AI), other techniques of assisted reproduction or for further research. Semen 

preservation may contribute to potential applications in many fields, e.g. agriculture, clinical 

medicine, species conservation (domestic animals, wildlife and threatened species) and 

biotechnology (YOSHIDA 2000). In the conservation of endangered species using genetic 

resources in combination with other assisted reproductive technologies it becomes an 

important topic. Ejaculated semen samples can be collected for sperm preservation and future 

use in artificial insemination (FICKEL et al. 2007). Additionally, the use of sex-sorted 

spermatozoa enables the propagation of the population of endangered species. The integration 

of sex-sorted spermatozoa and ART becomes a valuable tool for the genetic conservation and 

reproductive management of captive animals and wildlife species (O’BRIEN et al. 2009). 

 

Historically, 1776, Lazzaro Spallanzani performed the first investigations on the effects of 

low temperatures on spermatozoa (cited by CAPANNA 1999; CLARKE 2006), whereas 

Paolo Mantegazza (1866; cited by PASQUALOTTO et al. 2009) was the first to suggest 

benefits of having a sperm bank. Several years later, semen preservation with glycerol was 

initially tested by Bernstein and Petropavlovsky in fowl, duck, guinea pig, rabbit, ram, boar, 
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bull and stallion spermatozoa (1937; cited by PESCH and HOFFMANN 2007). This was 

followed by studies of ROSTAND (1946) in frogs and POLGE et al. (1949) in fowl.  

 

Nowadays semen preservation follows 2 major systems, (i) the liquid state by reducing the 

temperature or by other means depressing sperm metabolism, and (ii) the frozen state which 

implicates freezing and preservation of spermatozoa at sub-zero temperature (RODRÍGUEZ-

MARTÍNEZ 2013).  

 

Moreover, alternative preservation of spermatozoa in a dry state has been reported, which 

provides some advantages related to semen collection, storage, transportation and cost 

effectiveness (IMOEDEMHE 2005; MEYERS et al. 2009; KAWASE and SUZUKI 2011; 

MUNETO and HORIUCHI 2011; LI et al. 2012). These alternative preservation techniques 

are of major interest in connection with the own study. 

 

2.4.1 Alternative semen preservation 

 

In the second half of the last century the cryopreservation of spermatozoa in liquid nitrogen  

(-196 °C) has been successfully introduced into human medicine and animal husbandry. 

However, cost effectiveness, transportation and the possibility of microbial contamination of 

cryopreserved semen is a matter of discussion. Generally, frozen semen tanks require the 

constant supply of liquid nitrogen during storage and shipping, which is expensive in long 

term. Additionally, in some areas such as developing countries, liquid nitrogen may be not 

easily accessible or too costly (WAKAYAMA and YANAGIMACHI 1998; HIRABAYASHI 

et al. 2005; SÁNCHEZ-PARTIDA et al. 2008). Moreover, the storage of frozen semen in 

liquid nitrogen containers induces some contamination risks. BIELANSKI et al. (2003) 

reported that a bacterial contamination was detected in 69 % of analyzed liquid nitrogen 

samples. Among others, S. maltophilia was identified, which can reduce the fertilization 

competence of spermatozoa. Bacterial transmission might occur e.g. with the broken seal of a 

plastic straw. In addition, there is a potential risk for the transmission diseases. This has been 

demonstrated with regard to e.g. human immunodeficiency virus (HIV), hepatitis A and B 

virus and herpes simplex virus (IMOEDEMHE 2005). 
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Within the last 20 years, semen preservation in dry state (desiccation) has been developed as a 

strategy to store spermatozoa at ambient temperatures or at 4 °C (WAKAYAMA and 

YANAGIMACHI 1998). The dry storage alleviates many problems and offers the possibility 

of transportation flexibility and storage conditions which can significantly reduce the running 

expenses. Certainly, dried spermatozoa are defined as “dead” and are not able to fertilize the 

oocytes in a physiological way, neither in vivo nor in vitro. They are immotile and drastically 

damaged at the plasma membrane. Furthermore sperm heads might be detached from the 

flagellum or they might appear with unfastened acrosomes. Therefore ICSI is the only useful 

method to produce normal embryos and finally normal offspring with dried sperm (GOTO et 

al. 1990; WAKAYAMA et al. 1998). 

 

2.4.2 Sperm dehydration methods 

 

In general, dehydrated spermatozoa can be produced by 2 major methods which are freeze-

drying and convective drying (KLOOSTER et al. 2011). Several variations of these methods 

have been published, e.g. air-drying (IMOEDEMHE 2005), heat-drying (LEE and NIWA 

2006; RUNGROEKRIT and MEINECKE-TILLMANN 2011, 2012; RUNGROEKRIT et al. 

2011, 2012) and flame-drying (RUNGROEKRIT et al. 2012, 2013a,b) of spermatozoa, or the 

preservation of tails of epididymides in salt or sugar (ONO et al. 2010). 

 

The most well-known technique for sperm desiccation is freeze-drying, which has been 

originally used for preserving bacteria, yeasts, viruses, biological products, vaccines, 

pharmaceuticals and foodstuffs (SUZUKI 2006; HOCHI et al. 2011). With this technique 

sperm samples are first frozen to subzero temperatures and then vacuum-dried (removal of  

90 % of the total water). Subsequently, the samples can be kept at room temperatures or at  

4 °C from 2 days up to 5 years (WAKAYAMA and YANAGIMACHI 1998; KUSAKABE et 

al. 2001; HIRABAYASHI et al. 2005; KUSAKABE et al. 2008; KANEKO and SERIKAWA 

2012a). UEHARA and YANAGIMACHI (1976) confirmed that sperm nuclei are stable 

organelles which are very resistant to low temperature and low humidity. The successful 

production of live offspring after intracytoplasmic injection of oocytes with freeze-dried 

spermatozoa was first reported in the mouse (WAKAYAMA and YANAGIMACHI 1998). 
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Thereafter, several studies including mice and other species followed (mouse: KUSAKABE 

et al. 2001; KANEKO et al. 2003a; WARD et al. 2003; rat: HIRABAYASHI et al. 2005; 

KANEKO et al. 2007; HOCHI et al. 2008; KANEKO and SERIKAWA 2012a; rabbit: LIU et 

al. 2004; hamster: MUNETO and HORIUCHI 2011; swine: KWON et al. 2004; cattle: 

MARTINS et al. 2007; horse: CHOI et al. 2011; human: GIANAROLI et al. 2012), and 

progeny was successfully produced in mice, although the success rate was lower (29 %  

- 31 %) than that obtained with fresh spermatozoa (40 %; KANEKO and SERIKAWA 

2012b). However, to produce the freeze-dried semen, protocols require freezing and vacuum-

drying, expensive machines and still some liquid nitrogen. 

 

The convective or evaporative drying is different from freeze-drying. Samples can be dried at 

room temperatures, without liquid nitrogen. This preservation technique permits simplified 

protocols by using an inert gas such as purified nitrogen gas which is blown into a chamber 

for drying the sperm samples (BHOWMICK et al. 2003; McGINNIS et al. 2005). ICSI with 

convection-dried mouse spermatozoa allowed early embryonic development up to the 

blastocyst stage (McGINNIS et al. 2005; ELMOAZZEN et al. 2009), fetal development 

(D15-fetuses: BHOWMICK et al. 2003) as well as the production of live offspring (LI et al. 

2007). The offspring was derived after ICSI with evaporative dried spermatozoa stored for  

1 - 5 months at 4 °C, -20 °C or -80 °C, with best results (57.9 %; 11 pups) after injection of 

spermatozoa stored at -20 °C for 3 months. 

 

In 2005, IMOEDEMHE reported air-drying of human spermatozoa as an alternative invention 

of semen preservation. Semen suspension was spread onto sterile glass slides to form a thin 

layer, allowed to dry under gentle air draft of fan in a laminar flow chamber for 10 - 20 min, 

and then stored at 0 °C - 8 °C in a refrigerator. After 8 - 12 months of storage, dried 

spermatozoa were rehydrated and injected into the human oocytes. Eighteen hours post ICSI 

without further chemical activation 91.7 % (22/24) oocytes showed the formation of 2 

pronuclei and second polar body extrusion as well as cleavage up to the 8-cell stage. This 

indicates that even dried sperm without any further treatment might fertilize oocytes and 

induce early preimplantation development. But informative control groups are missing (sham 
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injection, parthenogenetic activation), and the possible presence of sperm heads or tails in the 

oolemma had not been verified.  

 

Since sperm proved to be quite resistant to physical disruptions as very low temperatures and 

low humidity, and since progeny had been obtained after ICSI, a sperm challenge with high 

temperatures and high humidity was investigated, too. Mature mammalian sperm nuclei 

(golden hamster, mouse, human) with stable protamine disulfide bonds proved to be 

moderately thermoresistent, and do not lose their ability to decondense or to transform into 

pronuclei or to synthesize DNA, even after exposure to increased temperatures for a certain 

time period (YANAGIDA et al. 1991). But the likelihood for normal pronucleus development 

decreased when both temperature and heating duration increased. The authors observed that in 

hamster oocytes 63 % of isolated epididymal hamster sperm nuclei underwent decondensation 

after microinjection, although the latter had been boiled before (water bath: 100 °C for 2 h). 

But in this case the majority of sperm nuclei failed to advance into fully developed pronuclei. 

In contrast, already a slightly lowered temperature and a shorter heating duration (90 °C for  

30 min) allowed full pronucleus development. The positive effect of a lowered 

temperature/shorter heating duration was confirmed in rabbits and mice. After exposure of 

rabbit spermatozoa from the cauda epididymidis to a temperature of 60 °C (water bath,  

30 min), a development beyond pronuclear stages was observed (HOSHI et al. 1992), and 

normal offspring was obtained after injection of mouse spermatozoa heated at 56 °C for  

30 min (COZZI et al. 2001).  

 

The advantage of lower temperature ranges was obvious in farm animals, too. Bovine (LEE 

and NIWA 2006) or porcine (RUNGROEKRIT et al. 2012) spermatozoa were heat-dried at  

50 °C, 56 °C, 90 °C or 120 °C whereas rat spermatozoa (LEE et al. 2013a) were heat-dried at 

50 °C, 56 °C or 90 °C for different durations, and then stored at 4 °C. Fifteen percent of 

microinjected bovine oocytes reached the blastocyst stage, provided the spermatozoa had 

been dried at 50 °C for 8 h. In contrast, difficulties to reach the blastocyst stage were obvious 

after drying at 90 °C to 120 °C. In pigs, highest fertilization rates (17.2 %) were observed 

after drying at 50 °C and 56 °C for 45 min. In rats, live-born young (1 %) were obtained from 
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oocytes injected with spermatozoa heat-dried at 50 °C for 8 h and stored for 1 week or  

1 month.  

 

In order to further reduce the technical efforts, RUNGROEKRIT et al. (2013a) recently tested 

the suitability of extremely quick sperm drying over the flame of a Campingaz
®

 burner for 

sperm preservation in the porcine system. It was recognized that these flame-dried 

spermatozoa still maintained the competency to transform into male pronuclei after injected 

into MII porcine oocytes (fertilization rate: 11.5 %).  

 

2.4.3 Semen preservation in liquid state at refrigerator temperatures  

 

Semen preserved in an extended liquid condition at 4 °C - 5 °C without freezing has been 

successfully used to generate live offspring in many species, e.g. Asian elephant (THONGTIP 

et al. 2009), Persian onager (SCHOOK et al. 2013), sheep (O’HARA et al. 2010) and dog 

(DIAZ et al. 2013). However, for example in pigs, one of the most important limitations for 

the use of extended liquid semen is the short duration of successful storage, which is generally 

less than 10 days, even when so-called long-term extenders (e.g. Androhep
®

, EnduraGuard™ 

and SafeCell Plus™) are used (DZIEKOŃSKA et al. 2013). By adding 7.5 mg/ml of skim 

milk into Modena solution NAMULA et al. (2013) were able to prolong the storage duration 

of extended boar semen at 5 °C for up to 2 weeks, and the birth of healthy piglets was 

reported. 

 

In mice, preservation of spermatozoa in a simple medium provided an opportunity for long-

term storage without freezing in a cooled condition: The high osmolarity (800 mOsmol) 

potassium simplex optimized medium (KSOM) supplemented with 4 mg/ml BSA permitted 

the storage of mouse spermatozoa at 4 °C up to 60 days. Although sperm were immotile and 

the acrosomes were lost, ICSI resulted in the successful production of offspring in 39 % of the 

cases (THUAN et al. 2005). Furthermore, LI et al. (2011) reported that potassium rich nuclear 

isolation medium (K
+
-NIM) supplemented with 10 % (v/v) BSA allowed the preservation of 

mouse spermatozoa at 4 °C for 6 months: 15 pups (9.9 %) were born after ICSI. 
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2.4.4 Semen preservation at room temperature 

 

It has been known for centuries that pure salt or sugar can be used to preserve food for long 

periods at room temperature. Knowledge of this basic principle brought about experiments on 

semen preservation in order to achieve cost-effectiveness and more convenient facilities for 

transportation (ONO et al. 2010). The researchers placed tails of mouse epididymides directly 

into salt (NaCl) or sugar (glucose or raffinose; storage at room temperature for 1 day to 1 

year). Prior ICSI, the salt or sugar was removed and the organs were rehydrated in a proper 

medium. Although live offspring was obtained after tissue storage in sugar (storage duration: 

1 day), this was not the case after storage in salt. However, salt preservation is understood to 

maintain the sperm-oocyte activating factors (SOAFs) during the whole storage period, 

whereas the activation potential was lost within 8 months when epididymides were preserved 

in sugar.  

 

2.4.5 Freezing spermatozoa without cryoprotectant 

 

Spermatozoa of many species have been successfully cryopreserved, and it has been well 

acknowledged that cryoprotective agents (CPAs) are important to guarantee sperm survival. 

Glycerol, the first substance used as CPA, has been utilized since 1946 by ROSTAND 

followed by dimethylsulfoxide (PING et al. 2012), ethylene glycol (SWELUM et al. 2011; 

SILVA et al. 2012), dimethylformamide (SQUIRES et al. 2004; VARELA JUNIOR et al. 

2012), dimethylacetamide (BIANCHI et al. 2008) and N-methylacetamide (SASAKI et al. 

2010). Using CPAs has pros and cons. Notwithstanding, the toxicity of CPAs, their use is one 

of the most important factors in the development of cryopreservation procedures. Because the 

CPAs include chemicals which are not normally encountered by living organisms, they might 

be harmful to spermatozoa as well (FULLER 2004). The discrepancies of CPAs toxicity on 

spermatozoa might be owing to differences in experimental protocols, concentration of CPAs 

and species (GARCÍA et al. 2012; ROSATO and IAFFALDANO 2013). For example, 

glycerol is toxic to bovine spermatozoa when used in a citrate-based egg yolk extender and 

added at room temperature, whereas it is not toxic when added to a pre-warmed Tris-based 

egg yolk extender (McGONAGLE et al. 2002).  
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Therefore, studies have been performed in order to freeze spermatozoa without 

cryoprotectants. The study of LACHAM-KAPLAN et al. (2003) demonstrated that embryo 

development to full term in mice can be obtained from snap freezing of spermatozoa 

(immediate plunging into liquid nitrogen) without CPAs, followed by thawing, ICSI and 

oocyte artificial activation. Suchlike studies induced the idea of simple sperm preservation by 

freezing without CPAs at -20 °C in a household freezer, and, following ICSI with porcine 

spermatozoa and artificial activation, in 9.4 % of porcine oocytes signs of successful 

fertilization have been verified (RUNGROEKRIT et al. 2012).   

 

The study of OHTA et al. (2008a,b) indicated that mouse testicular spermatozoa retrieved 

from frozen sections (10 µm and 25 µm thickness) of testicular tissue which had been 

preserved at -30 °C and -80 °C from 3 months to 1 year retained the functional ability to 

generate normal live offspring (9.3 % to 22 %) via ICSI. Actually, the rate of pronucleus 

formation and development to the 2-cell stage in vitro was similar after ICSI with preserved 

and freshly isolated testicular spermatozoa (94.2 % vs. 92.6 % and 73.4 % vs. 92.0 %, 

respectively). Additionally, the study of OGONUKI et al. (2006), reported that mice testicular 

spermatozoa isolated from frozen bodies at -20 °C for 15 years were able to reach cleaved 

oocytes (76.4 % vs. 89.8 %, strain of mouse; BALB/c/nude vs. C3H/He, respectively) by ICSI 

and generated live offspring (21 % vs. 12.4 %, respectively).  

 

2.5 Sperm DNA fragmentation assessment 

 

Life offspring is built up halfway from a paternal genome provided by the spermatozoon. 

Therefore, it is crucial to examine the quality of sperm DNA (deoxyribonucleic acid) in the 

form of fragmented DNA. It is well understood that poor quality of sperm chromatin structure 

is associated with male infertility and adverse effects on reproductive events (SHARMA et al. 

2004; FERNÁNDEZ et al. 2005; ZINI and LIBMAN 2006). The DNA fragmentation may 

cause reproductive problems such as low fertilization rates, decreased preimplantation 

development, increased abortion rates and incidence of disease in the offspring (LEWIS and 

AITKEN 2005). Fecundity decreases gradually when more than 30 % of spermatozoa with 

DNA damage are identified (AGARWAL and SAID 2003). At present, the conventional 
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analysis of semen quality which considers parameters of volume, color, odor, pH, and sperm 

density of the ejaculate as well as the total count, motility, morphology and viability of 

spermatozoa, is the most common procedure for evaluating male fertility. However, the 

semen analysis in routine laboratory work may be insufficient when dealing with subfertile 

individuals. For example, gamma irradiated spermatozoa exhibit severe DNA damage, 

although membranes and organelles as well as motility remain undisturbed (SILVA and 

GADELLA 2006). Therefore, advanced methods are needed to distinguish infertile from 

fertile males (ZINI and LIBMAN 2006). Spermatozoa from infertile males may show a 

variety of disturbances of chromatin organization and structure, such as single- or double-

strand DNA-breaks, aneuploidy and/or chromosome Y-microdeletions (BARROSO et al. 

2000). Therefore, the integrity of sperm DNA is accepted as a new parameter with regard to 

semen quality and fertility prognosis which cannot be detected by standard parameters. In 

order to be able to obtain a better fertilization outcome, it is essential to evaluate the sperm 

quality before use of spermatozoa for further purposes (SILVA and GADELLA 2006).  

 

Sperm chromatin in mature mammalian spermatozoa is a very compact, highly stable and 

complex structure (AGARWAL and SAID 2003). The compact packaging of the sperm DNA 

filament is produced by DNA-protamine complexes (SAKKAS et al. 1999; FUENTES-

MASCORRO et al. 2000). Chromatin condensation includes a replacement of histones with 

protamines. Protamine P1 is found in most of the mammals (QUERALT et al. 1995), and P2 

is found in humans, mice and horses (reviewed by WYKES and KRAWETZ 2003). This 

sperm chromatin structure shields the genetic material of the spermatozoa during their 

transport through the male and female reproductive tract (WARD 2010). Sperm DNA damage 

might occur during spermatogenesis or during sperm transportation, due to oxidative stress by 

free-radicals (reactive oxygen species; ROS) and abortive apoptosis (SAKKAS et al. 1999; 

AGARWAL and SAID 2003; ZINI and LIBMAN 2006). However, the mechanism of 

mammalian sperm damage has not been exactly comprehended (LEWIS and AITKEN 2005).  
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2.5.1 Evaluation of sperm DNA fragmentation 

 

At the present time, research is focused on the influence and the involvement of sperm DNA 

fragmentation on male fertility, since hidden anomalies may be present at the chromatin level 

(KAZEROONI et al. 2009). There are various methods to evaluate sperm DNA fragmentation 

such as acidic aniline blue staining (HAMMADEH et al. 2001; MUKHOPADHYAY et al. 

2011; MANAS et al. 2013; SELLAMI et al. 2013), toluidine blue staining (ERENPREISA et 

al. 2003; TSAREV et al. 2009; NAVA-TRUJILLO et al. 2011; SASIKUMAR and 

DAKSHAYANI 2013), acridine orange staining (CHOHAN et al. 2004; VARGHESE et al. 

2009; YAGCI et al. 2010; REPALLE et al. 2013), sperm chromatin dispersion test 

(FERNÁNDEZ et al. 2003; SHANMUGAM et al. 2014), chromomycin A3 staining 

(IRANPOUR et al. 2000; NASR-ESFAHANI et al. 2009; SIMÕES et al. 2009; 

ZANDEMAMI et al. 2012), DNA breakage detection-fluorescent in situ hybridization 

(FERNÁNDEZ et al. 1998; FERNÁNDEZ et al. 2000; NACCARATI et al. 2003; MURIEL et 

al. 2004), in situ nick translation assay (IRVINE et al. 2000; TOMLINSON et al. 2001), 

terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-nick end labeling 

assay (SHARMA et al. 2010; FUNARO et al. 2013; FAURE et al. 2014; FEIJÓ and 

ESTEVES 2014), single-cell gel electrophoresis or COMET assay (RIBAS-MAYNOU et al. 

2012; SIMON et al. 2013; RIBAS-MAYNOU et al. 2014; SARIÖZKAN et al. 2014), sperm 

chromatin structure assay (NIU et al. 2011; NOVOTNY et al. 2013; DUALE et al. 2014; 

RAMÓN et al. 2014) and high-performance liquid chromatography (De IULIIS et al. 2009; 

AITKEN et al. 2010; THOMSON et al. 2011; CAMPI et al. 2013). AGARWAL et al. (2009) 

summarized the different techniques as shown in Table 1. The most apparent method is the 

assessment of the presence of actual molecular DNA strand breaks (SHARMA et al. 2013). 

However, the most often used assays for evaluating sperm DNA fragmentation are SCSA, 

Comet assay, TUNEL assay and SCD test (RIBAS-MAYNOU et al. 2013).  

 

Recently, the Halomax
®

 test kit, the latest version of the sperm DNA fragmentation tests, had 

been developed. It is the improved version of the SCD test, and enables better sperm 

chromatin quality and tail preservation (FRASER et al. 2010). The Halomax
® 

provides the 

test kits for sperm DNA analysis in various species such as mouse, dog, ram, bull, donkey, 
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horse and boar. In this study, Halomax
®

 Sui was used, which is according to the manufacturer 

specific to boar spermatozoa. However, in pigs, the scoring criteria of sperm DNA 

fragmentation using the Halomax
®

 test kit are different from human scoring criteria. 

Fragmented pig sperm DNA exhibits large haloes of chromatin dispersion around the sperm 

head, whereas non-fragmented pig sperm DNA exhibits a compact sperm head or a small halo 

(PÉREZ-LLANO et al. 2010; PARILLA et al. 2012; ALKMIN et al. 2013; MEN et al. 2013).  

 

Since a strong correlation between the improved SCD-test and the Sperm Chromatin Structure 

Assay (SCSA) is obvious, improved SCD is now recognized as an appropriate replacement 

for SCSA (EVENSON and WIXON 2005; FERNÁNDEZ et al. 2005). The measurement of 

SCSA is based on flow cytometry. In the study of FERNÁNDEZ et al. (2005) the very high 

correlation coefficient between improved SCD and SCSA (R = 0.85) has been reported. The 

special advantage of the improved SCD technique is that it can be used with small numbers of 

about 500 spermatozoa per sample, whereas SCSA needs at least 5,000 spermatozoa for an 

examination. As a consequence, the improved SCD is more beneficial for low numbers of 

sperm cells (EVENSON and WIXON 2005).  
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Table 1: Various assays for evaluating DNA integrity of spermatozoa (adapted from 

AGARWAL et al. 2009) 

 

Assay Parameter Method of analysis 

Acidic aniline blue stain 

(BAKER and LIU 1996) 

Nuclear maturation  

(DNA protein composition) 

Bright field microscopy 

Toluidine blue stain 

(ERENPREISA et al. 2003) 

DNA fragmentation Light microscopy 

Chromomycin A3 

(MANICARDI et al. 1995) 

Nuclear maturation  

(DNA protein composition) 

Fluorescence microscopy 

DNA breakage detection-

fluorescent in situ hybridization 

(FERNÁNDEZ et al. 2000) 

DNA fragmentation (ssDNA) Fluorescence microscopy 

In situ nick translation 

(GORCZYCA et al. 1993) 

DNA fragmentation (ssDNA) Fluorescence microscopy 

Flow cytometry 

Acridine orange test 

(ZINI et al. 2002) 

DNA denaturation (acid) Fluorescence microscopy 

Flow cytometry 

Sperm chromatin dispersion 

(FERNÁNDEZ et al. 2003) 

DNA fragmentation Fluorescence microscopy 

Comet (neutral) 

(SINGH et al. 1988) 

           (alkaline) 

(SINGH et al. 1989) 

DNA fragmentation (dsDNA) 

 

DNA fragmentation  

(ssDNA/ dsDNA) 

Fluorescence microscopy 

 

TUNEL 

(BARROSO et al. 2000) 

DNA fragmentation 

 

Fluorescence microscopy 

Flow cytometry 

Sperm chromatin structure Assay 

(EVENSON et al. 1999) 

DNA denaturation (acid/heat) Flow cytometry 

8-OHdG measurement 

(KODAMA et al. 1997) 

8-OHdG High-performance liquid 

chromatography 

8-OHdG, 8-hydroxy-2-deoxyguanosine; dsDNA, double-stranded DNA; ssDNA, single-stranded DNA,  
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3 Materials and Methods 

 

The experimental design of the study is shown in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Experimental design 
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All experiments were performed by one person (Umaporn Rungroekrit, UR) with a single 

exception: In order to control the success rate after ICSI, the results obtained by UR were 

compared to the results obtained by a biologist who is working successfully in a human IVF 

center (only ICSI with fresh porcine spermatozoa).  

 

Manufacturers/distributors of equipment, materials, chemicals and reagents are elucidated in 

Chapter 10 (Appendix). Therefore, they are not presented in the text. 

 

3.1 Oocyte in vitro maturation  

 

3.1.1 Ovaries and oocytes collection 

 

Porcine ovaries without corpora lutea were collected from peripuberal gilts (age: 5 - 8 

months; body weight: ~ 85 - 100 kg) at two commercial abattoirs within 15 - 30 min after 

slaughter. They were transported to the laboratory in a thermos flask containing pre-warmed 

sterile 0.9 % (w/v) NaCl solution (physiological NaCl) at 37 °C within 2 h. Subsequently, 

ovaries were quickly washed once with the same solution and kept in sterile glass beakers 

filled with pre-warmed physiological NaCl. The temperature was maintained at 37 °C during 

processing by using a heating plate. Cumulus oocyte complexes (COCs) were collected from 

follicles 3 - 6 mm in diameter (Fig. 2a). Each ovary was fixed with a surgical forceps and 

sliced with a surgical scalpel along the follicle surfaces. Sliced follicles were flushed with 

pre-warmed 0.9 % (w/v) NaCl solution supplemented with 1 % (v/v) heat-inactivated fetal 

calf serum (FCS) using a hypodermic needle (26G x 1/2”) attached to a 20 ml sterile 

disposable syringe. The flushings were collected in a sterile watch glass (9 cm in diameter). 

Cumulus oocyte complexes with 3 or more layers of evenly distributed cumulus cells and 

uniformly granulated dark ooplasm (Fig. 2b) were selected under a stereo microscope at 10x - 

70x magnification using a mouth-controlled sterile Pasteur glass pipette without destroying 

the cumulus layers. Prior use, the Pasteur pipettes had been coated with silicone solution in 

isopropanol and dried at 110 °C for 30 minutes. To prepare the Pasteur pipette for oocyte 

collection, its tapered part (inner diameter: 1.3 mm) was finely drawn in the flame of a 

Campingaz
®

 burner and subsequently broken off to adjust the tip to an inner diameter of  
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250 - 300 µm. After selection COCs were transferred into 35 mm plastic Petri dishes 

containing 2 ml sterile Dulbecco’s phosphate buffered saline (DPBS) supplemented with  

10 % (v/v) FCS (DPBS-FCS) and 50 µg/ml gentamicin. The DPBS-FCS dishes were placed 

on a heating plate at 37 °C during processing. The selected COCs were subsequently washed 

three times in the same solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Porcine ovaries with visible tertiary follicles (a); cumulus-oocyte-complexes 

(COCs) with multiple layers of cumulus cells and uniformly granulated dark ooplasm (b). 

 

3.1.2 Porcine oocyte in vitro maturation (IVM) 

 

Preparation of porcine oocytes and of in vitro maturation medium was performed according to 

the approved laboratory protocol of the Institute for Reproductive Biology, University of 

Veterinary Medicine Hannover Foundation. The maturation medium for porcine oocytes was 

b 

a 
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Tissue Culture Medium 199 (TCM 199 with Earle’s salts and NaHCO3), supplemented with 

20 µg/ml insulin, 0.08 mg/ml L-glutamine, 50 µg/ml gentamicin and 20 % (v/v) heat-

inactivated FCS (modified TCM 199: mTCM 199, osmolarity: 280 - 310 mOsm/kg). Medium 

was stored at 4 °C until use for up to 3 weeks.  

 

To prepare the in vitro maturation dish, 490 µl mTCM 199 were transferred into each well of 

a Nunc™ 4-well culture dish and additionally supplemented with 10 µl (1 IU/µl) equine 

chorionic gonadotropin (eCG). The maturation dish was then equilibrated in a CO2 incubator 

(39 °C, 5 % CO2 humidified atmosphere) for 1 h before use. After careful washing in 

maturation medium 15 to 20 selected COCs were added per well and matured in vitro in the 

CO2 incubator at 39 °C, 5 % CO2 humidified atmosphere for 44 - 46 h. 

 

3.1.3 Removal of cumulus cell layers 

 

At the end of the maturation period, the oocytes were cleared of cumulus cells (denudation). 

After adding 100 µl 0.25 % hyaluronidase per well of the maturation dish at room temperature 

and 30 s of co-incubation, the expanded cumulus cells were removed by gentle repeated 

pipetting with a mouth-controlled fine-bore Pasteur pipette (see 3.1.1: inner diameter of the 

tip: 130 - 150 µm). Denuded oocytes were washed once in pre-warmed DPBS-FCS at 37 °C. 

 

3.2 Oocyte activation  

 

The oocyte activation protocol with ethanol and cycloheximide (CH) was fundamentally the 

same as that used by PETR et al. (1996). Three wells of a Nunc™ 4-well dish were filled with  

800 µl mTCM 199 for oocyte washing, whereas the fourth well (activation well) was prepared 

with 450 µl mTCM 199. The Nunc™ 4-well dishes for subsequent culture of activated 

oocytes were prepared with 495 µl mTCM 199/well and supplemented with 5 µl/well of a 

solution of 10 µg/ml CH. Both types of dishes were equilibrated at 39 °C, 5 % CO2 

humidified atmosphere in a CO2 incubator for 1 h before use.  
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Sperm-injected (ICSI), sham injected (Control 1: intracytoplasmic injection without 

spermatozoa) or in vitro matured oocytes (Control 2: no injection) were washed once in  

800 µl mTCM 199. Then oocytes were transferred into the activation well containing 450 µl 

mTCM 199, and an aliquot of 50 µl 99.5 % ethanol was added. A co-incubation (2 min) at 

room temperature followed. After activation oocytes were washed twice in the remaining 

wells that contained 800 µl mTCM 199, respectively. Later, oocytes were transferred into the 

prepared CH-culture dish and washed once before further culture in cycloheximide-containing 

medium at 39 °C in a 5 % CO2 humidified atmosphere for 24 hours. 

 

3.3 Assessment of oocytes 

 

At the end of the culture period, activated oocytes were washed three times in physiological 

saline at room temperature. Afterwards, groups of 5 - 8 oocytes were transferred into a droplet 

(30 µl) of 0.9 % NaCl on a cover slip (18 x 18 mm) that had been fitted with small spots of a 

mixture of paraffin-vaseline (1:9) on each corner (Fig. 3). Subsequently, a glass slide (76 x 26 

mm) was mounted, which had been cleaned and degreased with 99.5 % ethanol in advance. 

Oocytes were fixed in 99.5 % ethanol : acetic acid (3:1), at room temperature for at least 24 

hours. The fixed oocytes were stained with 2 % aceto-orcein for 2 min. Henceforth 

preparations were washed with 25 % (v/v) acetic acid to delete the excess staining. Oocytes 

were assessed with a phase contrast microscope at 100x - 800x magnification. The following 

details were recorded: 

ICSI: 

 Presence of a condensed sperm head in the ooplasm (indicating successful sperm 

injection) 

 Presence of a swollen sperm head in the ooplasm (indicating successful sperm 

injection and initiation/resumption of the decondensation process of the sperm head)  

 Presence of a male pronucleus indicated by a nearby visible swollen flagellum with a 

typical Y-form (indicating successful transformation of the sperm head as a 

prerequisite for the final fusion of the paternal and maternal genome) 

 Presence of an oocyte containing at least one pronucleus and a condensed/  

decondensed sperm head (indicating successful sperm injection and oocyte activation) 
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 Presence of an oocyte containing 2 pronuclei, with appearance of the 2
nd

 polar body, 

the disappearance of the sperm head and the presence of a flagellum in typical Y-form 

close to one of the pronuclei (indicating successful normal fertilization) 

Sham injection and/or parthenogenetic activation: 

 Presence of at least one pronucleus with or without the presence of one or two polar 

bodies (indicating successful oocyte activation) 

  

In order to differentiate a simple parthenogenetic activation from fertilization in the group of 

ICSI-oocytes, the presence of a male and female pronucleus before syngamy together with the 

presence of a sperm tail in typical Y-form and the extrusion of the second polar body were 

chosen as fertilization criteria. This was done because syngamy of completely female derived 

pronuclei, cleavage and blastocyst formation can occur after simple parthenogenetic 

activation. 

 

The parameters related to the decondensation of the sperm heads in the ooplasm have been 

modified from HUNTER (1976). “Condensed sperm heads” (Fig. 4a) showed no 

morphological changes. A small halo was visible in the ooplasm just around the sperm head. 

The sperm tail was still attached to the sperm head. “Sperm head decondensation” (Fig. 4b) 

signified an initial, moderate or gross expansion of the sperm head. A distinct halo was visible 

around this swollen head, and the flagellum had or had not been detached from the sperm 

head.  

 

 

 

 

 

 

 

 

Figure 3: Oocytes mounted for fixation, staining and assessment 
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Figure 4: Porcine sperm head morphology after intracytoplasmic injection of fresh semen or 

alternatively preserved spermatozoa into in vitro matured porcine oocytes (ICSI). Sperm 

heads are categorized into: condensed sperm head, 800x magnification (a), decondensed 

sperm head, 400x magnification (b). Red arrows: sperm heads, yellow arrows: sperm tails, 

PN: pronucleus. Aceto-orcein staining, phase contrast microscope.  

 

3.4 Semen processing 

 

The sperm rich fraction of the ejaculate was collected by the gloved-hand technique 

(MATSUURA and MAEDA 2009) from healthy boars (13 boars, 34 ejaculates) by doctoral 

students of the Unit for Reproductive Medicine at the University of Veterinary Medicine 

Hannover Foundation. The sperm rich fraction was placed into a pre-warmed (39 °C) 10 ml 

conical centrifuge tube and transported to the laboratory in a pre-warmed (39 °C) thermos 

flask within 15 minutes. 

 

3.4.1 Swim-up method 

 

Sperm swim-up was performed with the aim of collecting motile and normal spermatozoa 

without debris (PETRUNKINA et al. 2001). Androhep
® 

solution modified from WABERSKI 

et al. (1994) was chosen as swim-up medium (modification: ethylenediaminetetraacetic acid 

was omitted = mAndrohep). 

 

 
a 

PN 

b 
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An aliquot of 500 µl of the sperm rich fraction was gently placed into a 10 ml conical 

centrifuge tube underneath 5 ml pre-warmed (39 °C) mAndrohep. The tube with semen was 

closed with a screw cap and then obliquely positioned in a test tube rack and incubated for 1 h 

at 39 °C. During this period, sperm were allowed to swim up into the solution. After swim-up, 

1 ml medium with motile spermatozoa was removed carefully from the upper third of the 

solution and pipetted into a sterile 1.5 ml
 
Safe-Lock tube. 

 

3.4.2 Sperm concentration adjustment 

 

On the basis of the study of LEE and NIWA (2006) the sperm concentration was adjusted to 

0.5 - 1.0 x 10
5 

sperm cells/ml after swim-up. To prepare the counting chamber (Thoma new 

counting chamber), the chamber itself and the cover glass were cleaned with tap water and  

70 % ethanol. A tiny droplet of tap water was placed onto both sides of the external support 

sections of the counting chamber base. The formation of Newton’s rings between the external 

support and the cover glass confirmed the proper attachment of the cover glass. An aliquot of 

10 µl of semen suspension was immersed in 1 ml 10 % NaCl solution and mixed gently to 

immobilize the spermatozoa. Seven microliters of this semen mixture were filled into the 

chamber on each side. The semen mixture was allowed to settle for 5 minutes. Sperm cell 

counting was done under a phase contrast microscope (200x magnification). The spermatozoa 

counting method was equivalent to the technique of DRAEGER and KONRAD (1958) 

established for erythrocyte counting. The numbers of counted spermatozoa were calculated 

as: 

 

 

 

 

In case of excessive spermatozoa, an aliquot of pre-warmed (39 °C) mAndrohep was added to 

the sperm mixture to reach the proper concentration. In contrast, in the case insufficient sperm 

concentration, a further 500 µl semen sample (depending on the sperm concentration) was 

centrifuged (300 g for 5 min) and missing spermatozoa were added to the sperm mixture.  

 

counted spermatozoa x dilution x 4,000  

160 
=       spermatozoa/µl 
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3.5 Alternative semen preservation 

 

Three different methods of alternative boar semen preservation were investigated:  

1. Semen preservation in a frozen condition at -20 °C (swim-up semen solution frozen 

and stored without cryoprotectant in a household freezer).  

2. Semen preservation in a heat-dried condition at 4 °C (swim-up semen solution heat-

dried in an incubator and stored in a refrigerator). Various heat-drying temperatures 

and heat-drying durations were tested: 

a. 50 °C for 45 min 

b. 56 °C for 45 min 

c. 90 °C for 45 min 

d. 120 °C for 20 min. 

3. Semen preservation in a flame-dried condition at 4 °C (sperm rich fraction and swim- 

up semen solution flame-dried with a Campingaz
®

 burner and stored in a refrigerator). 

 

Semen samples of each group of alternatively preserved semen were divided into 2 groups 

according to the duration of storage: 

Short-term storage (1 - 5 days): 

 frozen semen at -20 °C without cryoprotectant 

 heat-dried semen after swim-up  

 flame-dried sperm rich fraction 

 flame-dried semen after swim-up  

 

Long-term storage (90 - 100 days): 

 frozen semen at -20 °C without cryoprotectant 

 heat-dried semen after swim-up 

 flame-dried sperm rich fraction 

 flame-dried semen after swim-up  

 

After the preservation process, heat- and flame-dried semen samples were packed and stored 

in a household refrigerator at 4 °C. Packaging of heat- and flame-dried semen samples is 
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described in 3.5.4. The frozen semen samples contained in 0.5 ml Safe-Lock tubes were kept 

in an opaque plastic box and stored at -20 °C in a household freezer. 

 

3.5.1 Freezing semen without cryoprotectant 

 

The concentration adjusted semen suspension was divided into 100 µl aliquots and stored in 

0.5 ml labeled and locked Safe-Lock tubes. The specimens were frozen in the household 

freezer at -20 °C for 1 - 5 days or 90 - 100 days. Before use, frozen semen samples were 

thawed at room temperature for 10 min and gently mixed by repeated pipetting with a 100 µl 

Eppendorf pipette (Eppendorf Reference
®

).  

 

3.5.2 Heat-drying semen 

 

After spermatozoa preparation, an aliquot of 50 µl sperm suspension was placed onto the 

middle of a glass slide (76 x 26 mm) using a 100 µl Eppendorf pipette. Previously, these glass 

slides had been first degreased and cleaned with 99.5 % undenaturated ethanol, gently wiped 

dry with laboratory tissue and finally dried in the heating cabinet at 39 °C overnight. The 

sperm heat-drying process itself was done in a hot air oven (Fig. 5) at different temperatures 

and durations: 50 °C, 56 °C, or 90 °C for 45 min, or at 120 °C for 20 min, respectively. The 

various temperatures were chosen based on the study of LEE and NIWA (2006). 

 

 

 

 

 

 

 

 

 

 

Figure 5: Laboratory hot air oven for heat-drying spermatozoa 
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3.5.2.1 Duration of heating for sperm preservation in a heat-dried condition and 

assessment of the moisture content of the preparations 

 

In order to determine the residual moisture content in the specimens after heat-drying as well 

as the relation between the duration of heating and the residual moisture content, samples 

were weighed periodically (gravimetric analysis with the analytical balance Bosch AE 120, 

Germany; readability of 0.0001 g).  

 

In a first set of experiments, the glass slides used as a carrier for the prepared semen 

suspension (n = 3 slides/temperature/replication) were prepared as described above (see 

3.5.2). Dried glass slides were weighed in order to obtain the “slide weight” before adding an 

aliquot of the semen suspension. After swim-up, 50 µl semen suspension was placed onto the 

pre-warmed glass slide and weighed again in order to obtain the “wet weight”. Afterwards, 

the glass slides with sperm samples were transferred into a hot air oven of which the 

temperature had been set up (see 3.5.2) and stabilized previously. Heating durations were  

60 min for the heating temperatures of 50 °C, 56 °C, and 90 °C, and 20 min for the heating 

temperature of 120 °C. After 5 min of heating, the slides were taken out of the hot air oven 

and weighed again to obtain the “dry weight”. To calculate the “wet sperm sample weight” 

and “dry sperm sample weight”, the slide weight was subtracted from the wet or dry weight, 

respectively. This weighing process was repeated every 5 min until 60 min after the start of 

the drying process. Weight unit was expressed in milligram (mg). The moisture content was 

expressed as percentage of moisture after drying: 

 

 

 

 

 

 

(The dry weight is the weight of the sample after proper duration of drying and the wet weight 

is the weight of the semen suspension. The weight of both samples was identified by 

subtracting the slide weight of each sample).  

dry weight 

wet weight 
x 100 =   % moisture content 
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In the second set of experiments, the moisture content was determined after drying as well as 

before and after short-term or long-term preservation of the heat-dried sperm samples, which 

had been packed (see 3.5.4) and stored in a refrigerator at 4 °C.  

 

The dry weight was determined as described above. Then, at the end of the storage period and 

prior to ICSI, the samples were taken out of the refrigerator and left at room temperature for 

10 min. The samples were unpacked, the second protecting glass slides were removed and the 

modelling clay was scraped off carefully. The heat-dried slides with the dried semen were 

weighed again for calculation of the possibly increased moisture content of each sample as 

described previously (dry weight before ICSI).The individual steps of the total weighing 

procedure are shown in Fig. 6.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Diagram showing the steps of the weighing procedures: glass slide weight, wet 

weight, dry weight and dry weight after storage (before ICSI) in milligram. 

empty glass slide 

50 µl semen suspension 

weighing; slide weight (mg) 

heat-drying 

weighing; wet weight (mg) 

packaging and storage  

weighing; dry weight (mg) 

ICSI procedure 

weighing; dry weight before ICSI (mg) 
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3.5.3 Flame-drying semen 

 

An aliquot of 5 µl of the swim-up semen suspension or of the sperm rich fraction of the 

ejaculate, respectively, was placed onto a cleaned and degreased glass slide (see 3.5.2) and 

gently spread longitudinally with the help of another cleaned and degreased glass slide, in 

order to form a thin layer prior to flame-drying. Subsequently, sperm sample slides were dried 

by shortly drawing them through the area above the clearly visible flame of a Campingaz
® 

burner [(< 2 s; drying in a distance of 13 cm above the outlet of the Campingaz
® 

burner;  

¼ turning of Campingaz
®

 burner adjusting knob; approximated temperature was 1,000 °C 

(WANG et al. 2014)]. The samples were vacuum sealed and stored in a refrigerator at 4 °C up 

to 100 days as described below (see 3.5.4). 

 

3.5.4 Package and storage of heat- or flame-dried semen samples 

 

After drying, the sperm on the glass slides were protected from mechanical damage by 

superimposing another glass slide prepared as above (see 3.5.2). Serving as a spacer, two 

small pieces of modelling clay (spheres with a diameter of approximately 2 mm) were put on 

the edges of this slide, in order to avoid its direct contact with the spermatozoa. By exerting 

careful digital pressure the space between both slides was set to approximately 0.5 mm. Every 

specimen was individually vacuum sealed in moisture- and gas-tight double bags. According 

to the manufacturer, the bag material has permeability to water vapor of 0.01 g/m
2
/24 h/ 

20 °C and an O2-permeability of 0.05 cm
3
/m

2
/24 h/20 °C. It is composed of two flat foils 

conjoined at their long sides (length: 55 cm; outer width: 7 cm; inner width: 5 cm; thickness: 

112 µm), but open at the short sides. The upper side material is transparent ESCAL film 

(PP/ceramic coated PVA/PE) whereas the opposite side is an aluminium barrier film. In order 

to produce the sample bags the foils were cut into sections with a length of 13 cm, 

respectively.  

 

Double glass slides with the protected sperm samples were introduced into the first bag, and 

openings at the short sides were heat-sealed with a portable impulse tong sealer. 

Subsequently, a simple manual vacuum method (sterile syringe + hypodermic needle 20G x 
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11/2”) was used to aspirate the air from inside the bags, and the heat-sealing procedure was 

repeated in front of puncture site of the hypodermic needle. Prior to the packaging into the 

second bag, the first bag was folded tightly around the sample slides. The second packaging 

was then performed as described above. Finally, the vacuum sealed double bags containing 

the sperm samples (Fig. 7) were kept in a refrigerator at 4 °C until use.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7: The packaging of heat- or flame-dried sperm samples. Sample slides were vacuum 

sealed in ESCAL/aluminium barrier film bags. The two small pieces of modelling clay were 

used for protection of dried spermatozoa between 2 glass slides (arrows). 

 

3.5.5 Rehydration of heat- and flame-dried semen 

 

Prior to use of heat-dried or flame-dried semen samples for further analysis or for ICSI, the 

samples were taken out of the refrigerator and left at room temperature for 10 min. The 

rehydration of the specimen was done by dropping 50 µl or 10 µl of ultrapure water on heat-

dried or flame-dried spermatozoa, respectively. Care was taken that the solution did not 

overflow the edges of the glass slide. The semen samples replenished with ultrapure water 

were left undisturbed for 5 min at room temperature. Afterwards, the solution was gently 

stirred with a 100 µl or 10 µl sterile Eppendorf pipette to detach and resuspend the 

spermatozoa. The semen suspension was then aspirated with the aforementioned Eppendorf 

pipette and transferred into a 0.5 ml Safe-Lock tube. Afterwards, the rehydration/aspiration/  
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transfer procedure was repeated with another drop of ultrapure water to optimize sperm 

recovery.  

 

3.6 Assessment of preserved sperm 

 

Fresh boar semen (control group) and all groups of alternatively preserved boar semen (heat-

or flame-dried semen as well as frozen semen without cryoprotectant) were inspected for 

sperm vitality, visibility of sperm acrosomes and DNA fragmentation.  

 

3.6.1 Spermatozoa vitality assessment using eosin staining 

 

Ejaculated and preserved semen were assessed for spermatozoa vitality using 2 % eosin 

staining. This procedure followed the approved laboratory protocol of the Unit for 

Reproductive Medicine at the University of Veterinary Medicine Hannover Foundation. 

Ejaculated spermatozoa were collected and transported to laboratory in a pre-warmed thermos 

flask (39 °C) within 15 min. Subsequently, staining processes were performed. However, all 

groups of preserved semen were stained after they had been stored at proper conditions for  

24 hours. Staining was performed on a pre-warmed labeled glass slide (38 °C). An aliquot of 

5 µl sperm suspension was dropped on the glass slide and then another aliquot of 15 µl 2 % 

eosin stain was positioned close to the semen droplet. A 100 µl Eppendorf pipette was used 

for mixing those two droplets for 5 seconds. Subsequently, a thin layer smear was prepared 

with the help of another glass slide. To dry the sample the slide was then placed on a warm 

plate at 38 °C for 15 - 25 s. Afterwards, a pre-warmed cover slip was placed on the 

preparation which was assessed microscopically (bright-field microscope, 400x 

magnification). Two hundred sperm cells were counted per replicate (3 replicates/sample;  

8 different sperm treatments in total). In live spermatozoa, the sperm head appeared colorless, 

whereas dead spermatozoa showed a pink coloration of the head. 
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3.6.2 Analysis of sperm acrosomes using FITC-PNA/PI 

 

Acrosomes of ejaculated, frozen, heat-dried and flame-dried semen were analyzed with 

fluorescein isothiocyanate conjugated peanut agglutinin (FITC-PNA) and propidium iodide 

(PI). Propidium iodide had been added for the identification of dead spermatozoa. The 

acrosome staining method had been modified from COY et al. (2002) by withdrawing the 

paraformaldehyde.  

 

After swim-up or after thawing or rehydration of semen samples, a 100 µl aliquot of semen 

suspension from each sample group was transferred into a labeled 0.5 ml Safe-Lock tube. The 

suspension was supplemented with 5 µl of FITC-PNA (300 µg/ml in 0.9 % NaCl solution) 

and counter stained with 5 µl PI (1 mg/ml) in the same Safe-Lock tube to allow the 

identification of non-viable spermatozoa membrane integrity. Samples were kept at 38 °C for 

5 minutes. Then, 10 µl of the stained semen sample were placed onto a cleaned glass slide 

which had been wiped with 70 % ethanol and laboratory soft tissue. A cover slip was put over 

the specimen droplet to allow its full expansion underneath the cover slip. Two hundred 

spermatozoa were assessed on each slide (Olympus BX60 microscope, filter: U-MWIG, 

wavelengths: BP 520 - 550 nm at 400x magnification). The percentage of sperm cells endued 

with a complete acrosome and without acrosome was calculated. Acrosomes with complete 

uniform green FITC-PNA fluorescence of acrosomal cap were identified as “visible 

acrosomes”. In the control group, spermatozoa without complete uniform green FITC-PNA 

fluorescence of the acrosomal cap [vital spermatozoa with unreacted acrosomes, live 

spermatozoa with intact acrosomes and dead spermatozoa with intact acrosomes (SICILIANO 

et al. 2008)] were omitted in this study.  

 

3.6.3 Sperm DNA fragmentation index (DFI) analysis using the Halomax
® 

Sui test kit 

 

The Halomax
®

 Sui test (Fig. 8) was used for the determination of boar sperm DNA 

fragmentation under fluorescence microscopy. Halomax
®

 Sui is based on the differential 

response of sperm chromatin with or without fragmented DNA to protein depletion treatment 

by using lysis solution. The lysis solution (enclosed in the commercial package of Halomax
® 
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Sui) removed sperm membranes and nuclear proteins. Spermatozoa showing large halos of 

chromatin dispersion contain fragmented DNA, whereas sperm nuclei without DNA 

fragmentation do not present halos of DNA loops (recommended parameters from Halomax
®

 

Sui test instruction leaflet).  

 

The Halomax
® 

Sui test kit was used for the boar sperm chromatin integrity assay of fresh 

semen samples after swim-up and of preserved semen samples. The preserved semen samples 

which had been stored for either a short (1 - 5 days) or a long period (90 - 100 days) were 

rehydrated as described previously (see 3.5.5) or thawed at room temperature for 10 minutes. 

After rehydration or thawing, the semen suspension was washed twice in DPBS (300 g for  

5 min) and adjusted to a concentration of 1 x 10
7
 sperm cells/ml.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Halomax
® 

Sui
 
test kit; lysis solution (a), special coated slide (b), tubes with agarose 

cell support (c) and float (d) are enclosed within the package. 

 

The Halomax
® 

Sui test was performed according to the operating instructions of the 

manufacturer immediately afterwards. Briefly, a 0.5 ml Safe-Lock tube containing the so-

called agarose cell support (ACS) from the commercial test kit was fixed in the float 

(included in the test kit package) and incubated in a water bath at 100 °C for 5 min or until the 

agarose was fully melted. From there, the ACS tube with the float was transferred into 

a b 

c 

d 
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another water bath at 37 °C and left in it for 5 min until the temperature had equilibrated (at 

this temperature the agarose remained in a liquid form). Meanwhile, an aliquot of 25 µl of 

concentration adjusted semen suspension was transferred into a pre-warmed 0.5 ml Safe-Lock
 

tube which was kept at 37 °C in the temperature controlled water bath, too. This was followed 

by the transfer of the 50 µl liquefied ACS into the sperm containing tube. Semen and ACS 

were then mixed with a vortex mixer for 5 seconds. Subsequently, a 3 µl drop of the 

semen/ACS suspension was placed into each well of the special coated slide (SCS; enclosed 

in the commercial package of Halomax
® 

Sui). The prepared semen/SCS sample was then 

covered with a 24 x 60 mm cover slip. In order to avoid air bubble formation it was pressed 

gently. It was important to hold the special coated slide in a horizontal position throughout the 

entire process to avoid an effluxion of parts of the semen samples. Hereafter, the semen/SCS 

was placed onto a pre-cooled (4 °C) stainless steel tray and was then transferred into the 

refrigerator (4 °C, 5 min) to solidify the prepared specimen. Subsequently, the coated slide 

was taken out of the refrigerator and the cover slip was removed by sliding it off gently at 

room temperature (22 °C). In order to remove sperm membranes and partially deproteinize 

the sperm nuclei, the lysis solution (approximately 5 ml; included in the test kit package) was 

fully applied over the coated slide which was then left at room temperature for 5 minutes. 

After this time period, the lysis solution was drained off by tilting. The coated slide with 

semen sample was then rinsed in a horizontal position with 30 ml ultrapure water for  

5 minutes. The ultrapure water was then drained off and the slide was air-dried. The 

dehydration procedure was done by flooding it with 70 % and 100 % ethanol for 2 min, 

respectively. Ethanol was drained off and the coated slide was again air-dried. After drying, 

the processed coated slides were kept in slide boxes at room temperature in dry and dark place 

until analysis.  

 

To determine the DNA fragmentation index, the processed slides were stained for 

visualization and classification of the sperm DNA fragmentation. The staining solution (not 

included in the test kit) was the combination of anti-fade solution and 1 mg/ml PI (1:1; see 

10.4 and 10.2). A drop of 2 µl staining solution was placed onto each well of the coated slide 

which was covered subsequently with a 24 x 60 mm cover slip. The DNA fragmentation 

analysis was performed under a microscope (Olympus BX60, filter: U-MWIG, wavelengths: 
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BP 520 - 550 nm, 400x magnification). Three hundred spermatozoa were examined on each 

well. According to the instructions of the manufacturer of the test, Figure 9 presents the 

characteristics of spermatozoa with fragmented and without fragmented DNA and the  

following criteria for sperm DNA fragmentation classification were used:  

 sperm with fragmented DNA: sperm showing a large spotty halo of dispersed 

chromatin  

 sperm without fragmented DNA: sperm showing a small and compact halo of 

dispersed chromatin  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: The appearances of spermatozoa after processing with the Halomax
® 

Sui test kit. 

Sperm with fragmented DNA are marked with arrows. The picture was taken from the 

instruction manual in the test kit package. 

 

3.7  Intracytoplasmic sperm injection (ICSI) and sham injection 

 

3.7.1 ICSI chamber preparation 

 

The microinjection chambers were carefully prepared approximately 1 h before the ICSI 

procedure as shown in Fig. 10. The cover of a culture dish (Nunc
™

 Petri dish, 35 x 10 mm) 

was used as a microinjection chamber (ICSI dish). The reverse side of the ICSI dish was 
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marked with a permanent color pen to divide the working region into two areas (spermatozoa: 

left side; oocytes: right side). A round droplet of 5 µl DPBS-FCS or GM501 (GYNEMED, 

Germany) solution for preserved semen samples or fresh semen suspension was placed on the 

upper left side of the inner surface of the dish. An elongated droplet of 10 µl 

polyvinylpyrrolidone (PVP: 10 %) for sperm selection and immobilization and a further round 

droplet of 5 µl 10 % PVP for the flushing of microinjection pipettes was positioned in the 

middle and on the lower left side, respectively. Eight droplets of 5 µl DPBS-FCS were added 

in 2 parallel vertical lines (4 droplets per line) for oocytes on the right side of the ICSI dish. 

Finally, all microdroplets were covered with light mineral oil and returned into the incubator 

at 39 °C, 5 % CO2 humidified atmosphere for equilibration until use. The arrangement of the 

microdroplets in the ICSI dish had been modified from an arrangement of FLEMING and 

KING (2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Microdroplets arrangement in the micromanipulation dish; cover of a Nunc
™

 

culture dish containing medium and PVP droplets covered by light mineral oil (a), schematic 

presentation of the micromanipulation dish (b).  

= PVP 10 % for microinjection  

   pipette flushing (5 µl) 

= DPBS-FCS for oocytes (5 µl) 

 

= PVP 10 % for sperm selection    

   and immobilization (10 µl) 

= DPBS-FCS or GM501  

   for spermatozoa (5 µl) 

         a                                                            b 

Spermatozoa area Oocytes area 
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Furthermore, a dish with DPBS-FCS for preparing the holding and injection pipettes was 

required. Two drops (5 µl/drop) of ICSI medium were placed centrally onto the inner surface 

of the cover of a culture dish (Nunc
™

 Petri dish, 35 x 10 mm), covered with light mineral oil 

and equilibrated before use in an incubator at 39 °C, 5 % CO2 humidified atmosphere for  

30 minutes. 

 

3.7.2 Setting of the micromanipulation unit 

 

It is essential to accurately set up the micromanipulation unit into a precise position to 

guarantee the success of ICSI. The complete ICSI station (Fig. 11) was composed of the 

following items: 

 Axiovert 135 inverted microscope equipped with differential interference contrast 

optics (100x to 200x magnification).  

 Transjector
®

 5246: The Transjector was controlled by vacuum pressure and was used 

in combination with the below mentioned Leitz micromanipulator unit for holding and 

releasing the oocytes. 

 Leitz precision mechanical micromanipulator unit with a Leitz microinstrument 

holder: It was used for the control of the oocyte holding pipette movements in  

3 dimensions. The microinstrument holder was connected with the Transjector
®

 5246 

via a flexible Teflon tube. 

 TransferMan
® 

NK with pipette holder: It was used for moving the injection pipettes in 

3 dimensions.  

 CellTram
®

 vario
 
system: It was connected with the above mentioned injection pipette 

holder and was used for spermatozoa aspiration and injection. This instrument system 

was filled with light mineral oil. 

 

The holding and injection borosilicate glass pipettes were purchased from Microtech
® 

IVF. 

The inner diameter, outer diameter and total length of borosilicate glass tubing for the 

preparation of the holding pipettes was 0.75 mm, 1.0 mm and 5.5 cm, and 0.78 mm, 1.0 mm 

and 5.5 cm for the injection pipettes, respectively. The holding pipette was used for safe 

oocyte fixation. It had been pulled to form a long and fine blunt-ending tip (1 mm length of 
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the arm, bending angle of 35°). The end of this holding pipette tip had been heat-polished in 

order to obtain a constricted lumen (inner and outer diameter: 20 - 25 µm and 120 µm, 

respectively). In contrast, the injection pipette was beveled-ended with a spike at its tip for 

easy penetration of the zona pellucida and the oolemma. Its tip had an inner and outer 

diameter of 7 - 8 µm and 9 - 10 µm, respectively, with 1 mm arm length and a bending angle 

of 30 ° (Table 2).  

 

Prior to ICSI, the pipettes were mounted and their position was checked to ensure that all 

instruments can be operated properly. At the same time the correct temperature of the heating 

stage was controlled. Alignment of both pipettes was first done under a hundredfold 

magnification and subsequently under higher magnification (200x). The tip of both pipettes 

had to be positioned sharply in focus (200x magnification) and parallel to the bottom of ICSI 

dish. The holding and injection pipettes were then moved into the pipette preparing dish, 

which had been filled with DPBS-FCS solution and pre-warmed previously. Both pipettes 

were allowed to suck medium into pipette lumen until satisfying by applying a slightly 

negative pressure via Transjector
®

 5246 and CellTram
®

 vario (for holding and injection 

pipette, respectively). This step took 15 min to calibrate the holding as well as the injection 

pipette. 
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Table 2: The specification of injection and holding pipettes  

 

Specification Injection pipette* Holding pipette** 

Appearance 

beveled-ended tube with 

a spike at the tip, 

bending angle 

 

blunt-ended tube, 

bending angle 

 

 

 

Inner diameter (µm) 

 

 

7 - 8  

 

 

10 

 

 

 

Outer diameter (µm) 

 

 

 

9 - 10 

 

 

 

120 

 

 

Length of arm (mm) 

 ***  

1 1 

 

Angle (°) 

***  

30 35 

 

* www.sarhealth.com/images/pipet_2.jpg 

** www.sarhealth.com/images/pipet_1.jpg 

***online-shop.eppendorf.de 

http://www.sarhealth.com/images/pipet_2.jpg
http://www.sarhealth.com/images/pipet_1.jpg
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Figure 11: Micromanipulation unit (a); control unit of Transjector
®

 5246 (1; the Transjector 

itself is not shown), Leitz micromanipulator unit mounted on a metal stage (2), TransferMan
® 

NK (3), CellTram
®

 vario
 
(4), Axiovert 135 inverted microscope (5). The position the 

micromanipulation dish and of injection and holding pipettes is presented (b).  

a 

4 
2 

1 

5 3 

b 
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3.7.3 Intracytoplasmic sperm injection 

 

At the end of the maturation period and after removal of the cumulus cells (see 3.1.3) the 

IVM-oocytes were centrifuged (3000 g, 3 min). The aim of this procedure was to obtain a 

polarization of the oocytes’ lipid droplets before ICSI, hereby facilitating the eventual control 

of the sperm release into the ooplasm and allowing the diminishment of the volume of 

injected medium (RHO et al. 1998; YONG et al. 2005).  

 

Oocytes with an extruded first polar body (PB, see 4.1) were classified as MII oocytes and 

subjected to intracytoplasmic sperm injection (ICSI). Prior to manipulation eight of those 

mature oocytes were transferred into the DPBS-FCS droplets (1 oocyte per droplet) under 

light mineral oil on the ICSI dish. Dishes containing mature oocytes were kept in the 

incubator at 39 °C to maintain this temperature until manipulation. Immediately before ICSI, 

1 µl of sperm suspension (either fresh semen suspension, frozen-thawed semen without 

cryoprotectant or rehydrated heat- or flame-dried semen) was placed into the droplet 

containing sperm medium on the ICSI dish. Ten to 15 morphologically normal spermatozoa 

were collected with the injection pipette and transferred into the elongated PVP droplet. The 

procedure of ICSI itself was performed as described by PROBST and RATH (2003). Briefly, 

in the case of fresh spermatozoa, sperm immobilization was done by crushing the sperm tail 

with the help of the injection pipette against the bottom of ICSI dish. Afterwards, the 

spermatozoon was aspirated into the injection pipette, flagellum first. Frozen/thawed or 

dried/rehydrated spermatozoa were immotile and therefore directly aspirated. 

 

The pipette with the aspirated spermatozoon was then moved close to the first oocyte for 

injection. With the help of a holding pipette this oocyte had been fixed with the polar body 

close to the 6 or 12 o’clock position. This was done in order to reduce the likeliness of 

injuring the metaphase plate or the spindle apparatus (ANIFANDIS et al. 2010). The injection 

pipette was adjusted at the 3 o’clock position of the oocyte to allow a precise penetration of 

the zona pellucida and the oolemma (Fig. 12). The spermatozoon was then moved close to the 

tip of the pipette and the injection pipette was forced into the oocyte. Hereafter a gentle 

aspiration was applied to ensure that the oolemma was broken and a small amount of the 
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ooplasm was sucked into the pipette. Henceforth, the spermatozoon was expelled into the 

oocyte within a minute amount of medium. After successful injection the pipette was 

withdrawn and the oocyte was released from the holding pipette. All oocytes in the ICSI dish 

were injected by the same procedure. After injection, all micromanipulated oocytes were 

washed twice in DPBS-FCS and twice in mTCM 199. The chemical activation and culture of 

the microinjected oocytes was performed as described in section 3.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: In vitro matured porcine oocyte (MII-stage) with visible first polar body (PB) at 

the 12 o’clock position, as prepared for ICSI. Before micromanipulation the oocyte had been 

centrifuged for lipid droplet displacement. The oocyte is fixed with a holding pipette (left). 

The tip of the injection pipette (right) is adjusted opposite to the holding pipette at the 

antipodal point of the oocyte (3 o’clock position). Immediately before injection the 

spermatozoon has to be moved close to the tip of the injection pipette. 

 

3.7.4  Sham injection 

 

Sham injection (simulation of ICSI without transfer of a spermatozoon) was similar to the 

intracytoplasmic sperm injection, but only a small amount of DPBS-FCS medium equivalent 

Spermatozoon 

PB 
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to the amount injected during ICSI was transferred into the MII oocytes. The sham injected 

oocytes were activated as described above (see 3.2) and cultured in vitro for 24 h. 

 

3.7.5  Intracytoplasmic sperm injection: control of the method 

 

All intracytoplasmic boar sperm injections into porcine oocytes within this study had been 

done by UR (experimenter 1). With the purpose of controlling the success rates after ICSI, a 

control experiment was performed with the help of a biologist with ICSI expertise 

(experimenter 2). Experimenter 2 performed only ICSI with fresh porcine spermatozoa by 

using his own experimental micromanipulation unit. However, MII-porcine oocytes, fresh 

boar spermatozoa, ICSI-medium as well as injection and holding micropipettes were provided 

by UR.  

 

MII-porcine oocytes and fresh boar spermatozoa were prepared as described previously (see 

3.1.1 to 3.1.3, 3.2, 3.3 and 3.4.1 to 3.4.2, respectively). Twenty MII-porcine oocytes were 

placed into a 1.5 ml Safe-Lock tube containing pre-warmed 500 µl DPBS-FCS. An aliquot of 

500 µl boar semen suspension in mAndrohep solution was transferred into a 1.5 ml Safe-Lock 

tube. Two further 1.5 ml Safe-Lock tubes were prepared, each containing 1 ml of pre-warmed 

DPBS-FCS (one to provide manipulation medium for ICSI, another one for the transportation 

of sperm-injected oocytes back to the own laboratory). Within 45 min, oocytes, sperm 

samples and DPBS-FCS tubes were transported in a portable incubator (39 °C; Cell-Trans 

4016, Labotect, Göttingen, Germany) to the unit of experimenter 2.  

 

The ICSI dishes were prepared by experimenter 2. Medium droplets for MII oocytes (DBPS-

FCS) and medium droplets for spermatozoa [GM 501 CULT (Gynemed GmbH & Co.KG, 

Lensahn, Germany), provided by experimenter 2] were positioned on the inner surface of a lid 

of a 60 x 15 mm IVF Petri dish. PVP 10 % had been purchased from Origio
® 

(Origio GmbH, 

Berlin, Germany). Medium droplets in ICSI dishes were covered with light mineral oil for 

IVF (Gynemed GmbH & Co.KG, Lensahn, Germany).  
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ICSI itself was performed on a heated microscope stage (setting: 44 °C) at 200x magnification 

using an inverted microscope (ECLIPSE TE2000-5, Nikon, Tokyo, Japan with Nikon LWD 

20x/0.40 objective) with injection and holding pipettes as described in section 3.7.2. These 

pipettes were attached to universal capillary holders (Eppendorf AG, Hamburg, Germany) 

and the capillary holders were connected with a CellTram
®

 vario (Eppendorf AG, Hamburg, 

Germany) and a CellTram
®

 Oil (Eppendorf AG, Hamburg, Germany), respectively. 

CellTram
®

 vario and CellTram
®

 Oil were supplied with the light mineral oil for IVF 

(Gynemed GmbH & Co.KG, Lensahn, Germany). Narishige 3D hydraulic micromanipulators 

NT-88-V3 (Narishige, Tokyo, Japan) were used as micromanipulation units.  

 

After the ICSI-procedures had been performed by experimenter 2, the sperm-injected oocytes 

were collected in a 1.5 ml Safe-Lock tube containing 500 µl pre-warmed DPBS-FCS and 

were transferred again into the portable incubator at 39 °C, before being brought back to UR’s 

laboratory. Subsequently, all sperm-injected oocytes were chemically activated and cultured. 

Finally oocytes were assessed as described in 3.2 and 3.3.  

 

3.8 Statistical analysis 

 

The statistical analysis was performed with SigmaStat for Windows Version 3.5, 2006 

(Sysstat Software Inc., Erkrath). 

 

The results of the in vitro maturation of porcine oocytes and the heating duration for the 

sperm heat-drying method, including the spermatozoa vitality assessment using eosin staining 

were expressed as mean ( x ) and standard deviation (± SD). 

 

The dry weights and the moisture contents of heat-dried semen samples at various 

temperatures and heating durations were compared after different storage durations. 

Differences of the dry weight and moisture content between after process, short- and long-

term storage of were determined by Kruskal-Wallis one-way ANOVA on ranks. The pairwise 

comparisons between groups were performed using the Tukey’s test. The correlation between 
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temperatures and dry weights or moisture contents was analyzed by linear regression which 

the values were expressed in R
2
. 

 

The differences in the presence/absence of sperm acrosomes after short-term and long-term 

storage and between preservation methods were analyzed by one-way ANOVA followed by 

Tukey’s test.  

 

To analyze the sperm DNA fragmentation index (% DFI), the Halomax
®

 Sui test kit was used. 

The differences in the % DFI after various preservation methods and various storage 

durations were analyzed by one-way ANOVA. The pairwise multiple mean comparison was 

performed with Tukey’s test.  

 

For data that were obtained from ICSI-experiments with alternatively preserved semen or 

fresh semen (5 - 7 replicates, respectively), sham injection-experiments or parthenogenetic 

activation-experiments without any injection (4 - 5 replicates, respectively), descriptive 

statistics was used. The following parameters were investigated: activation of oocytes, 

decondensation of sperm heads, and presence of male or female pronuclei.  

 

P-values < 0.05 were regarded as statistically significant. 
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4 Results 

 

4.1 In vitro maturation of porcine oocytes  

 

A total of 2,299 porcine oocytes (16 - 30 oocytes per collection date) were included in the 

study. They were matured in vitro as described in section 3.1.2. After the maturation period of  

44 - 46 h the oocytes were denuded (removal of cumulus cells: see 3.1.3) and initially 

assessed with regard to morphological abnormalities, the granulation of their ooplasm and the 

presence of a polar body. Subsequently, they were centrifuged at 3,000 g for 3 min. The latter 

procedure was performed in order to allow an easier visualization of the PB and to induce the 

polarization of the oocytes’ lipid contents (Fig. 13) for facilitation of the control of sperm 

release into the ooplasm during ICSI. Oocytes without any morphological abnormalities, with 

uniformly granulated dark ooplasm, and an extruded first polar body were assumed to be 

mature oocytes (Metaphase II; MII) suitable for further processing.  

 

The metaphase II stage was reached by 94.39 % ± 3.43 (2,167/2,299) of the initially cultured 

oocytes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Porcine metaphase II oocyte with extruded first polar body (     PB) after in vitro 

maturation for 44 - 46 h, denudation and centrifugation (phase contrast, 200x). 

 
PB 
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4.2 Sperm heat-drying: Preliminary investigation for the determination of drying 

duration and temperature and sperm moisture content 

 

The moisture content of the sperm samples was controlled in relation to the different heating 

periods and temperatures used for heat drying. At the start of the experiment a wet weight of 

50.4 mg ± 1.1, and at the end of the heat-drying period a dry weight of 2.2 mg ± 0.3, 1.5 mg ± 

0.6, 0.7 mg ± 0.2 and 0.1 mg ± 0 (heat-drying at 50 °C, 56 °C, 90 °C for 60 min and 120 °C 

for 20 min, respectively) was measured. However, after heat-drying for 25 min at 50 °C,  

56 °C or 90 °C, the dry weight was stable, whereas the dry weight was already stable after  

10 min when heat-drying was performed at 120 °C (Fig. 14). Based on these results, a heat-

drying period of 45 min was chosen for the lower drying temperatures (50 °C, 56 °C and  

90 °C) whereas for the temperature of 120 °C the heat-drying period was reduced to 20 min. 

 

Figure 14: Mean ( x ) weight of porcine semen samples during the heat-drying process. Heat-

drying (HD) was performed at 50 °C, 56 °C or 90 °C for 60 min or at 120 °C for 20 min  

(3 replicates per group). 
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4.3 Sperm heat-drying: Increase of the sperm dry weight and moisture content after 

short- or long-term storage  

 

The purpose of this experiment was to determine the effects of the storage duration on the dry 

weight and, with that, the moisture content of heat-dried porcine spermatozoa. The dry weight 

and moisture content was examined 1) after the heat-drying process itself, 2) after short-term 

storage (1 - 5 days), and 3) after long-term storage (90 - 100 days). The results are presented 

in Fig. 15 and Fig. 16.  

 

At the end of the drying procedure itself weights between 1.0 mg ± 0.1 to 2.1 mg ± 0.1 were 

reached (Fig. 15). The dry weight of spermatozoa was correlated (R
2
 = 0.913) with the drying 

temperature. Statistically significant differences between the dry weights of spermatozoa heat-

dried at 50 °C vs. 120 °C and 56 °C vs. 120 °C were observed (P<0.001). However, no 

significant differences between the dry weight of the spermatozoa heat-dried at 50 °C vs.  

56 °C, 56 °C vs. 90 °C and 90 °C vs. 120 °C were obvious.  

 

At the end of the short- or long-term storage period, the dried samples had been weighed 

again in order to obtain the “dry weight after storage”. Weights of 2.9 mg ± 0.3 to 3.8 mg ± 

0.2., 2.7 mg ± 0.2 to 3.8 mg ± 0.2, 2.2 mg ± 0.2 to 3.3 mg ± 0.2 and 2.1 mg ± 0.3 to 3.0 mg ± 

0.3 after heat-drying at 50 °C, 56 °C or 90 °C for 45 min or at 120 °C for 20 min, 

respectively, were reached. The results revealed that the dry weight increased during short-

term storage. Significant differences between some temperature groups were obvious (50 °C 

and 56 °C vs. 90 °C and 120 °C; P<0.001), but no statistically significant differences between 

the dry weights of spermatozoa heat-dried at 50 °C vs. 56 °C and 90 °C vs. 120 °C were 

observed (P>0.05).  

 

The dry weight after long-term storage increased even more obviously than after short-term 

storage. In this long-term storage group statistically significant differences between the dry 

weights after heat-drying at 90 °C vs. 120 °C were recognized. Both of these temperature 

groups differed significantly from the temperature groups 50 °C and 56 °C, too, but no 
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statistically significant differences between dry weights of the temperature groups  

50 °C and 56 °C were observed.  

 

A comparison within the different heat-drying temperature groups revealed, that the dry 

weights increased significantly after short-term storage (P<0.001; increase of 0.8 mg ± 0.2, 

0.9 mg ± 0.1, 0.9 mg ± 0.2 and 1.1 mg ± 0.2 after heat-drying at 50 °C, 56 °C or 90 °C for 45 

min or at 120 °C for 20 min, respectively) and additionally after long-term storage (P<0.001; 

further increase of 1.0 mg ± 0.2, 1.1 mg ± 0.2, 1.1 mg ± 0.2 and 0.9 mg ± 0.4 after heat-drying 

at 50 °C, 56 °C or 90 °C for 45 min or at 120 °C for 20 min, respectively).  

 

 

Figure 15: Dry weight (mg) of porcine sperm samples heat-dried (HD) at 50 °C, 56 °C or  

90 °C for 45 min or at 120 °C for 20 min after the drying process itself as well as after short -

term and long-term storage. Values are expressed as x  ± SD. Fifteen replicates per 

experimental group had been used for analysis. 

After process: at the end of heat-drying process, Short-term storage: storage duration of 1 - 5 days, Long-term 

storage: storage duration of 90 - 100 days.  

a, b, c: bars with different superscript letters differ significantly between the different temperature groups 

(P<0.001). 

    : bars marked with a star differ significantly within the temperature groups (P<0.001).   
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In addition to the above described dry weight, the moisture content percentage (% MC) of the 

sperm samples was calculated (see 3.5.2.1). Initial values (samples before drying) were 

classed as 100 % MC. The decrease of the % MC during heat-drying was correlated with the 

drying temperature (R
2
 = 0.884). After the heat-drying process itself, the moisture content of 

dried spermatozoa was low and lay in between 2.06 % ± 0.18 to 4.22 % ± 0.27 MC (Fig. 16). 

After short-term and, even more obviously, after long-term storage the % MC rose and levels 

between 4.17 % ± 0.53 to 5.73 % ± 0.51 and 6.07 % ± 0.56 to 7.65 % ± 0.44 were reached, 

respectively. The statistical analysis of the % MC led to the same significance levels as those 

that had been calculated in the analysis of the dry weight (see Fig. 15 and Fig. 16 for 

comparison), since the parameters are directly related.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Moisture content (% MC) of porcine sperm samples heat-dried (HD) at 50 °C,  

56 °C or 90 °C for 45 min or at 120 °C for 20 min after the drying process itself as well as 

after short-term and long-term storage. Values are expressed as mean percentage ( x ) ± 

standard deviation (SD). Fifteen replicates per experimental group had been used for analysis. 

After process: at the end of heat-drying process, Short-term storage: storage duration of 1 - 5 days, Long-term 

storage: storage duration of 90 - 100 days.  

a, b, c: bars with different superscript letters differ significantly between the different temperature groups 

(P<0.001). 

    : bars marked with a star differ significantly within the temperature groups (P<0.001).  
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4.4 Spermatological parameters and effects of alternative semen preservation 

methods  

 

4.4.1 Vitality assessment of alternatively preserved spermatozoa using eosin staining 

 

Before and after alternative semen preservation sperm vitality was tested with the eosin 

staining method. Vitality staining with eosin is recognized as an appropriate assessment 

technique in order to differentiate between live and dead spermatozoa under bright field 

microscopy. Since eosin is excluded by live spermatozoa with structurally intact cell 

membranes, the sperm head remains colorless or unstained, whereas the head of dead 

spermatozoa is stained pink or red (Fig. 17). Vitality staining was performed after semen 

collection (ejaculated semen; control), after rehydration of heat- or flame-dried spermatozoa 

and after thawing of household freezer-frozen spermatozoa. The results revealed that 

ejaculated semen contained 98 % ± 1 (588/600; 1 ejaculate, 3 replicates, 200 sperm 

cells/replicate) live spermatozoa, whereas, as expected, only dead spermatozoa (100 %: 

4,200/4,200; 3 replicates per alternatively preserved semen group, 200 sperm cells/replicate) 

were observed in alternatively preserved specimen (Table 3). 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 17: Eosin staining of porcine spermatozoa for vitality assessment: colorless or 

unstained sperm heads indicate live spermatozoa (a), pink or red stained sperm heads indicate 

dead spermatozoa (b); (bright field microscope, 400x).  

b

a
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Table 3: Eosin staining of porcine spermatozoa n (%)  for vitality assessment in fresh and 

alternatively preserved porcine sperm samples: percentage, mean ( x ) ± standard deviation 

(SD) of live and dead spermatozoa (3 replicates in each experimental group; evaluation of 200 

spermatozoa/replicate). 

 

Experimental group Spermatozoa 

n (%) 

 ± SD 

Live (%) Dead (%) 

Ejaculated semen 600 (100) 98.0 ± 1.0 2.0 ± 1.0 

FTS 600 (100) 0 100 

HD 50 °C 45 min 600 (100) 0 100 

HD 56 °C 45 min 600 (100) 0 100 

HD 90 °C 45 min 600 (100) 0 100 

HD 120 °C 20 min 600 (100) 0 100 

FF 600 (100) 0 100 

FSW 600 (100) 0 100 

 
FTS: frozen-thawed semen at -20 °C without cryoprotectant, HD: heat-dried spermatozoa at 50 °C, 56 °C or  

90 °C for 45 min or at 120 °C for 20 min, FF: flame-dried fresh semen, FSW: flame-dried swim-up semen. 

 

4.4.2 Assessment of the presence of acrosomes with FITC-PNA/PI in alternatively 

preserved spermatozoa  

 

The presence of acrosomes in all groups of alternatively preserved spermatozoa was assessed 

with a fluorescence microscope with 400x magnification after FITC-PNA/PI staining. This 

experiment was performed, because it is known that the presence of an acrosome in ICSI-

spermatozoa might hamper the sperm decondensation process.  

 

The FITC-PNA binds specifically to the outer acrosome membrane. Acrosomes of 

alternatively preserved spermatozoa with complete uniform green FITC-PNA fluorescence of   
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the acrosomal cap were identified as “acrosome present” (Fig. 18), whereas control 

spermatozoa were classified as “acrosome-reacted”. Propidium iodide was added to the 

protocol in order to easily identify the alternatively preserved spermatozoa. The dye is 

commonly used for the determination of the sperm vitality: Sperm cells stained red are dead. 

Two hundred spermatozoa were assessed per replicate and 3 replicates were done in each 

alternatively preserved semen group. All results are presented in Fig. 19.  

 

In the control group, a completely green fluorescent acrosomal cap was recognized in  

10.83 % ± 1.7 (65/600) of the spermatozoa. In contrast, the percentages of spermatozoa with 

the presence of such an acrosome were significantly higher in all alternatively preserved 

sperm samples than in the control group (52.5 % ± 2.2 to 79.7 % ± 4; P<0.05).  

 

After short-term storage, the highest percentage of “acrosome present” was obtained after 

heat-drying at 50 °C for 45 min (79.7 % ± 4; 478/600). Compared with this, the lowest 

percentage of present acrosomes was detected after heat-drying at 90 °C for 45 min (63.7 % ± 

1.5; 382/600). Both groups differed statistically significantly (P<0.05) from the other 

alternatively preserved semen groups after short-term storage, with the only exception of the 

frozen/thawed semen samples.  

 

During long-term storage, a decrease in the presence of acrosomes occurred in every 

experimental group (average 8.8 %; min. 6.4 %, max. 11.3 %). The highest percentage of 

acrosomes with complete green fluorescence was now seen in the group of spermatozoa 

flame-dried after swim-up (70.3 % ± 1.5; 422/600). In contrast, the lowest percentage of 

“acrosome present” (53 % ± 2; 315/600) was obtained after heat-drying at 90 °C for 45 min 

and long-term storage (P<0.05, when compared with the other long-term storage groups).  

 

In addition, the results revealed statistically significant differences of the percentages of 

“acrosome present” between all short-term and long-term storage groups, but not in the group 

of flame-dried fresh semen (P<0.05; Fig. 19).  
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Figure 18: Fluorescence pattern of FITC-PNA/PI stained porcine alternatively preserved 

spermatozoa. A complete uniform green FITC-PNA fluorescence of the acrosomal cap 

indicates the presence of an acrosome (a), a sperm head without green FITC-PNA 

fluorescence indicates the absence of an acrosome (b). Sperm with PI staining (red color) 

were considered as dead sperm cells; (Olympus BX60, filter: U-MWIG, wavelengths: BP  

520 - 550 nm, 800x).  

b 

a 

a 

a 

b 

a 
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Figure 19: Percentage of spermatozoa with the presence of completely green fluorescent 

acrosomes in fresh or alternatively preserved porcine spermatozoa after short- or long-term 

storage. Values are expressed as mean percentage ( x ) ± standard deviation (SD). Three 

replicates/experimental group and 200 spermatozoa/replicate had been used for analysis.  

Ejac.: ejaculated semen (control); FTS: frozen-thawed semen at -20 °C without cryoprotectant, HD: heat-dried 

spermatozoa at 50 °C, 56 °C, 90 °C for 45 min or at 120 °C for 20 min, FF: flame-dried fresh semen, FSW: 

flame-dried swim-up semen,  

Short-term storage: storage duration of 1 - 5 days, Long-term storage: storage duration of 90 - 100 days.  

a, b, c, d: bars with different superscript letters differ significantly between the different semen groups (P<0.05) 

.   : bars marked with a star differ significantly within the storage groups (P<0.05). 
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4.4.3 Sperm DNA fragmentation index (DFI) analysis using Halomax
® 

Sui test kit 

 

To determine the sperm chromatin integrity and to compare the DNA fragmentation index  

(% DFI) of alternatively preserved spermatozoa after different preservation methods and 

storage durations, the commercial test kit Halomax
® 

Sui was used.  

 

Semen samples of each alternative preservation group which had been separated at random 

into 2 groups for short- or long-term storage at 4 °C (heat- and flame-dried sperm) or at  

-20 °C (household freezer-frozen sperm), respectively, were investigated. Moreover, fresh 

semen was used as a control group. Stained sperm samples were examined with a 

fluorescence microscope (800x magnification). Four replicates per alternatively preserved 

semen group (300 spermatozoa/replicate) were used for analysis. 

 

The classification of the sperm DNA fragmentation was performed according to the directions 

of the manufacturers by analyzing the appearance of a halo surrounding the sperm heads. 

Spermatozoa with fragmented DNA show a large spotty halo of dispersed chromatin, whereas 

spermatozoa without fragmented DNA show a small and compact halo (Fig. 20). 

 

Results are presented in Fig. 21.In this study, the control group showed a low level of sperm 

DNA fragmentation (% DFI: 1.50 % ± 0.4; 18/1,200; Fig. 21).  

 

After short-term storage the lowest % DFI was obtained after heat-drying of spermatozoa at 

120 °C for 20 min (1.25 % ± 0.7: 15/1,200), which was not significantly different from the 

control group. In contrast, the other alternatively preserved sperm groups showed a 

significantly higher DNA fragmentation index (30.25 % ± 3.5 to 94.5 % ± 2) than both of the 

already mentioned groups (P<0.001). Significant differences were also recognized between 

the other alternatively preserved groups (P<0.001) with one exception: The DFI of 

spermatozoa which had been heat-dried at 50 °C and 56 °C differed only marginally  

(P = 0.997). The highest DFI (94.5 % ± 2) was obtained in the group of frozen-thawed 

spermatozoa.  
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The comparison between short-term and long-term storage revealed a further increase of the 

% DFI after long-term storage (on average 5.91 %; min. 0.91 %, max. 12.58 %). Whereas this 

increase was marginal in household freezer-frozen semen and not significant in semen 

specimen flame-dried after swim-up (P = 0.607 and P = 0.154, respectively), the increase 

proved to be significant in the other alternatively preserved semen groups (P<0.001). 

However, the lowest % DFI (2.33 % ± 0.2) was again observed after heat-drying at 120 °C for 

20 min.  

 

 

 

 

 

 

 

 

 

Figure 20: Boar sperm DNA fragmentation assessment carried out with Halomax
® 

Sui in 

alternatively preserved semen samples; spermatozoa with fragmented DNA show a large 

spotty halo of dispersed chromatin (a), spermatozoa without fragmented DNA show a small 

and compact halo (b); PI staining, fluorescence microscope, 800x.  
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Figure 21: DNA fragmentation index (DFI) in fresh or alternatively preserved semen samples 

after short-term or long-term storage. Values are expressed as mean percentage ( x ) ± 

standard deviation (SD). Four replicates/experimental group and 300 spermatozoa/replicate 

had been used for analysis.  

Ejac.: ejaculated semen, FTS: frozen-thawed semen at -20 °C without cryoprotectant, HD: heat-dried 

spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 min, FF: flame-dried fresh semen, FSW: 

flame-dried swim-up semen,  

Short-term storage: storage duration of 1 - 5 days, Long-term storage: storage duration of 90 - 100 days.  

a, b, c, d, e, f: bars with different superscript letters differ highly significantly between the different semen 

groups (P<0.001). E and F: bars with different superscripts are significantly different (P<0.05). 

     : bars marked with a star differ significantly within the storage groups (P<0.05).  
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4.5  Development of oocytes after intracytoplasmic sperm injection, sham injection 

and/or parthenogenetic activation 

 

The intracytoplasmic sperm injection into in vitro matured MII oocytes was performed in 

order to determine whether the sperm heads of alternatively preserved spermatozoa can be 

decondensed and transformed into male pronuclei as it occurs during normal fertilization. 

Since ICSI itself does not guarantee a regular activation of the oocytes, this technique was 

combined with their chemical activation. The evaluation of sperm-injected oocytes was 

performed with regard to successful or unsuccessful activation of oocytes, presence of 

condensed or decondensed sperm heads in successfully or unsuccessfully activated oocytes, 

and the fertilization of oocytes (female and male pronucleus + sperm tail). In contrast, in the 

two experimental groups of sham injection and/or parthenogenetic activation, successfully or 

unsuccessfully activated oocytes were recorded. 

 

Some 102 to 142 MII oocytes were sperm injected (ICSI) in each alternative preservation 

group, whereas 92 and 108 MII oocytes were used for the sham injection and parthenogenetic 

activation groups, respectively.  

 

The total number of sperm-injected (n = 1,882), sham injected (n = 92) and MII oocytes  

(n = 108; for parthenogenetic activation only) which had been chemically activated, in vitro 

cultured included 2,167 oocytes. After fixation and staining a final number of 2,082 oocytes 

could be analyzed. Of these oocytes, 192 had been activated and successfully fertilized and 

1,308 had been successfully activated (containing activated oocytes with decondensed or 

condensed sperm heads in the group of ICSI-oocytes), whereas 289 oocytes were arrested in 

the MII stage. Further 293 oocytes (“miscellaneous oocytes”) were fragmented, degenerated 

or unidentified or sperm injection had failed.  

 

The results obtained after ICSI, sham injection or parthenogenetic activation are presented in 

Fig. 22. No statistically significant differences between experimental groups were noted. 
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Figure 22: An overview of the results obtained with porcine oocytes after injection with fresh 

or alternatively preserved boar spermatozoa and chemical activation, or sham injection and/or 

parthenogenetic activation. The results are presented as percentage (%). Four to  

7 replicates/group and 16 - 30 oocytes/replicate had been used for analysis. 

Ejac.: ejaculated semen (control), ICSI (short-term): sperm injected oocytes with alternatively preserved boar 

spermatozoa after short-term storage (1 - 5 days), ICSI (long-term): sperm injected oocytes with alternatively 

preserved boar spermatozoa after long-term storage (90 - 100 days) Sham: sham injection, PA: parthenogenetic 

activation. 

 

4.5.1 Oocyte activation 

 

In pigs, sperm injection itself is inadequate to activate the oocytes for further development. 

Therefore chemical activation is necessary. Successfully activated oocytes show at least one 

pronucleus with or without the appearance of one or two polar bodies (Fig. 23), whereas 

unsuccessfully activated oocytes remain in the MII stage (Fig. 24).  
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Results related to successful oocyte activation without positive signs of fertilization are 

presented in Table 4. Sham injected and parthenogenetically activated oocytes were used as 

control groups: here an activation rate of 71.7 % (66/92 oocytes) and 63.0 % (68/108 oocytes) 

was reached, respectively.  

 

In the experimental groups, the highest percentage of activated oocytes was obtained after 

ICSI with short-term stored spermatozoa that had been heat-dried at 120 °C for 20 min  

(80.4 %; 82/102 oocytes), whereas after ICSI with household freezer frozen-thawed 

spermatozoa the lowest percentage was detected (42.0 %; 58/138 oocytes).  

 

After long-term storage of alternatively preserved spermatozoa the highest percentage of 

successfully activated oocytes was observed in the group of flame-dried fresh semen (79.4 %, 

100/126 oocytes), whereas oocytes injected with household freezer frozen-thawed 

spermatozoa reached the lowest percentage (50.4 %, 58/115 oocytes). In the control group 

(ICSI with fresh semen) an activation rate of 75.0 % (105/140 oocytes) was reached. 

 

Results on unsuccessfully activated oocytes are included in Table 4, too. Sham injected 

oocytes and parthenogenetically activated oocytes were used again as control groups: 

activation failed in 23.9 % (22/92 oocytes) and 36.1 % (39/108 oocytes), respectively. The 

lowest percentage of unsuccessfully activated oocytes was obtained after ICSI with fresh 

semen (5.7 %, 8/140 oocytes), and the highest percentage was recorded in parthenogenetically 

activated oocytes (see above).  

 

However, in the ICSI-groups injected with alternatively preserved, short-term stored 

spermatozoa, the lowest percentage of unsuccessfully activated oocytes (7.0 %, 9/128 

oocytes) was obtained in the flame-dried fresh semen group, whereas the oocytes injected 

with household freezer-frozen spermatozoa remained in the MII-stage more frequently  

(20.3 %, 28/138 oocytes). After long-term storage of spermatozoa, the lowest percentage was 

obtained from ICSI with flame-dried swim-up semen (9.2 %; 12/130 oocytes), whereas the 

highest percentage was obtained from ICSI with heat-dried spermatozoa at 50 °C for 45 min 

(17.7 %; 22/124 oocytes). In any case, there were no statistically significant differences.
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Table 4: Fertilized as well as successfully or unsuccessfully activated porcine oocytes after 

injection with fresh or alternatively preserved boar spermatozoa and chemical activation, or 

sham injection and/or parthenogenetic activation. The results are presented as percentage (%) 

Four to seven replicates/group and 16 - 30 oocytes/replicate had been used for analysis. 

 

Experimental 

group 

Storage 

duration 

No. of 

examined 

oocytes 

No. (%) of 

unsuccessfully 

activated 

oocytes 

No. (%) of 

successfully 

activated 

oocytes 

No. (%) of 

fertilized 

oocytes 

No. (%) of 

miscellaneous 

oocytes 

Ejac.  140 8 (5.7) 105 (75.0) 26 (18.6) 1 (0.7) 

FTS 
short-term 138 28 (20.3) 58 (42.0) 13 (9.4) 39 (28.3) 

long-term 115 19 (16.5) 58 (50.4) 8 (7.0) 30 (26.1) 

HD 50 °C  

45 min 

short-term 140 21 (15.0) 65 (46.4) 20 (14.3) 34 (24.3) 

long-term 124 22 (17.7) 73 (58.9) 7 (5.7) 22 (17.7) 

HD 56 °C  

45 min 

short-term 122 10 (8.2) 79 (64.8) 21 (17.2) 12 (9.8) 

long-term 103 13 (12.6) 62 (60.2) 9 (8.7) 19 (18.5) 

HD 90 °C  

45 min 

short-term 135 17 (12.6) 73 (54.1) 15 (11.1) 30 (22.2) 

long-term 142 20 (14.1) 90 (63.4) 22 (15.5) 10 (7.0) 

HD 120 °C  

20 min 

short-term 102 9 (8.8) 82 (80.4) 0 (0) 11 (10.8) 

long-term 122 14 (11.5) 94 (77.1) 0 (0) 14 (11.5) 

FF 
short-term 128 9 (7.0) 92 (71.9) 14 (10.9) 13 (10.2) 

long-term 126 12 (9.5) 100 (79.4) 10 (7.9) 4 (3.2) 

FSW 
short-term 115 14 (12.2) 66 (57.4) 12 (10.4) 23 (20.0) 

long-term 130 12 (9.2) 77 (59.2) 15 (11.5) 26 (20.0) 

Sham  92 22 (23.9) 66 (71.7) - 4 (4.4) 

PA  108 39 (36.1) 68 (63.0) - 1 (0.9) 

 

Ejac.: ejaculated semen (control); FTS: frozen-thawed semen at -20 °C without cryoprotectant, HD: heat-dried 

spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 min, FF: flame-dried fresh semen, FSW: 

flame-dried swim-up semen, Sham: sham injection, PA: parthenogenetic activation, short-term: sperm storage 

duration of 1 - 5 days, long-term: sperm storage duration of 90 - 100 days. 
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Figure 23: Successfully activated porcine oocyte after chemical activation with ethanol and 

further in vitro culture with cycloheximide for 24 h; one polar body in focus (a), 2 pronuclei 

(b); aceto-orcein staining, phase contrast, 100x. 

 

 

 

 

Figure 24: Unsuccessfully activated porcine oocyte (MII) after chemical activation with 

ethanol and further in vitro culture with cycloheximide for 24 h; first polar body (a) and 

chromatin of metaphase II (b), aceto-orcein staining, phase contrast, 400x.  

a

b

a
b
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4.5.2 Sperm head development after ICSI: morphological aspects 

 

The sperm head morphology/development was investigated after sperm injection into mature 

porcine oocytes, subsequent chemical activation and in vitro culture for 24 h. Parameters 

related to the decondensation of the sperm head have been modified from HUNTER (1976). 

Condensed and decondensed sperm heads in the oocytes’ ooplasm were emphasized in 

successfully (n = 1,174) or unsuccessfully activated ICSI-oocytes (n = 228).  

  

4.5.2.1 Condensed or decondensed sperm heads in successfully activated oocytes 

 

Although intracytoplasmic sperm injection had been technically successfully performed in 

each of the oocytes containing a sperm head, the proper post-ICSI transformation did not 

occur in every case. It was investigated, whether the alternative sperm conservation methods 

affected this process of transformation. Figure 25 demonstrates the morphological appearance 

of a condensed and Figure 26 of a decondensed sperm head in the ooplasm after ICSI, 

chemical activation and in vitro culture of the oocyte, respectively. 

 

Results with regard to ICSI with fresh or alternatively preserved short- and long-term stored 

spermatozoa and the occurrence of condensed and decondensed sperm heads in successfully 

activated porcine oocytes are shown in Table 5.  

 

In the groups of oocytes injected with fresh sperm or alternatively preserved spermatozoa 

after short-term storage, the lowest frequency of condensed sperm heads was observed in 

successfully activated oocytes which had been injected with spermatozoa heat-dried at 50 °C 

for 45 min (35.4 %, 23/65 oocytes), whereas the highest percentage of condensed sperm 

heads was noted in the groups of oocytes injected with household freezer frozen-thawed 

spermatozoa (70.7 %, 41/58 oocytes). However, there were no statistically significant 

differences. 

 

In the groups of oocytes injected alternatively preserved spermatozoa after long-term storage, 

the lowest frequency of condensed sperm heads was observed in successfully activated 
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oocytes that had been injected with spermatozoa heat-dried at 120 °C for 20 min (27.7 %, 

26/94 oocytes), whereas the highest frequency of was obtained in the group of oocytes 

injected with spermatozoa heat-dried at 56 °C for 45 min (61.3 %, 38/62 oocytes). No 

significant differences were found between the experimental groups. 

 

After short-term storage of alternatively preserved spermatozoa and ICSI the lowest incidence 

of sperm head decondensation was noted in the group of household freezer-frozen 

spermatozoa (29.3 %, 17/58 oocytes). In contrast to this, the highest incidence of sperm 

decondensation was noted in successfully activated oocytes injected with spermatozoa heat-

dried at 50 °C for 45 min (64.6 %, 42/65 oocytes; P > 0.05). 

 

After long-term storage of alternatively preserved spermatozoa, the lowest frequency of 

decondensed sperm heads in activated oocytes was observed after injection of spermatozoa 

heat-dried at 56 °C for 45 min (38.7 %, 24/62 oocytes), whereas the highest frequency of 

successfully activated oocytes with decondensed sperm heads was obtained after injection of 

spermatozoa heat-dried at 120 °C for 20 min (72.3 %, 68/94 oocytes; P > 0.05). 
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Table 5: Successfully activated porcine oocytes containing a condensed or a decondensed 

boar sperm head after ICSI with fresh or alternatively preserved spermatozoa. The results are 

presented as percentage (%). Five to seven replicates/group and 16 - 30 oocytes/replicate had 

been used for analysis. 

 

Experimental group 
Storage 

duration 

No. of successfully 

activated oocytes 

No. (%) of 

presence of 

condensed sperm 

head in 

successfully 
activated oocytes 

No. (%) of 

presence of 

decondensed 

sperm head in 

successfully 
activated oocytes 

Ejac.  105 41 (39.1) 64 (60.9) 

FTS 
short-term 58 41 (70.7) 17 (29.3) 

long-term 58 27 (46.6) 31 (53.4) 

HD 50 °C 45 min 
short-term 65 23 (35.4) 42 (64.6) 

long-term 73 38 (52.1) 35 (47.9) 

HD 56 °C 45 min 
short-term 79 48 (60.8) 31 (39.2) 

long-term 62 38 (61.3) 24 (38.7) 

HD 90 °C 45 min 
short-term 73 35 (47.9) 38 (52.1) 

long-term 90 41 (45.6) 49 (54.4) 

HD 120 °C 20 min 
short-term 82 32 (39.0) 50 (61.0) 

long-term 94 26 (27.7) 68 (72.3) 

FF 
short-term 92 39 (42.4) 53 (57.6) 

long-term 100 46 (46.0) 54 (54.0) 

FSW 
short-term 66 31 (47.0) 35 (53.0) 

long-term 77 29 (37.7) 48 (62.3) 

 

Ejac.: ejaculated semen (control); FTS: frozen-thawed semen at -20 °C without cryoprotectant, HD: heat-dried 

spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 min, FF: flame-dried fresh semen, FSW: 

flame-dried swim-up semen, short-term storage: sperm storage duration of 1 - 5 days, long-term storage: sperm 

storage duration of 90 - 100 days. 
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Figure 25: A condensed sperm head within a properly activated in vitro matured porcine 

oocyte (2
nd

 metaphase completed) after ICSI with an alternatively preserved boar 

spermatozoon; polar bodies (a), female pronucleus (b) and sagittal view of the condensed 

sperm head with visible flagellum (c); aceto-orcein staining, phase contrast, 400x. 

 

 

 

 

 

 

 

 

 

 

Figure 26: Successfully activated porcine oocyte containing a decondensed boar sperm head 

after ICSI; female pronucleus (a), decondensed sperm head (b), aceto-orcein staining, phase 

contrast, 400x.  

a

a

b

c

 

a 

b 
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4.5.2.2 Condensed or decondensed sperm heads in unsuccessfully activated oocytes 

 

Despite of a failure of chemical activation of the oocytes after ICSI, first steps of sperm head 

decondensation obviously can occur. A possible dependence of this event from the different 

sperm preservation methods combined with short-term or long-term storage of spermatozoa 

was investigated after ICSI. Results are shown in Table 6. 

 

After short-term storage the lowest frequency of condensed sperm heads was obtained from 

oocytes injected with spermatozoa that had been heat-dried at 120 °C for 20 min  

(5/9 oocytes), whereas the highest frequency was obtained after injection of flame-dried fresh 

spermatozoa (9/9 oocytes). After long-term storage, the lowest incidence of condensed sperm 

heads was found in ICSI-oocytes with heat-dried spermatozoa at 120 °C for 20 min (64.3 %, 

9/14 oocytes), but the highest incidence was obtained in ICSI-oocytes with heat-dried 

spermatozoa at 50 °C for 45 min (95.5 %, 21/22 oocytes). 

 

A sperm head which had started the decondensation process in an unsuccessfully activated 

oocyte is shown in Figure 27. The lowest percentage of sperm heads showing first signs of 

decondensation was obtained in the group of oocytes injected with flame-dried fresh semen 

after short-term storage (0/9 oocytes), whereas the highest percentage was recognized in 

spermatozoa heat-dried at 120 °C for 20 min, again after short-term storage (4/9 oocytes).  

 

After long-term storage, spermatozoa heat-dried at 50 °C for 45 min reached the lowest 

frequency of beginning sperm head decondensation in unsuccessfully activated oocytes  

(4.5 %, 1/22 oocytes), whereas the highest incidence was obtained in oocytes injected with 

spermatozoa heat-dried at 120 °C for 20 min (35.7 %, 5/14 oocytes). 
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Table 6: Unsuccessfully activated porcine oocytes containing a condensed boar sperm head or 

a sperm head with first signs of decondensation after ICSI with fresh or alternatively 

preserved spermatozoa. The results are presented as percentage (%). Five to  

7 replicates/group and 16 - 30 oocytes/replicate had been used for analysis. 

 

Experimental group 
Storage 

duration 

No. of 

unsuccessfully 

activated oocytes 

No. (%) of 

presence of 

condensed sperm 

head in 

unsuccessfully 

activated oocytes                       

No. (%) of 

presence of 

decondensed 

sperm head in 

unsuccessfully 

activated oocytes 

Ejac.  8 6 (75.00) 2 (25.0) 

FTS 
short-term 28 27 (96.4) 1 (3.6) 

long-term 19 15 (78.9) 4 (21.1) 

HD 50 °C 45 min 
short-term 21 18 (85.7) 3 (14.3) 

long-term 22 21 (95.5) 1 (4.5) 

HD 56 °C 45 min 
short-term 10 7 (70.0) 3 (30.0) 

long-term 13 12 (92.3) 1 (7.7) 

HD 90 °C 45 min 
short-term 17 14 (82.4) 3 (17.6) 

long-term 20 15 (75.0) 5 (25.0) 

HD 120 °C 20 min 
short-term 9 5 (55.6) 4 (44.4) 

long-term 14 9 (64.3) 5 (35.7) 

FF 
short-term 9 9 (100.0) 0 (0) 

long-term 12 11 (91.7) 1 (8.3) 

FSW 
short-term 14 13 (92.9) 1 (7.1) 

long-term 12 10 (83.3) 2 (16.7) 

 

Ejac.: ejaculated semen (control); FTS: frozen-thawed semen at -20 °C without cryoprotectant, HD: heat-dried 

spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 min, FF: flame-dried fresh semen, FSW: 

flame-dried swim-up semen, short-term: sperm storage duration of 1 - 5 days, long-term: sperm storage duration 

of 90 - 100 days. 
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Figure 27: A boar spermatozoon with first signs of sperm head decondensation but with a 

constriction at the proximal head region in an in vitro matured MII porcine oocyte after ICSI 

with an alternatively preserved spermatozoon; first polar body (a), chromatin of metaphase II 

(b) sperm head (c); aceto-orcein staining, phase contrast, 400x. 

 

4.5.3 Formation of a male pronucleus 

 

After ICSI with alternatively preserved spermatozoa or fresh semen the sperm heads’ ability 

to be transformed into a male pronucleus was analyzed. The formation of a male pronucleus is 

the prerequisite for its successful fusion with a female pronucleus and thus for an effective 

further embryonic development.  

 

The following morphological criteria of a successful fertilization had been chosen (see 3.3): 

extrusion of the second polar body, formation of a male and a female pronucleus, presence of 

a sperm tail and disappearance of the sperm head (Fig. 28). The results are presented in Table 

7. 

 

ICSI with alternatively preserved spermatozoa allowed normal fertilization in 5.7 % to 17.2 % 

of the in vitro matured oocytes (minimum: 7/124 oocytes, maximum: 21/122 oocytes). Only 

after microinjection of spermatozoa which had been heat-dried at the highest temperature 

a

b
c
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(120 °C for 20 min) a complete failure of normal fertilization was observed. In the control 

group a fertilization rate of 18.6 % was achieved.  

 

The results elucidated that semen which had been frozen without cryoprotectant in a 

household-freezer or had been heat-dried (one exception: see above) or flame-dried, had the 

capacity to fertilize an in vitro matured oocyte after microinjection. After short-term storage, 

spermatozoa heat-dried at 56 °C for 45 min reached the best fertilization rate (17.2 %, 21/122 

oocytes), whereas ICSI-oocytes using household-freezer frozen-thawed spermatozoa gained 

the lowest fertilization rate 9.4 % (13/138 oocytes). After long-term storage, spermatozoa 

heat-dried at 90 °C for 45 min allowed the best fertilization rate (15.5 %, 22/142 oocytes) and 

spermatozoa heat-dried at 50 °C for 45 min reached the lowest fertilization rate (5.7 %, 7/124 

oocytes).  

 

Superficially, sham injected or parthenogenetically activated control oocytes (see 3.3) with 

two pronuclei and two polar bodies had the morphological appearance of normally fertilized 

oocytes. This observation indicates that the assessment of the presence of a sperm tail close to 

one of the two pronuclei in activated oocytes, with a coincident disappearance of the injected 

sperm head is essential to prove normal fertilization after ICSI microscopically. 
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Table 7: Successfully fertilized porcine oocytes containing a female and male pronucleus plus 

sperm tail after ICSI with fresh or alternatively preserved boar spermatozoa and successful 

activation of the oocyte. The results are presented as percentage (%). Five to  

7 replicates/group and 16 - 30 oocytes/replicate had been used for analysis. 

 

Experimental group Storage duration 
No. of examined 

oocytes 

No. (%) of fertilized 

oocytes 

Ejac.  140 26 (18.6) 

FTS 
short-term 138 13 (9.4) 

long-term 115 8 (7.0) 

HD 50 °C 45 min 
short-term 140 20 (14.3) 

long-term 124 7 (5.7) 

HD 56 °C 45 min 
short-term 122 21 (17.2) 

long-term 103 9 (8.7) 

HD 90 °C 45 min 
short-term 135 15 (11.1) 

long-term 142 22 (15.5) 

HD 120 °C 20 min 
short-term 102 0 (0) 

long-term 122 0 (0) 

FF 
short-term 128 14 (10.9) 

long-term 126 10 (7.9) 

FSW 
short-term 115 12 (10.4) 

long-term 130 15 (11.5) 

 

Ejac.: ejaculated semen (control); FTS: frozen-thawed semen at -20 °C without cryoprotectant, HD: heat-dried 

spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 min, FF: flame-dried fresh semen, FSW: 

flame-dried swim-up semen, short-term: sperm storage duration of 1 - 5 days, long-term: sperm storage duration 

of 90 - 100 days.  
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Figure 28: Fertilized, in vitro matured porcine oocyte after ICSI with an alternatively 

preserved boar spermatozoon. First and second polar body (a), male and female pronucleus 

(b), typical y-shaped flagellum close to the larger, presumably male pronucleus (c); aceto-

orcein staining, phase contrast, 400x, bar = 20 µm.  

 

4.5.4 Comparison of results obtained by two different experimenters  

 

Since ICSI-results might be influenced by the fine motor skills of persons performing the 

micromanipulation, results obtained by UR (experimenter 1) were compared to those obtained 

by an experienced biologist of a successfully working human IVF-team (experimenter 2 using 

his own experimental micromanipulation unit: only ICSI with fresh boar spermatozoa into in 

vitro matured porcine oocytes). After micromanipulation results were catagorized as 

described in 3.3. Only micromanipulation was performed by experimenter 2. All the other 

procedures were done by UR (in vitro maturation, fixation, staining and microscopic 

evaluation of oocytes).  

Experimenter 2 reached the below mentioned results.  

1) Successfully activated oocytes: 58.8 % (10/17 oocytes) 

a. Condensed sperm head in successfully activated oocytes: 70.0 % (7/10 

oocytes) 

b. Decondensed sperm head in successfully activated oocytes: 30.0 % (3/10 

oocytes) 

a

b b

c
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2) Unsuccessfully activated oocytes: 11.8 % (2/17 oocytes) 

a. Condensed sperm head in unsuccessfully activated oocytes: 2/2 oocytes 

b. Decondensed sperm head in unsuccessfully activated oocytes: 0 oocytes 

3) Fertilization: 17.7 % (3/17) 

4) Fragmented oocytes: 11.8 % (2/17) 

 

Results from ICSI-oocytes using ejaculated boar semen demonstrate that experimenter 1 and 

and 2 reached similar fertilization rates (18.6 % and 17.7 %, respectively). Non significant 

differences were seen with regard to the percentage of successfully activated oocytes (UR: 

75.0 % vs. experimenter 2: 58.8 %) and of successfully activated oocytes showing some 

initiation of sperm head decondensation sperm (UR: 60.9 % vs. experimenter 2: 30.0 %).  
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5 Discussion  

 

It is well established that semen preservation is one of the most considerable components in 

genetic resource banking for animals. Semen can be stored for extended time periods by 

appropriate methods such as cooling (DORADO et al. 2014), freezing (HERMES et al. 2013) 

or freeze-drying (MEN et al. 2013). However, those semen preservation methods require 

specific laboratory equipment, cryoprotectants (CPAs) and liquid nitrogen, and most often 

sophisticated protocols are included or may allow only rather limited storage durations. But in 

the situation of sudden death of valuable or threatened animals in the wilderness or 

somewhere far away from any habitation by unexpected reasons, sperm preservation methods 

free from any sophisticated procedures and equipment might be more practical for animal 

conservation.  

 

Therefore, the main purpose of the present study was to test/develop simple alternative sperm 

preservation methods which might become suitable for use in the field in emergency 

situations, and to investigate the fertilization competence of semen preserved with such 

simple alternatively techniques after short or long storage periods.  

 

Heat- or flame-drying of semen or freezing of sperm samples without cryoprotectant in a 

simple household freezer were chosen as alternative preservation procedures. Heat-drying was 

performed in a laboratory oven. In the field such an incubator might be replaced by a baking 

oven which might be available after transportation of the specimen to a nearby human 

settlement. Flame-drying was performed with a Campingaz
®

 burner. Similar gas burners 

should be normally available during expeditions. Freezing without cryoprotectants in a simple 

household freezer might be also possible after transportation of the specimen to a nearby 

human settlement. 

 

Since such alternatively preserved spermatozoa are not able to fertilize naturally, 

intracytoplasmic sperm injection (ICSI) was considered to be a prerequisite. ICSI itself was 

combined with in vitro maturation of oocytes and their chemical activation after the sperm 

injection process, and with in vitro cultivation to the pronucleus stage in order to verify 
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fertilization. The pronucleus stage (female and male pronucleus with flagellum in close 

vicinity) with polar body extrusion was chosen as proof for successful fertilization, because 

other stages, such as zygotic or preimplantation stages up to blastocysts can be reached by 

parthenogenetically activated oocytes in vitro, too. In these cases, a proper differentiation 

between fertilization and parthenogenesis is not possible.  

 

The pig was used as an experimental model for two reasons: spermatozoa of this species are 

easily available from trained boars, and oocytes can be collected at local abattoirs. This is in 

agreement with the demands of animal welfare, since no animals are wasted for experiments. 

 

Spermatozoa might be damaged by traditional as well as alternative preservation techniques. 

Therefore, a further prerequisite of the study was the knowledge, that not only successful 

intracytoplasmic sperm injection (ICSI) with normal sperm has been reported worldwide, but 

that fertilization, embryo development, embryo implantation and production of live offspring 

has been even documented after ICSI with imperfect spermatozoa.  

 

Spermatozoa with DNA damage may undergo nuclear decondensation, subsequent pronuclear 

formation and allow syngamy, embryo development and finally live births after ICSI 

(TWIGG et al. 1998; LACHAM-KAPLAN et al. 2003; DAR et al. 2013).  

 

Additionally, successful ICSI is possible with immotile, dead spermatozoa, e.g. after sperm 

drying processes. To date, several methods for the production of dried sperm have been 

studied by other authors, e.g. convective-drying (LI et al. 2012; LIU et al. 2012), air-drying 

(IMOEDEMHE 2005; YAP and MATSON 2012), freeze-drying (MEN et al. 2013) and heat-

drying (LEE and NIWA 2006; LEE et al. 2013).   

 

Furthermore, it has been demonstrated, that cryoprotectant-free cryopreservation of 

spermatozoa is possible by vitrification and freezing in vapor and that motility of such cells 

might be even now maintained (ISACHENKO et al. 2004). 

 



Discussion 

 

102 
 

Results of the main part of the present study demonstrate that boar spermatozoa preserved 

with alternative techniques such as heat- or flame-drying or freezing without cryoprotectant in 

a simple household freezer, although they are dead after rehydration or thawing, can fertilize 

in vitro matured porcine oocytes after ICSI, although at a low percentage (fertilization rate of 

6 % to 17 %), both after short-term or long-term storage.  

 

Under some points of view these results were not unexpected, since it had been shown before 

that immotile or dead spermatozoa can fertilize oocytes and even generate live offspring in 

some species, e.g. in the hamster (MUNETO and HORIUCHI 2011), mouse (KANEKO and 

SERIKAWA 2012a), rat (KANEKO and SERIKAWA 2012b; LEE et al. 2013), rabbit (LIU 

et al. 2004) and horse (CHOI et al. 2011).  

 

Nevertheless, results are remarkable, since heat above 42.5 °C is known to induce cell 

necrosis (CHAROONPATRAPONG-PANYAYONG et al. 2013). Apparently, mammalian 

sperm are not only quite resistant to mechanical stress (SUN et al. 1997), but also to 

temperature stress and drying, at least with regard to the sperm DNA and results after ICSI. 

Sperm DNA is packed more densely than DNA of other cells because of the histone 

replacement by protamines (reviewed by STEGER 1999). Here, the disulfide status seems to 

be of importance. When –SS– cross-linking occurs (such as in cauda epididymal sperm, but 

not in testicular sperm), spermatozoa can remain fertile after freeze-drying (KANEKO et al. 

2003b). This cross-linking status might protect during heat- or flame-drying, too. 

 

The highest fertilization rate in the own study was obtained with spermatozoa heat-dried at  

56 °C for 45 min and short-term storage, which was only marginally lower than in the control 

group (17 % vs.19 %, respectively).  

 

However, results obtained during the heat-drying experiments with boar spermatozoa were 

less successful than those reported in other heat-drying experiments with gametes of other 

species, signifying major species differences.  
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On the basis of the presence of pronuclei it was stated, that about 18 % to 45 % of oocytes 

injected with heat-dried bull sperm heads were fertilized and that 15 % of such oocytes 

reached the blastocyst stage (LEE and NIWA 2006).  

 

But although species differences might be of influence, it should be recognized that these and 

other authors report on fertilization after sperm head injection and on development to 

preimplantation stages. However, sperm head injection without flagellum gives no possibility 

to identify a male pronucleus, and preimplantation development is also possible after artificial 

oocyte activation without fertilization. Therefore it cannot be excluded that at least some of 

the reported cleavage stages obtained after ICSI, artificial activation and in vitro culture 

include a number of parthenogenones.  

 

In rats about 60 % of oocytes injected with heat-dried spermatozoa seemed to be fertilized 

(oocytes with either two pronuclei and 2
nd

 PN or three pronuclei without a 2
nd

 PN) were 

considered to have a MPN, and 29 % of these fertilized oocytes showed development to 

blastocysts. In this species even the further production of some live offspring was reported 

(LEE et al. 2013). 

 

There was only one exception in the present study. Boar spermatozoa that had been heat-dried 

at 120 °C for 20 min were not able to successfully fertilize after ICSI. This observation is 

partially consistent with the previous study of LEE and NIWA (2006) on bull spermatozoa 

which had been heat-dried at the same temperature as in the own work. But although there 

was no report on pronuclear oocytes after ICSI with sperm heat-dried at 120 °C, the authors 

nevertheless indicated that about 10 % of these injected-oocytes could develop to cleavage 

stages.  

 

In this context, it should be mentioned that fertilization failure was also recognized by JIANG 

et al. (2005), who stated that mouse spermatozoa preserved via heating in a water bath   

(100 °C) might not be able to fertilize because of sperm nuclear DNA and protein 

degradation. But since those sperm were not able to activate oocytes by themselves and no 

artificial activation was induced, this publication is only partially comparable to the own 
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study with artificial oocyte activation. The dramatic protein degradation after high 

temperature preservation seems to be in contrast to the own study in which heating of 

spermatozoa at 120 °C resulted in a DFI of only 1.2 % - 2.3 %. The reason might be related to 

the heating duration. In the own study duration of heating was precisely performed for  

20 min, whereas the mentioned authors more than 30 min.  

But it cannot be ruled out that heat-drying of spermatozoa at 120 °C for 20 min might also 

result in DNA altered to such an extent which cannot be detected by the Halomax
®

 Sui test 

kit. 

 

Flame-drying of spermatozoa resulted in 7.9 % - 11.5 % fertilization rate, indicating that a 

very short exposure to extremely high temperatures can be tolerated to a certain extent. 

Directly corresponding publications are, to the best knowledge of the author (UR), not 

available in the international literature.  

 

The comparison of own results after heat- or flame-drying with other drying techniques 

reveals, that with freeze-dried boar spermatozoa higher fertilization rates were achieved (46 % 

to 61 %; MEN et al. 2013) than in the own experiments. Furthermore, after in vitro culture of 

pig oocytes injected with freeze-dried spermatozoa development to the blastocyst stage was 

possible (KWON et al. 2004; NAKAI et al. 2007; MEN et al. 2013), and NAKAI et al. (2007) 

even generated two fetuses after transferring the embryos into final recipients. Thus, this 

technique seem to be more successful than those applied in the own study, but technically 

more demanding and therefore not very suitable for extreme emergency situations.  

Freeze-dried spermatozoa were reported to retain their fertilization competency in other farm 

animal species (sheep: 40 % - SAILI et al. 2012; cattle: 45 % - MARTINS et al. 2007), too. 

 

In laboratory species even better results seem to be possible after preservation in a dry state. 

Recently, LIU et al. (2014) reported that ICSI with evaporatively dried mice sperm which had 

been stored at 4 °C or ambient temperature (~22 °C) up to 18 months resulted in very high 

fertilization rates similar to ICSI with fresh mouse sperm heads (88.5 %, 87.6 % and 90.7 %, 

respectively). Moreover, these authors even successfully produced live offspring from dried 

sperm stored at ambient temperature for up to 24 months, although at a low percentage. This 



Discussion 

 

105 
 

remarkable success provides indications that besides of technical aspects dramatic species 

differences might be possible after alternative semen preservation. 

 

In contrast to the above mentioned more sophisticated methods, sperm dehydration by air-

drying suggested by IMOEDEMHE (2005) appears as another very simple method that might 

be suitable for extreme emergency situations, too. This technique has been tested in the horse, 

and ALONSO et al. (2014) reported cleavage up to the 8 - 16 cells stage (5.5 % - 16.7 %) 

after storage at 5 °C for 2 days till 4 weeks and ICSI. No sham-injected oocytes were able to 

reach this developmental stage. 

 

Similarly, cleavage has been recognized by KLOOSTER et al. (2011) after ICSI with vacuum 

dried rhesus macaque semen stored either at room temperature or at -80 °C for one week to  

10 days. The percentage was comparable to the rate obtained after injection of fresh 

spermatozoa. But the percentage of early cleavage was significantly lower in oocytes 

receiving dried sperm and stored at -80 °C and no blastocysts were obtained. 

 

As mentioned above, fertilization was possible after intracytoplasmic injection of 

spermatozoa frozen and stored in a conventional freezer at -20 °C without cryoprotectants in 

the own study, although in a low percentage. 

Directly corresponding publications are, to the best knowledge of the author (UR), not 

available in the international literature. 

 

But it was reported that normal mouse offspring (mouse strain: C3H/He and BALB/c-nude) 

was born after ICSI with testicular spermatozoa collected from whole mouse bodies frozen at 

-20 °C without cryoprotectant and stored in a refrigerator for 15 years (OGONUKI et al. 

2006). This indicates the tremendous resistance of spermatozoa to adverse conditions, 

although the surrounding tissues and/or ingredients of body fluids might have served as 

protectives. 

 

Similarly, in the case of rat semen frozen (-196 °C) or freeze-dried, both without CPA, it was 

shown that spermatozoa stored without protectives can indeed maintain their ability for 
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successful fertilization, and embryos derived from these sperm could develop to full term 

(KANEKO et al. 2007). Similar results had been obtained in mice (WAKAYAMA et al. 

1998; WARD et al. 2003). 

 

Although, it had been documented that the formation of male pronuclei was significantly 

more successful after ICSI of isolated sperm heads than of whole spermatozoa (KIM et al. 

1998; KWON et al. 2004), the injection of whole spermatozoa was the method of choice in 

the present study. This technique was chosen to be able to meet the stringent criteria for the 

accurate assessment of successful fertilization and to distinguish the obtained developmental 

stage from parthenogenones. Fertilized oocytes contain two pronuclei and show the 

disappearance of the injected sperm head contemporaneously with the presence of a flagellum 

in typical Y-form close to one of the pronuclei as well as the appearance of a 2
nd

 polar body. 

Since the “disappearance” of the sperm head might indicate an unsuccessful sperm injection 

as well as fertilization, the presence of a sperm tail close to one of the pronuclei is indicative 

for a proper sperm injection, sperm head transformation and fertilization. 

 

Alternative semen preservation methods such as heat-drying, flame-drying and freezing 

without CPA affect sperm viability. As expected, all preserved spermatozoa in the present 

study proved to be dead, as shown after eosin staining.  

 

This finding is consistent with the suggestion of MAYA-SORIANO et al. (2013) who 

indicated that the decreasing percentage of live sperm is due to the negative effects of high 

temperatures. On the other hand, in spermatozoa frozen-thawed without CPA, the formation 

of intracellular and extracellular ice crystals and osmotic damage are the main causes of 

sperm death (ISACHENKO et al. 2004). 

 

During normal fertilization or in vitro fertilization (IVF), sperm emit contents of their 

acrosomes prior to the penetration of the zona pellucida (exocytosis of the acrosomal 

contents). After zona passage, fusion of the acrosome-reacted spermatozoon and the oolemma 

of the oocyte takes place (IKAWA et al. 2010). In contrast, during ICSI, a single 

spermatozoon presumably in most cases with a complete acrosome is directed into an oocyte. 
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Under these circumstances acrosome reaction as well as membrane fusion are bypassed 

(YANAGIMACHI 2005), and the formation of male pronuclei was reported to be impeded in 

the case of ICSI when compared with IVF, at least in pigs (KATAYAMA et al. 2002).  

 

The presence of a sperm acrosome during ICSI may hamper or delay the sperm head 

decondensation process or harm the oocyte. This has been demonstrated in sperm-injected 

oocytes of some species, e.g. mouse (MOROZUMI and YANAGIMACHI 2005; 

MOROZUMI et al. 2006; YAN et al. 2008), rat (SEITA et al. 2009) and pig (KATAYAMA 

et al. 2002; LEE and YANG 2004). MOROZUMI and YANAGIMACHI (2005) even 

recognized that the injection of a single acrosome-intact hamster, bovine, and porcine 

spermatozoon deformed and lysed many or all mouse oocytes. Therefore, these authors 

recommended the removal of boar and other species sperm acrosomes prior to ICSI in order 

to improve the ICSI outcome.  

 

A removal of the acrosomes had not been accomplished in the present study, neither before 

nor after the preservation process. Spermatozoa that were used for injection were chosen 

randomly under the microscope, and the presence or absence of the acrosome had not been 

verified before ICSI itself.  

 

But lysis of oocytes has not been observed in the experimental groups. This should be due to 

the fact, that during the drying process or during freezing without CPA acrosomes are 

severely damaged or get lost. In remaining damaged acrosomes, contents are altered or vanish 

and therefore presumably do not exert such a negative effects.  

 

Nonetheless, at least acrosomal membranes remain on the sperm head during processing. The 

presence of these artificially modified acrosomes might be one of the reasons for problems 

related to sperm head decondensation, especially since the heating process might have altered 

the strength and structure of the cell/acrosomal membranes.  
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In the present study a high amount of condensed (680/1,289 oocytes) and incompletely 

decondensed sperm heads (609/1,289 oocytes) were recognized in unsuccessfully fertilized 

oocytes after ICSI with alternatively preserved semen.  

 

Since in the present study the oocytes had not been specifically stained and analyzed to 

document the presence or absence of acrosomes after ICSI and during the sperm head 

decondensation process, a definite statement on the influence of acrosomes after alternative 

sperm preservation is not possible.  

 

Some evidence on the significance of acrosomes comes from the studies of HUNTER (1976), 

KATAYAMA et al. (2002) and BINH et al. (2009). Already HUNTER (1976), who 

established the fundamentals for the assessment of sperm head decondensation in pigs, 

recognized that membrane remnants might hamper this decondensation process. In the two 

latter studies the consequences of the presence of boar sperm acrosomes in the ooplasm of 

porcine oocytes after ICSI with fresh spermatozoa was investigated. The authors noticed 

delayed sperm head decondensation when acrosomes were present (KATAYAMA et al. 

2002), and enhanced successful oocyte activation, fertilization, and early development when 

plasma membrane and acrosome were damaged (BINH et al. 2009). Therefore, it might be 

advisable for further studies to include an acrosome removal step before alternative sperm 

preservation. 

 

However, the acrosomal status was determined before and after alternative sperm 

preservation. The data indicate that in about one half to three quarters of the spermatozoa 

altered acrosomes (completely green after staining) were present after alternative preservation 

and short- or long-term storage. Significant differences were seen between the different 

preservation groups as well as in relation to short- or long-term storage. Long-term storage 

promoted the loss of acrosomes. In spermatozoa heat-dried at 90 °C for 45 min and long-term 

storage the lowest percentage of acrosomes was seen, whereas the highest percentage was 

observed in spermatozoa heat-dried at 50 °C for 45 min and short-term storage. Interestingly, 

the presence of acrosomes was enhanced by the swim-up procedure before flame-drying of 
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spermatozoa, and might therefore be related to the originally better quality of swim-up 

spermatozoa.  

 

However, the presence of acrosomes in dried spermatozoa might not only depend on the 

preservation method but on the rehydration process as well (KLOOSTER et al. 2011). This 

might have occurred in the own study, too, because during rehydration, dried spermatozoa 

were stirred with the tip of Eppendorf pipette on the glass slide in order to detach and 

resuspend the spermatozoa. 

 

Similar to the own observations, it was reported by others that after heat-drying (rat: LEE et 

al. 2013) or freeze-drying of spermatozoa (e.g. rabbit: LIU et al. 2004; rat: HIRABAYASHI 

et al. 2005; hamster: MUNETO and HORIUCHI 2011) acrosomes were damaged or detached 

of spermatozoa in a high percentage of the cases. 

 

In the present study spermatozoa with completely green stained acrosomes were also found in 

about two third to three forth of frozen-thawed spermatozoa. This is presumably due to the 

fact that the sperm suspension medium was free from the cryoprotectants. It is well known 

that the freezing process with ice formation causes harsh damage to plasma membranes and 

acrosomes (De LOS REYES et al. 2002).  

Long-term storage enhanced the percentage of spermatozoa without acrosomes. 

 

Although spermatozoa are quite resistant to physical treatment and thermostability exists 

presumably due to the highly condensed of sperm chromatin (CHAO et al. 2012), negative 

influences of alternative sperm preservation techniques are highly probable. Therefore, the 

determination of the sperm DNA fragmentation index (DFI; % DFI), which is one of the 

parameters to indicate the quality of spermatozoa, was performed.  

 

The Halomax
®

 test kit was chosen for the determination of % DFI, since the procedure is 

simple and cost effective and is suitable low numbers of spermatozoa (EVENSON and 

WIXON 2005). The latter characteristic had been especially valuable for the present study, 

since sperm numbers in the different specimen were low. Furthermore, it has been shown that 
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results obtained with Halomax
®

 in various species are consistent with another test as SCSA 

(EVENSON and WIXON 2005), neutral Comet assay (FRASER et al. 2010) and TUNEL 

assay (ZHANG et al. 2010).  

 

Results of the present study demonstrate that the DFI of alternatively preserved boar 

spermatozoa reached 1.2 % to 95.4 %, and that increased storage durations enhance DNA 

fragmentation. These findings indicate that the methods of alternative semen preservation 

may increase DNA damage because of physical injuries during processing. The highest  

% DFI was seen in the frozen-thawed spermatozoa without CPA which indicates that ice 

crystal formation seems to have severely damaged the sperm DNA. But even with these 

severely damaged sperm samples fertilization after ICSI was possible.  

 

Interestingly, although no fertilization has been achieved in this experimental group, semen 

heat-dried at 120 °C for 20 min displayed the lowest % DFI which was not different from 

fresh semen (P>0.05; 1.2 % vs. 1.5 %, respectively). It cannot be excluded that these data 

were achieved, because it was not possible anymore to substantiate DNA fragmentation, 

which is the separation or breaking of DNA strands into pieces. A treatment at this high 

temperature for a period of 20 minutes might have resulted in a complete DNA clumping, 

whereas heating at lower temperature ranges for longer time periods or the short period of 

flame-drying were able to increase the DFI but did not induce DNA clumping. Such a process 

of complete DNA clumping might twist the facts and simulate unfragmented DNA. But it 

should be remembered that, as mentioned before, early embryonic development has been 

reported after heat treatment of bull spermatozoa at 120 °C for 20 min and ICSI (LEE and 

NIWA 2006).  

 

As indicated before, the effects of fragmented DNA on the fertilization ability after ICSI was 

investigated in the present study, too. It was found that sperm DNA fragmentation had no 

major influence on the fertilization rate. This finding is consistent with reports in humans 

(BAKOS et al. 2007; DAR et al. 2013; ANIFANDIS et al. 2014).  
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But fragmented DNA may cause poor embryo development and low pregnancy rates 

(BAKOS et al. 2007; BENCHAIB et al. 2007), although fertilization ability might not be 

diminished (ICSI: SAKKAS et al. 1998; DAR et al. 2013; ANIFANDIS et al. 2014, IVF: 

FATEHI et al. 2006; ANIFANDIS et al. 2014). These parameters remain to be tested with the 

preservation techniques reported in the present study. 

 

Regarding other alternative preservation techniques, it has been reported that freeze-dried 

boar sperm, also containing damaged DNA, maintain their fertilization ability but may 

decrease the developmental ability of the zygotes after fertilization (NAKAI et al. 2007). 

Comparing the % DFI of freeze-dried hamster semen specimen, it was found that the presence 

of a chelating agent (EGTA) in the medium improved sperm DNA stability (with EGTA: 4 % 

DFI; without EGTA: 41 % DFI). However, in both cases similar fertilization rates were 

reached. But further development of embryos was significantly lower in the group of freeze-

dried spermatozoa without EGTA supplementation (P<0.05; MUNETO and HORIUCHI 

2011).  

 

ICSI with air-dried horse spermatozoa was also reported to support embryo cleavage, 

although these preserved spermatozoa showed a DFI of 32.2 % - 40 % (ALONSO et al. 

2014). Similarly, after vacuum drying, it was found that rhesus macaque sperm contained a 

high percentage of fragmented DNA (93.2 to 95.5 % DFI), but as mentioned previously, such 

spermatozoa were be able to fertilize the oocytes after ICSI in similar percentage as fresh 

semen with 6.4 % DFI (KLOOSTER et al. 2011). 

 

Lifting the temperature range in the sperm environment above physiological conditions (e.g. 

sperm incubation at 40 °C for 4 h; MANN et al. 2002) is known to induce structural changes 

of spermatozoa which results in sperm DNA fragmentation (MANN et al. 2002; EVENSON 

and WIXON 2006). Especially, boar spermatozoa have been reported to be sensitive to 

peroxidative damage from heat shock (MAYA-SORIANO et al. 2013) or cold shock 

(WATSON 2000), which is due to the high content of polyunsaturated fatty acids and the low 

cholesterol levels on the sperm membranes (WATERHOUSE et al. 2006).  
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But in the own study much higher temperatures were used, than those reported to exert heat 

shock and peroxidative damage. Own findings indicate that heat-drying at a higher 

temperature has a distinctly more negative effect on sperm DNA than drying at lower 

temperatures (75 % vs. 59.6 %, 58.17 % DFI, heating at 90 °C vs. 50 °C and 56 °C, 

respectively) when heating durations were similar (45 min).  

 

In contrast, flame-drying which took place at higher temperatures (about 1,000 °C, according 

to WANG et al. 2014) than heat-drying, but during a very short time period (< 2 s), resulted in 

a significantly lower percentage of fragmented sperm DNA (P<0.05; 30 % to 38 % DFI) than 

in heat-dried spermatozoa. From this point, it seems possible that the duration of heat 

exposure might be one of the important factors for DNA damaging. This suggestion is 

supported by the study of LEE et al. (2013).  

 

Heat-drying of rat spermatozoa at 50 °C for 8 h resulted in 70 % DFI (referred to the 

chromosomal damage of sperm-injected oocytes) whereas heat-drying at 50 °C for 45 min 

induced a lower percentage of fragmented DNA (59.6 %). Unfortunately, neither LEE and 

NIWA (2006) nor LEE et al. (2013) studied the DNA fragmentation after heat-drying of 

spermatozoa in bull or rat spermatozoa.  

 

In semen frozen-thawed without CPA in a household refrigerator the highest % DFI (95.4 %) 

was observed when compared to the other experimental groups. It may have been caused by 

endogenous endonucleases which are released from damaged plasma membrane during 

freezing (KUSAKABE et al. 2001).  

 

The moisture content and moisture content stability of dried spermatozoa was also examined, 

since it is known that high moisture residuals in dried specimen have, due to high molecular 

mobility, negative effects on the storage ability, particularly during long-term storage 

(BUITINK et al. 1998).  

 

In all groups of heat-dried boar spermatozoa moisture was artificially reduced until the 

specimen reached a stable dry weight with a moisture content of 2 % to 4 % depending on 
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temperature and heating duration. The dry weight and moisture content of dried spermatozoa 

was positively correlated with heating temperature. After storage at 4 °C, dry weight and 

presumably the moisture content increased only slightly in all heat-dried samples (short-term 

storage: 4 % to 5 %, long-term storage: 6 % to 7 %), although carefully packed in 

ESCAL/aluminium barrier film bags. The increasing moisture content may have resulted in 

increased acrosome alteration and sperm DNA fragmentation of heat-dried spermatozoa. 

 

Because of impracticability, flame-dried spermatozoa were not investigated with regard to the 

dry weight and moisture content, since only 5 µl of adjusted semen suspension or fresh 

ejaculated semen were used per sample (analytical balance - minute specimen). But it can be 

supposed that, because of identical packaging, a similar increase as in heat-dried spermatozoa 

took place. 

 

Increasing moisture during storage in the present study is contradictory to the findings of 

McGINNIS et al. (2005). These authors observed that all desiccated semen lost moisture 

during storage either at 22 °C or at 4 °C. However, their dried samples were secured with a 

silicone boundary and a glass slide, sealed with a professional vacuum-sealer in plastic bags 

and vacuum-packed into a Mylar foil bag before storage. It cannot be excluded that these 

methodological differences might have influenced the results.  

 

But the increasing weight observed in the own study, first only interpreted as “increased 

moisture content”, might at least partly be due to remnants of the modeling clay that was used 

for the avoidance of a direct contact of the protecting glass slides with the samples (even 

though the clay was scraped off carefully before further processing). On the other hand, the 

further weight increase after long-term storage when compared to short-term storage 

indicates, that a minor increase of moisture content really took place. This might have 

occurred because the technique of manual vacuum-sealing with syringe and needle did not 

guarantee a complete air removal. Additionally, bags might have been not totally gas-tight 

and might therefore have allowed some moisture increase during long-term storage in the 

refrigerator.  

 



Discussion 

 

114 
 

A comparison with other drying methods reveals, that a moisture content of < 6 % in freeze-

dried bull spermatozoa maintains fertilization efficiency with no significant difference to the 

control group of frozen-thawed semen (JEYENDRAN et al. 1981). Similarly, after 

convective-drying, a moisture content of 1 % - 8 % in mouse spermatozoa did not exert a 

negative influence on the development to the blastocyst stage after ICSI (BHOWMICK et al. 

2003). In another study on evaporative-drying of mouse spermatozoa, a residual water content 

of about 8 % was reported (LI et al. 2007). Here, the fertilization rate reached about 90 %, 

whereas blastocyst formation was seen in about 10 % to 80 % of the cases, depending on the 

storage temperatures and durations. These moisture content ranges correspond well to those 

reached in the own study. 

 

But storage duration of preserved boar semen has been a factor resulting in an increase of 

alteration or absence of sperm acrosomes as well as DNA damage. Nevertheless, despite of 

this increase, fertilization of ICSI-oocytes was still possible in the present study. The latter 

finding promotes the chance for successful long-term storage of alternatively preserved 

spermatozoa for at least 90 - 100 days. 

 

This result is consistent with the statement of ALONSO et al. (2014) who mentioned that the 

storage duration (5 °C, up to 4 weeks) negatively affects the quality of preserved horse 

spermatozoa but that the fertilization ability is maintained. In contrast, others reported that 

freezing human spermatozoa without CPA with storage for a minimum 24 h in liquid nitrogen 

did not result in deleterious effects on the genetic integrity (ISACHENKO et al. 2004). 

Negative effects of storage duration on acrosomes were also recognized by others, e.g. after 

storage of mouse spermatozoa at 4 °C for 60 days. Again spermatozoa remained their 

competence and supported full-term development after ICSI (THUAN et al. 2005).  

 

Last but not least, skilled operators are required in order to obtain good results in relation to 

fertilization and embryonic development rates after ICSI. High-level technical skills decrease 

the possibility of oocyte and/or sperm damage as well as oocyte degeneration during/after 

ICSI, and, as a result, better outcomes can be anticipated (WILDING et al. 2010).  
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In the present study, the fertilization rate after ICSI with fresh semen was compared between 

two experimenters: UR (experimenter 1) and a highly qualified specialist from a human 

IVF/ICSI-team (experimenter 2). Nearly identical outcomes were recognized (19 % vs.  

18 %, experimenter 1 vs. experimenter 2) - therefore, technical skills were similar.  

 

However, fertilization rates reached by some other scientists using ICSI in pigs with fresh 

boar spermatozoa were higher than the results obtained in the own study (56.3 %: GARCÍA-

ROSELLÓ et al. 2006a; 52 % - 64 %: GARCÍA-ROSELLÓ et al. 2006b). Differences might 

be due to e.g. media used for in vitro cultivation, sperm preparation or micromanipulation. 

The authors mentioned above used NCSU 23 as culture medium instead of mTCM 199. 

NCSU 23 has been suggested to be most appropriate for pig embryos (MACHÁTY et al. 

1998; LONG et al. 1999). However, own trials with NCSU 23 and NCSU 37 did not enhance 

the success rate in comparison to mTCM 199. 

 

Results obtained after ICSI with artificial activation of oocytes have been compared to results 

obtained after sham injection and artificial activation and after artificial activation only 

(induction of parthenogenesis, control 1 and 2).  

 

Artificial activation of porcine oocytes is essential to enhance the success of fertilization and 

further development of embryos when ICSI is performed (LEE et al. 2003; TIAN et al. 2006; 

YOO et al. 2012) since microinjected pig spermatozoa are not able to naturally activate the 

oocytes. Such a deficiency has not only been observed pigs (CHENG et al. 2007), but in other 

farm animals, too, as sheep (SHIRAZI et al. 2009) and cattle (TASRIPOO et al. 2012). 

Causally an inability to elevate calcium ions concentration levels has been mentioned. 

 

The activation of oocytes can be achieved via a variety of stimuli (TESARIK 1998), and 

activated oocytes are able to further develop. They include mechanical activation, chemical 

activation, e.g. via calcium ionophore, ethanol, cycloheximide, strontium, ionomycin and 6-

dimethylaminopurine, or physical activation such as electrical activation or combined 

methods (TIAN et al. 2006). After activation, pronuclear and cleavage stages or blastocysts 

and even to advanced postimplantation stages can be obtained (e.g. sheep: SHIRAZI et al. 
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2009, pig: TIAN et al. 2006; CHEN et al. 2012, cattle: TASRIPOO et al. 2012). Therefore, 

besides of strict criteria for the assessment of fertilization, parthenogenesis and sham injection 

were included in the present study as experimental controls. 

 

In the present study, the synergistic effect of ethanol and cycloheximide has been used for 

activation. Success rates (presence of at least one pronucleus) reached 42 % - 80.4 % in ICSI-

oocytes reached, but similar results were obtained after sham-injection or parthenogenetic 

activation alone (71.7 % and 63 % respectively).  

 

Thus, activation rates were slightly lower than those obtained by PETR et al. (1996) in pig 

oocytes (85%) after a similar activation mode for the induction of parthenogenesis. A 

comparison to other chemical parthenogenetic activation methods in pig oocytes revealed, 

that after combined treatment with ethanol, CH, cytochalasin B (CB) and 6-

dimethylaminopurine (DMAP) 70.5 % activated oocytes were achieved (YI and PARK 2005). 

With regard to ICSI-experiments in pigs, TIAN et al. (2006) reported a success rate of 100% 

after treatment with an electrical pulse together with chemical activation (DC 

pulse+CB+DMAP or DC pulse+DMAP). These results demonstrate the necessity to apply 

strict criteria for the diagnosis of fertilization, which has been successfully done in the present 

investigation. 

 

The suitability of pigs as model organisms for alternative sperm preservation methods can be 

discussed. Pigs turned out to be increasingly important in biomedical research (reviewed by 

BENDIXEM et al. 2010). But they can also serve as models in the field of endangered animal 

conservation. Although, the best information is obtained when studies are performed in the 

relevant species itself, dependency on models is obvious when dealing with endangered 

species.  

Livestock species such as pigs, which are used for human nutrient, allow the acquisition of 

large numbers of gametes without any further animal wastage. Furthermore, porcine gametes 

and embryos are known to be especially temperature-sensitive. Therefore, the pig might be 

especially suitable as a model for similarly sensitive species. 
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6 Conclusion 

 

It can be concluded that in pigs at least low percentages of flame-dried or heat-dried 

spermatozoa or of spermatozoa frozen at -20 °C without cryoprotectants retain their ability to 

fertilize after short- or long-term storage when ICSI was used to circumvent critical steps of 

fertilization. 

 

Although further improvements of these methods will be necessary and successful embryonic 

and further development has to be demonstrated, simple alternative methods may provide 

chances for sperm preservation of endangered animals directly in the field or in a nearby 

human settlement, thereby complementing traditional or more sophisticated semen 

preservation techniques. 

 

 

 



Summary 

 

118 
 

7 Summary 

 

Umaporn Rungroekrit 

Alternative methods of semen preservation: a pig model for endangered species 

 

Semen preservation based on simple methods which are suitable for emergency situations 

and/or can be applied directly in the field is of considerable interest for animal conservation. 

Therefore, using the pig as an experimental model for endangered species, the main purpose 

of the present study was to test the possibility of alternative semen preservation without 

cryoprotectants (CPA) via heat-drying, flame-drying or freezing at -20 °C, and to investigate 

the fertilization competence of such alternatively preserved spermatozoa after 

intracytoplasmic sperm injection (ICSI) into in vitro matured oocytes.  

 

The study includes the evaluation of the effects of the different preservation methods on 

spermatozoa characteristics (sperm vitality, acrosome status and sperm DNA fragmentation). 

In this context, effects of short-term (1 - 5 days) and long-term (90 - 100 days) storage on 

semen specimen were compared, too. Additionally, an evaluation of the different drying and 

storage durations on the dry weight/moisture content of spermatozoa which had been heat-

dried at different temperatures took place. 

 

Spermatozoa were obtained from mature boars (n = 13) and divided into three experimental 

groups (Group 1: heat-drying, Group 2: flame-drying, Group 3: freezing at -20 °C) for 

alternative semen preservation without cryoprotectants. Fresh spermatozoa were used as 

controls.  

 

In the first part of the study, the heat-drying period necessary to reach stability of the semen 

specimen in relation to their dry weight/moisture content was ascertained (period of drying in 

a hot air oven at 50 °C, 56 °C, 90 °C or 120 °C).  

 

In the main part of the study a heat-drying period of 45 min was chosen for the temperature 

range of 50 °C - 90 °C on the basis of these preliminary tests, whereas a heat-drying period of 



Summary 

 

119 
 

20 min was selected for the temperature of 120 °C. Flame-drying was performed over a 

Campingaz
®

 burner (< 2 s). Freezing without CPA in Safe-Lock tube took place in a 

household freezer at -20 °C.  

 

Heat- and flame-dried specimens were kept in manually evacuated gas tight bags in a 

refrigerator (4 °C) during short- or long-term storage. In contrast, frozen specimen remained 

in Safe-Lock tube in the household freezer for storage. For further processing sperm samples 

were either rehydrated or thawed. 

 

Oocytes, collected from peripuberal gilts at an abattoir, were matured in vitro, and, after 

reaching metaphase II, were divided into three experimental groups: Group 1 (n = 1,882): 

ICSI with fresh or alternatively preserved spermatozoa and artificial activation of oocytes, 

Group 2 (n = 92; control 1): sham injection and artificial activation of oocytes, Group 3  

(n = 108; control 2): parthenogenetic (artificial) activation only. Activation was performed 

with ethanol and cycloheximide in mTCM199 and oocytes were further cultured in vitro for a 

period of 24 h.  

 

Oocytes showing a second polar body and containing a female and a male pronucleus together 

with the intracytoplasmic presence of a sperm tail and the disappearance of the injected sperm 

head were classified as “fertilized”, whereas oocytes containing at least one pronucleus were 

considered as “activated”. When the male pronucleus was missing after ICSI, the 

decondensation status of sperm heads was evaluated. 

 

Because ICSI-results largely depend on the technical skills of the operator, skills UR 

(experimenter 1) was compared those of a highly qualified specialist from a human IVF/ICSI-

team (experimenter 2; only fresh spermatozoa).  

 

Within the main part of the study, fresh as well as heat- or flame-dried semen or semen frozen 

without cryoprotectant was additionally assessed for sperm vitality and the presence of sperm 

acrosomes was examined via FITC-PNA/PI staining. Since the procedures for alternative 

semen preservation damage the acrosomes, they were evaluated as “acrosome present” 
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(complete uniform green FITC-PNA fluorescence of the acrosomal cap) or “acrosome absent” 

(missing acrosome). Finally, the Halomax
®

 Sui test was used for the evaluation of the sperm 

DNA fragmentation index. 

 

The following results were obtained: 

1. After a drying duration of 25 min at 50 °C, 56 °C and 90 °C or of 10 min at 120 °C the 

dry weight of sperm samples reached stability. Therefore, as mentioned above, the 

final drying durations of 45 min (for heating at 50 °C, 56 °C and 90 °C) or 20 min (for 

heating at 120 °C) were chosen for the main experiments. 

2. In the main experiments, the dry weight and % MC of sperm samples measured 

immediately after the drying process lay between 1.0 mg - 2.1 mg and 2.1 % - 4.2 %, 

respectively, depending on the heating temperature.  

After short- and long-term storage of the dried samples at 4 °C in a household 

refrigerator, dry weight and % MC increased in every group [2.1 mg - 2.9 mg vs.  

3.0 mg - 3.8 mg and 4.1 % - 5.7 % vs. 6.0 % - 7.6 %, short-term storage vs. long-term 

storage, respectively (P<0.001)].  

3. As expected, all alternatively preserved spermatozoa proved to be dead, whereas fresh 

semen contained 98 % vital spermatozoa. 

4. After short- and long-term storage of alternatively preserved semen acrosomes were 

present in 63.7 % - 79.7 % and 52.5 % - 70.3 % of the spermatozoa, respectively. 

Thus, a significant amount of acrosomes was lost during long-term storage every 

group (6.4 % - 11.3 %; P<0.05). In contrast, only 10.8 % of the spermatozoa presented 

a completely green acrosome in fresh semen. 

5. The DFI of alternatively preserved semen (except after heat-drying at 120 °C for  

20 min) stored for short-term periods reached 30.2 % - 94.5 %, depending on the 

preservation method. The lowest DFI was measured after flame-drying (30.2 % -  

38.0 %), whereas freezing without CPA resulted in 94.5 % DFI. After long-term 

storage, a further increase of about 5.9 % was seen. The exceptionally low DFI of  

1.2 % and 2.3 % after heat-drying at 120 °C for 20 min and short- or long-term 

storage, respectively, might present an artifact. A DFI of 1.5 % was measured in 

freshly ejaculated spermatozoa. 
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6. After in vitro maturation 94.4 % (2,167/2,299) of the oocytes reached metaphase II. 

7. The fertilization rate after ICSI with alternatively preserved semen and short-term 

storage (except after heat-drying at 120 °C for 20 min) reached between 9.4 % -  

17.2 %, whereas 5.7 % - 15.5 % fertilized oocytes were obtained after long-term 

storage. The lowest fertilization rate was obtained from heat-drying at 50 °C for 45 

min, whereas the highest fertilization rate was obtained from heat-drying at 56 ° for 45 

min. In contrast, after heat-drying at 120 °C for 20 min and short- or long-term storage 

none of the oocytes was fertilized. A fertilization rate of 18.6 % was obtained in the 

control group injected with fresh spermatozoa. 

8. ICSI results of experimenter 1 and 2 were similar (fertilization rate of 18.6 % and  

17.7 %, respectively).  

9. After ICSI with fresh or alternatively preserved spermatozoa, but without successful 

fertilization, 42.0 % - 80.4 % of the oocytes were effectively activated. The activation 

rate in sham-injected or parthenogenetically activated oocytes reached 71.7 % and 

63.0 %, respectively. 

10.  In successfully activated oocytes without successful fertilization first stages of sperm 

head decondensation were attained in 29.3 % - 72.3 % of the specimens. The lowest 

percentage was obtained from frozen semen at -20 °C (short-term storage) and the 

highest percentage was obtained from heat-drying at 120 °C for 20 min (long-term 

storage). 

 

It can be concluded that at least low percentages of flame-dried or heat-dried spermatozoa or 

of spermatozoa frozen at -20 °C without cryoprotectants retain their ability to fertilize after 

short- or long-term storage when ICSI was used to circumvent critical steps of fertilization. 

 

Although further improvements of these methods will be necessary and successful embryonic 

and further development has to be demonstrated, simple alternative methods may provide 

chances for sperm preservation of endangered animals directly in the field or in a nearby 

human settlement, thereby complementing traditional or more sophisticated semen 

preservation techniques. 
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8 Zusammenfassung 

 

Umaporn Rungroekrit 

Experimentelle Untersuchungen zur Etablierung alternativer Methoden der 

Spermienkonservierung beim Eber - ein Modell für gefährdete Tierarten  

 

Für den Artenschutz ist es von erheblichem Interesse eine Spermienkonservierung mit 

einfachsten Mitteln durchführen zu können, die selbst in extremen Notfallsituationen möglich 

ist und dennoch eine erfolgreiche Fertilisation von Eizellen und eine Weiterentwicklung zu 

reproduktionsfähigen Nachkommen erlaubt. 

 

Ziel der vorliegenden Studie war es deshalb, zunächst alternative Methoden zur 

Spermienkonservierung ohne Zugabe von Gefrierschutzmitteln und unter Einsatz einfacher 

Bedingungen zu prüfen bzw. zu entwickeln sowie die Auswirkungen derartiger Methoden auf 

verschiedene Spermienparameter näher zu analysieren. In einem zweiten Schritt sollte die 

Fähigkeit alternativ konservierter Spermien zur erfolgreichen Befruchtung von Eizellen unter 

Einsatz der intrazytoplasmatischen Spermieninjektion (ICSI) untersucht werden. 

Das Schwein wurde als Versuchsmodell für gefährdete Spezies gewählt, da die ständige, 

tierschutzgerechte Verfügbarkeit von Spermien (Zuchteber) und Eizellen (Schlachthof-

material) gewährleistet war. 

 

Spermien befruchtungskompetenter Eber (n = 13) wurden in 3 Gruppen eingeteilt und 

mithilfe einer der folgenden einfachen Methoden und ohne Zusatz von Gefrierschutzmitteln 

konserviert: 

 einfache Trocknung der Spermien auf Objektträgern im Wärmeschrank („Wärme-

trocknung“) 

 schnelle Trocknung der Spermien auf Objektträgern über einer Flamme („Flammen-

trocknung“) 

 Einfrieren der Spermien in Eppendorf Safe-Lock Tubes 500 µL bei -20 ° C.  

Native Ejakulate der Tiere dienten als Kontrollen. 
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Die Lagerung der Proben erfolgte je nach Konservierungsmethode entweder im Kühlschrank 

bei 4 °C oder im Gefrierschrank bei -20 °C. 

Nach kurzer (1 - 5 Tage) bzw. langer (90 - 100 Tage) Aufbewahrungsdauer und Rehydrierung 

bei vorausgehender Exsikkation bzw. Auftauen nach früherem Einfrieren wurden die Vitalität 

der Spermien, das Vorhandensein von Akrosomen und die DNA-Integrität analysiert.  

Zudem wurde die Befruchtungskompetenz der Samenzellen nach kurzer oder langer 

Aufbewahrungsdauer unter Einsatz der intracytoplasmatischen Spermieninjektion an in vitro 

gereiften porcinen Eizellen im Vergleich zu frischen Spermien geprüft. 

 

Im ersten Teil der Studie wurde zunächst die notwendige Exsikkationsdauer bis zum 

Erreichen einer stabilen Trockenmasse der Spermien bei Wärmetrocknung ermittelt. Hierfür 

wurden Trocknungstemperaturen von 50 °C, 56 °C, 90 °C oder 120 °C eingesetzt. 

Basierend auf den erzielten Ergebnissen wurden für den Hauptteil der Studie 

Trocknungszeiten von 45 min für die Temperaturbereiche von 50 - 90° C und eine 

Exsikkationszeit von 20 min bei 120 °C ausgewählt. 

Die schnelle Exsikkation („Flammentrocknung“) erfolgte über der Flamme eines 

handelsüblichen, transportablen kleinen Gasbrenners (< 2 s).  

 

Die durch Trocknung gewonnenen Proben wurden in gasdichte, vakuumierte Beutel verpackt 

und bei 4 °C im Kühlschrank gelagert. Im Gegensatz dazu wurden die gefrorenen Proben im 

Gefrierschrank (-20 °C) aufbewahrt.  

Für weitere Untersuchungen wurden die Spermienproben je nach Konservierungsmethode 

entweder rehydriert oder aufgetaut. 

 

Die Eizellen wurden aus Follikeln peripubertärer Schlachtschweine gewonnen, in vitro gereift 

und nach Erreichen der Metaphase II in drei Versuchsgruppen aufgeteilt.  

Gruppe 1 (n = 1882): beinhaltete Oozyten bei denen ICSI mit frischen oder alternativ 

konservierten Samenzellen durchgeführt wurde und eine anschließende artifizielle 

Aktivierung der Eizellen stattfand. In Gruppe 2 (n = 92; Kontrolle 1) erfolgte eine Simulation 

der intrazytoplasmatischen Spermieninjektion in die Eizelle (“Schein-Injektion” ohne 
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Spermium) mit anschließender artifizieller Aktivierung. Die Oozyten der Gruppe 3 (n = 108; 

Kontrolle 2) wurden dagegen ausschließlich artifiziell, d. h. parthenogenetisch aktiviert.  

Die Aktivierung wurde mit Hilfe von Ethanol und Cycloheximid in mTCM 199 durchgeführt. 

Anschließend wurden die behandelten Eizellen für 24 h weiterkultiviert und danach zunächst 

im vitalen Zustand mikroskopisch kontrolliert. Eine abschließende mikroskopische 

Beurteilung erfolgte nach Fixation und Färbung. 

 

Als “fertilisiert” wurden Eizellen bezeichnet, die folgende Kriterien erfüllten:  

 Nachweisbarkeit des zweiten Polkörperchens  

 Nachweisbarkeit des männlichen und weiblichen Pronucleus (die Identifikation des 

männlichen Pronucleus erfolgte anhand der Anwesenheit des Flagellums in der 

Nachbarschaft des Vorkerns) 

 Fehlen des injizierten Spermienkopfes  

Im Gegensatz dazu wurden Eizellen, die bloß Vorkerne aufwiesen, als“aktiviert” bezeichnet. 

Fehlte der männliche Pronucleus nach erfolgreicher ICSI, wurde der Dekondensationsstatus 

des Kopfes der injizierten Samenzelle ermittelt. 

 

Da ICSI-Ergebnisse stark von den technischen Fähigkeiten der ausführenden Person abhängig 

sind, wurden die Ergebnisse, die durch die Experimentatorin 1 (Autorin der Dissertations-

schrift), die sämtliche Versuche im Rahmen der vorliegenden Studie durchgeführt hatte, 

erzielt wurden, mit Kontrollergebnissen einer hochqualifizierte Person eines IVF-/ICSI-

Teams (Experimentator 2) verglichen.  

 

Weiterhin wurden im Hauptteil der Studie sowohl native als auch alternativ konservierte 

Samenproben im Hinblick auf die Spermienvitalität untersucht. Zusätzlich erfolgte die 

Analyse der Spermien bezüglich der Anwesenheit/des Fehlens des Akrosoms mittels FITC-

PNA/PI-Färbung. 

Da die Akrosomen durch die alternativen Samenkonservierungsvorgänge geschädigt wurden, 

leuchtete im Falle ihrer Anwesenheit die komplette akrosomale Kappe in grüner Fluoreszenz 

(Einstufung als “Akrosom vorhanden”). Bei Ausbleiben einer entsprechenden Fluoreszenz 

und infolgedessen einem roten Aufleuchten des kompletten Spermienkopfes fehlte dagegen 
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das Akrosom bei den durch die alternativen Konservierungsvorgänge nicht mehr vitalen 

Spermien (Einstufung als “Akrosom fehlt”).  

Letztendlich kam der Halomax
®

 Sui Test zum Einsatz, welcher Aufschluss über den DNA-

Fragmentationsindex (% DFI) geben sollte.  

 

Folgende Ergebnisse wurden ermittelt:  

 

1. Nach einer Exsikkationsdauer von 25 min bei 50 °C, 56 °C und 90 °C oder von  

10 min bei 120 °C zeigten die Spermienproben ein stabiles Gewicht.  

Deshalb wurde die bereits oben erwähnte Trocknungszeit von 45 min bei 50 °C, 56 °C 

und 90 °C bzw. 20 min bei 120 °C für die alternative Spermienkonservierung gewählt.  

 

2. In den Hauptversuchen wurde das Trockengewicht und der Feuchtigkeitsgehalt der 

Spermaproben nach Wärmetrocknung sofort nach dem Exsikkationsprozess ermittelt 

und lag, abhängig von der Trocknungstemperatur, zwischen 1.0 mg - 2.1 mg bzw.  

2.1 % - 4.2 %. 

Nach Kurz- und Langzeitlagerung dieser getrockneten Proben bei 4° C im 

Kühlschrank, erhöhten sich sowohl das Trockengewicht als auch der 

Feuchtigkeitsgehalt in jeder Exsikkationsgruppe (Kurzeitlagerung: 2.1 mg - 2.9 mg 

bzw. 4.1 % - 5.7 %; vs. Langzeit-lagerung 3.0 mg - 3.8 mg bzw. 6.0 % - 7.6 %;  

P < 0.001) 

 

3. Wie erwartet waren alle alternativ konservierten Spermien nach Rehydrierung oder 

Auftauen tot. Das native Ejakulat enthielt demgegenüber 98 % vitale Spermatozoen. 

 

4. Nach der Kurzzeit- bzw. Langzeitlagerung der alternativ konservierten Spermien war 

das Akrosom bei 63,7 % - 79,7 % bzw. 52,5 % - 70,3 % der Spermien vorhanden. 

Nach Langzeitlagerung wurde dagegen in jeder Gruppe ein signifikanter Verlust an 

Akrosomen im Vergleich zu den nur für eine kurze Zeitperiode aufbewahrten 

Spermien festgestellt (6,4 % - 11,3 %; P < 0.05). Kontrollspermien im frischen 

Ejakulat wiesen nur zu 10,8 % ein komplett grün fluoreszierendes Akrosom auf. 
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5. Der DFI der kurzfristig gelagerten, alternativ konservierten Spermien (Ausnahme: 

Spermien nach Wärmetrocknung bei 120 °C) erreichte, abhängig von der 

Konservierungsmethode, einen Wert von 30,2 % - 94,5 %. Der niedrigste % DFI 

wurde nach Flammentrocknung der Spermien festgestellt (30,2 % - 38,0 %). Im 

Gegensatz dazu wurde bei Spermien, die ohne Kryoprotektion eingefroren worden 

waren, der höchste DFI von 94,5 % gemessen.  

Nach der Langzeitlagerung wurde ein Anstieg des DFI von 5,9 % diagnostiziert.  

Ein außergewöhnlich niedriger DFI von 1,2 % und 2,3 % wurde nach 

Wärmetrocknung bei 120° C für 20 min und anschließender Kurzzeit- bzw. 

Langzeitlagerung beobachtet, der möglicherweise als Artefakt zu interpretieren ist.  

Im frischen Ejakulat wurde ein DFI von 1,5 % festgestellt. 

 

6. Nach der In-vitro-Maturation erreichten 94,4 % (2167/2299) der Eizellen die 

Metaphase II. 

 

7. Die Fertilisationsrate nach ICSI mit alternativ konservierten, kurzfristig gelagerten 

Spermien (außer Wärmetrocknung bei 120 °C für 20 min) erreichte einen Wert von 

9,4 % - 17,2 %. Nach Langzeitlagerung der Samenzellen lag dieser Wert bei 5,7 % - 

15,5 %. Die niedrigste Fertilisationsrate wurde nach Wärmetrocknung bei 50° C für  

45 min festgestellt, wohingegen der höchste Prozentsatz nach Wärmetrocknung bei 

56° C für 45 min zu ermitteln war. 

Spermien, die bei 120°C für 20 min getrocknet worden waren, stellten eine Ausnahme 

dar, denn nach ICSI wurden die Oozyten weder nach Kurz- noch nach 

Langzeitlagerung erfolgreich befruchtet. Demgegenüber wurde in der Kontrollgruppe 

nach ICSI mit frischen Spermien eine Fertilisationsrate von 18,6 % erzielt. 

 

8. Die durch die Experimentatoren 1 und 2 erzielten ICSI-Ergebnisse mit frischen 

Spermien waren ähnlich (Fertilisationsrate von 18,6 % bzw. 17,7 %). 

 

9. Nach ICSI mit frischen oder alternativ konservierten Spermatozoen, jedoch mit 

erfolgloser Fertilisation, wurden 42,0% - 80,4 % der Eizellen erfolgreich aktiviert. Die 



Zusammenfassung 

 

127 
 

Aktivierungsrate nach ICSI-Simulation („Schein-Injektion“; Kontrolle 1) oder 

Parthenogenese-Induktion (Kontrolle 2) lag bei 71,7 % bzw. 63,0 %. 

 

10. Bei den erfolgreich aktivierten, jedoch nicht fertilisierten Eizellen war eine 

beginnende Spermienkopfdekondensation in 29,3 % - 72,3 % der Fälle nachweisbar. 

Der niedrigste Wert wurde nach Einfrieren der Spermien bei -20 °C (Kurzeitlagerung) 

erreicht und der höchste Wert nach Wärmetrocknung bei 120° C für 20 min gemessen 

(Langzeitlagerung). 

 

Zusammenfassend ist festzustellen, dass eine Befruchtungskompetenz nach ICSI zumindest 

bei einem niedrigen Prozentsatz der alternativ konservierten Spermien sowohl nach Kurzzeit- 

oder Langzeitlagerung erhalten bleibt. Dies betrifft sowohl die Wärme- und die 

Flammentrocknung als auch die Gefrierkonservierung bei -20 °C ohne Kryoprotektion. 

Obwohl weitere Verbesserungen dieser Methoden notwendig sind, um eine erfolgreiche 

Befruchtung und mögliche Weiterentwicklung der Embryonen zu gewährleisten, stellen 

solche einfachen Vorgehensweisen in Zukunft möglicherweise eine Chance dar, Spermien 

bedrohter Tierarten auch unter widrigsten Bedingungen unter Zuhilfenahme einfachster 

technischer Möglichkeiten zu konservieren. Derartige Methoden könnten so zu einer 

sinnvollen Ergänzung anspruchsvoller Konservierungstechniken werden. 
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10  Appendix 

 

10.1  Chemicals and reagents suppliers 

 

All chemicals and reagents were purchased from the cooperative companies in Germany. 

 

Acetic acid     Carl Roth GmbH & Co, Karlsruhe 

BSA      Sigma-Aldrich Chemie GmbH, Taufkirchen 

D-(+)-Glucose 99.5 %   Sigma-Aldrich Chemie GmbH, Taufkirchen 

Ethanol 99.9 %    Carl Roth GmbH & Co, Karlsruhe 

Formaldehyde 37 %    Carl Roth GmbH & Co, Karlsruhe 

Hepes    SERVA Feinbiochemica GmbH & CO.,  

Heidelberg 

Hyaluronidase     Sigma-Aldrich Chemie GmbH, Taufkirchen 

Gentamicin solution (50 mg/ml)  Sigma-Aldrich Chemie GmbH, Taufkirchen 

Glycerol      Sigma-Aldrich Chemie GmbH, Taufkirchen 

Mineral oil     Sigma-Aldrich Chemie GmbH, Taufkirchen 

Sodium chloride    Carl Roth GmbH & Co, Karlsruhe 

Sodium hydrogencarbonate   Sigma-Aldrich Chemie GmbH, Taufkirchen 

Sodium citrate     Sigma-Aldrich Chemie GmbH, Taufkirchen 

Orcein      Sigma-Aldrich Chemie GmbH, Taufkirchen 

Paraplast
® 

     Sigma-Aldrich Chemie GmbH, Taufkirchen 

PNA-FITC     Sigma-Aldrich Chemie GmbH, Taufkirchen 

PI (1 mg/ml in water)    Sigma-Aldrich Chemie GmbH, Taufkirchen 

PVP      GYNEMED Medizinprodukte GmbH & Co. KG,  

      Lensahn 

PPD      Sigma-Aldrich Chemie GmbH, Taufkirchen 

Silicone solution in isopropanol  SERVA Electophoresis GmbH, Heidelberg 

Tris      Sigma-Aldrich Chemie GmbH, Taufkirchen 

Ultrapure water    Millipore GmbH, Schwalbach 

Vaseline
® 

     Sigma-Aldrich Chemie GmbH, Taufkirchen 
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Hormone and additions for oocyte culture 

 

DPBS      Sigma-Aldrich Chemie GmbH, Taufkirchen 

Cycloheximide    Sigma-Aldrich Chemie GmbH, Taufkirchen 

eCG (Pregmagon
® 

200 IE/ml)  WDT, Garbsen 

FCS      Biochrom AG, Berlin  

Insulin      Sigma-Aldrich Chemie GmbH, Taufkirchen 

L-Glutamine     Sigma-Aldrich Chemie GmbH, Taufkirchen 

TCM 199     Sigma-Aldrich Chemie GmbH, Taufkirchen 

 

10.2 Laboratory equipment 

 

Autoclave Tuttmauer 2540EK  Systec, Wettenberg 

Campingaz
®

     Carl Roth GmbH & Co, Karlsruhe 

CellTram
®

 vario    Eppendorf AG, Hamburg 

Cell culture Petri dish, Nunc™  Fisher Scientific GmbH, Schwerte 

(Polystyrene, 35 x 10 mm) 

4-well dish, Nucn™    Fisher Scientific GmbH, Schwerte 

(Polystyrene, 66 x 66 mm) 

Centrifuge Biofuge    Heraeus, Osterode 

Centrifuge tube 10 ml (cornical), Nunc™  Fisher Scientific GmbH, Schwerte 

CO2 tank (for CO2 incubator)   The Linde Group, Unterschleißheim 

CO2 Incubator BBD 6220   Thermo Scientific 

Counting chamber    Thoma Co. Glass wares Hecht, Sontheim  

Cover slips (24 x 60 mm)   Carl Roth GmbH & Co, Karlsruhe 

Cover slips (18 x 18 mm)   Carl Roth GmbH & Co, Karlsruhe 

ESCAL and aluminium barrier film  Long Life for Art, Eichstetten 

bag A 30T (55 x 7 cm) 

Freezer     Liebherr GmbH, Ochsenhausen 

Glass slides (76 x 26 mm)   Carl Roth GmbH & Co, Karlsruhe 
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Halomax
® 

Sui test kit    GYNEMED Medizinprodukte GmbH & Co. KG,  

      Lensahn 

Holding micropipette, Microtech
®

  GYNEMED Medizinprodukte GmbH & Co. KG,  

      Lensahn  

Heating cabinet Memmert U30  Memmert GmbH + CO.KG, Schwabach 

Injection micropipette, Spermatid,  GYNEMED Medizinprodukte GmbH & Co. KG,  

Microtech
®

 Lensahn 

Inverted light microscope Axiovert 135 Carl Zeiss Mikroskopie GmbH, Oberkochen  

Magnetic stirrer Variomag multipoint HP Variomag-USA, Florida, USA 

Micromanipulator    Leitz, Wetzlar 

Micropipette Eppendorf
®

 Reference  Eppendorf AG, Hamburg 

(0.5 - 10, 10 - 100, 100 - 1,000 µl)   

Modelling clay    Stylex Schreibwaren GmbH, Bad Bentheim 

Osmometer OM 801    Vogel GmbH & Co. KG, Giessen 

Pasteur glass pipette    Carl Roth GmbH & Co, Karlsruhe 

Phase contrast microscope BX60  Olympus Deutschland GmbH, Hamburg 

pH-meter 761 Calimatic   Hans Landgraf Laborgeräte, Langenhagen 

Pipette tips 2.5; 10; 100; 1000 μl  Eppendorf AG, Hamburg 

Portable impulse tong sealer,   Rische+Herfurth, Hamburg 

Polystar
®

 100 GE 

Reflected light fluorescence    Olympus Corporation, Japan 

attachment BH2-RFL-T3    

Refrigerator Profi Line Liebherr International Deutschland, Biberach an 

der Riss 

Safe-Lock tube, Polypropylene  Eppendorf AG, Hamburg 

(0.5, 1.5 ml)   

Scale AE120     Robert Bosch GmbH, Stuttgart  

Scale PJ6000     Mettler-Toledo GmbH, Giessen 

Stereo microscope SZH-ILLD   Olympus Deutschland GmbH, Hamburg 

Sterile needle (20G x 11/2", 26G x 1/2")  WDT, Garbsen 

Sterile syringe 20 ml    WDT, Garbsen 
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Surgical disposable scalpel (Bayha 24)  Henry Schein, Hamburg 

Surgical forceps    Henry Schein, Hamburg 

Syringe driven filter unit 0.2 μm   Millipore GmbH, Schwalbach 

TransferMan
®

 NK2    Eppendorf AG, Hamburg 

Transjector 5246    Eppendorf AG, Hamburg 

Vortexer Heidolph REAX 1 D. R. Heidolph Instrument GmbH & Co. KG, 

Schwabach 

Warm plate      Bachhofer GmbH, Reutlingen 

Watch glass (9 cm in diameter)  Carl Roth GmbH & Co, Karlsruhe 

Water bath 3042 Köttermann GmbH & Co. KG, Uetze/Hänigsen 

 

10.3 Software 

 

Cell^D version 2.8 Copyright
©

 1986-2008 Olympus Soft Imaging Soultions GmbH, Münster 

 

10.4 Media, chemicals and solutions preparations 

 

0.9 % (physiological NaCl) 

NaCl       45 g 

 

Dissolve 45 g NaCl in 4,500 ml ultrapure water. Add ultrapure water to get total solution 

volume of 5,000 ml. The solution was divided into 500 ml per bottle and autoclaved. The 

solution was kept at 4 °C until use.  

 

Flushing solution for Cumulus Oocyte Complexes (COCs) collection  

0.9 % NaCl solution    300 ml 

FCS (heat inactivated)   1 % (v/v) 

 

Prepare 300 ml of sterile 0.9 % NaCl solution in bottle and add 3 ml FCS into solution. Close 

the bottle with sterile silicone stopper and covered again with paraffilm before kept at 4 °C. 
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COCs collection medium 

DPBS       9.65 g 

CaCl2       0.1 g 

Gentamicin (50 mg/ml)    1.0 ml 

FCS (heat inactivated)   10 % (v/v) 

 

Dissolve 9.65 g DPBS powder in 800 ml ultrapure water. Dissolve 0.1 g CaCl2 in separate 

100 ml ultrapure water. Pour DPBS solution and CaCl2 solution together, subsequently adding 

1 ml gentamicin and adding ultrapure water to get total volume to 1,000 ml. The DPBS 

solution was filtered with sterile syringe driven filter (0.2 µm). Ten milliliters of FCS was 

added into 90 ml DPBS solution, after that filtered the solution again. The DPBS-FCS 

solution was kept at 4 °C, up to maximum 3 weeks.  

 

Oocytes in vitro maturation medium (stock medium; mTCM 199) 

Tissue Culture Medium (TCM 199)  39 ml 

Insulin      20.0 μg/ml 

L-Glutamine      80.0 mg/ml 

Gentamycin      50.0 μg/ml 

FCS (heat inactivated)    20 % (v/v) 

 

Dissolve insulin, L-glutamine and gentamycin in 39 ml TCM 199 with Earle’s Salts and 

NaHCO3 and add 10 ml of FCS. Solution was filtered with sterile syringe driven filter and 

stored at 4 °C for maximum 3 weeks. The medium was equilibrated in an incubator at 39 °C, 

5 % CO2 humidified atmosphere at least 1 hour before use. The pH-value and osmolarity were 

at 7.4 and 280 - 310 mOsm/kg. 

 

0.25 % Hyaluronidase solution  

Hyaluronidase     0.25 g 

Ultrapure water    100 ml 
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Dissolve hyaluronidase in 100 ml of ultrapure water. Solution was filtered with sterile syringe 

driven filter and equally aliquoted 200 µl into 500 µl centrifuge tube. The solutions stored in 

the freezer at -20 °C. 

 

Fixation solution 

99.9 % ethanol    3 parts 

Acetic acid     1 part 

 

Mix ethanol and acetic acid (3:1, v/v) in glass Petri dish freshly before fix the sample. 

 

Staining solution for oocytes (aceto-orcein)     

Orcein powder    5.0 g 

Acetic acid      150 ml 

Ultrapure water    100 ml 

 

Pour 150 ml boiling acetic acid with 5.0 g orcein powder. Add 100 ml warm ultrapure water 

and filter. Orcein solution was kept in dark bottle at room temperature. 

 

Discolor solution 

Acetic acid     25 ml 

Ultrapure water    75 ml 

 

Mix acetic acid and ultrapure water (1:3, v/v) together. Put into a bottle and keep at room 

temperature. 

 

Androhep-Buffer solution 

D-(+)-Glucose     2.6 g   

Sodium citrate     0.8 g  

NaHCO3     0.12 g  

Hepes      0.9 g  

BSA      0.25 g 
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Dissolve all components in 100 ml ultrapure water. Solution was filtered with sterile syringe 

driven filter and stored at 4 °C up to 3 weeks. The pH-value and osmolarity were adjusted at 

7.4 and 280 - 310 mOsm/kg. 

 

Anti-fading solution 

PPD      0.5 g 

Tris 20 mM     100 ml 

Glycerol     90 ml 

 

Dissolve 0.5 g PPD in 100 ml Tris. Add 90 ml glycerol into 10 ml PPD solution and stored in 

dark bottle at 4 °C.  

 

PNA-FITC solution 

PNA-FITC     1 mg 

0.9 % NaCl solution    3.3 ml 

 

Dissolve 1 mg PNA-FITC in 3.3 ml 0.9 % NaCl solution. Aliquot 5 µl PNA-FITC solution in 

500 µl centrifuge tube and stored at -20 °C. 

 

Paraffin-vaseline mixture 

Paraffin     1 part 

Vaseline     9 parts 

 

The combination of paraffin and vaseline was warmed at 40 °C and mixed very well. The 

mixture is introduced into a 5 ml syringe and kept at room temperature. 
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67 
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71 
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60 min or at 120 °C for 20 min (3 replicates per group). 
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Fig. 15 Dry weight (mg) of porcine sperm samples heat-dried (HD) at 50 °C, 

56 °C or 90 °C for 45 min or at 120 °C for 20 min after the drying 

process itself as well as after short-term and long-term storage. Values 

are expressed as x  ± SD. Fifteen replicates per experimental group had 

been used for analysis. 

After process: at the end of heat-drying process, Short-term storage: storage duration 

of 1 - 5 days, Long-term storage: storage duration of 90 - 100 days.  

a, b, c: bars with different superscript letters differ significantly between the different 

temperature groups (P<0.001). 

    : bars marked with a star differ significantly within the temperature groups 
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(P<0.001).  

Fig. 16 Moisture content (% MC) of porcine sperm samples heat-dried (HD) at 

50 °C, 56 °C or 90 °C for 45 min or at 120 °C for 20 min after the 

drying process itself as well as after short-term and long-term storage. 

Values are expressed as mean percentage ( x ) ± standard deviation 

(SD). Fifteen replicates per experimental group had been used for 

analysis. 

After process: at the end of heat-drying process, Short-term storage: storage duration 

of 1 - 5 days, Long-term storage: storage duration of 90 - 100 days.  

a, b, c: bars with different superscript letters differ significantly between the different 

temperature groups (P<0.001). 

    : bars marked with a star differ significantly within the temperature groups 

(P<0.001). 

75 

Fig. 17 Eosin staining of porcine spermatozoa for vitality assessment: colorless 

or unstained sperm heads indicate live spermatozoa (a), pink or red 

stained sperm heads indicate dead spermatozoa (b); (bright field 

microscope, 400x). 

76 
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acrosome (a), a sperm head without green FITC-PNA fluorescence 
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fluorescent acrosomes in fresh or alternatively preserved porcine 

spermatozoa after short- or long-term storage. Values are expressed as 

mean percentage ( x ) ± standard deviation (SD). Three 
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cryoprotectant, HD: heat-dried spermatozoa at 50 °C, 56 °C, 90 °C for 45 min or at 

120 °C for 20 min, FF: flame-dried fresh semen, FSW: flame-dried swim-up semen,  
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Short-term storage: storage duration of 1 - 5 days, Long-term storage: storage 

duration of 90 - 100 days.  

a, b, c, d: bars with different superscript letters differ significantly between the 

different semen groups (P<0.05) 

.   : bars marked with a star differ significantly within the storage groups (P<0.05). 

Fig. 20 Boar sperm DNA fragmentation assessment carried out with Halomax
® 

Sui in alternatively preserved semen samples; spermatozoa with 

fragmented DNA show a large spotty halo of dispersed chromatin (a), 

spermatozoa without fragmented DNA show a small and compact halo 
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expressed as mean percentage ( x ) ± standard deviation (SD). Four 
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HD: heat-dried spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 
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between the different semen groups (P<0.001). E and F: bars with different 

superscripts are significantly different (P<0.05). 

     : bars marked with a star differ significantly within the storage groups (P<0.05). 
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injection with fresh or alternatively preserved boar spermatozoa and 

chemical activation, or sham injection and/or parthenogenetic 

activation. The results are presented as percentage (%). Four to  

7 replicates/group and 16 - 30 oocytes/replicate had been used for 

analysis. 

Ejac.: ejaculated semen (control), ICSI (short-term): sperm injected oocytes with 

alternatively preserved boar spermatozoa after short-term storage (1 - 5 days), ICSI 

(long-term): sperm injected oocytes with alternatively preserved boar spermatozoa 

after long-term storage (90 - 100 days) Sham: sham injection, PA: parthenogenetic 
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activation. 

Fig. 23 Successfully activated porcine oocyte after chemical activation with 

ethanol and further in vitro culture with cycloheximide for 24 h; one 

polar body in focus (a), 2 pronuclei (b); aceto-orcein staining, phase 

contrast, 100x. 
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Fig. 24 Unsuccessfully activated porcine oocyte (MII) after chemical 
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for 24 h; first polar body (a) and chromatin of metaphase II (b), aceto-

orcein staining, phase contrast, 400x. 
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nd

 metaphase completed) after ICSI with an 

alternatively preserved boar spermatozoon; polar bodies (a), female 

pronucleus (b) and sagittal view of the condensed sperm head with 

visible flagellum (c); aceto-orcein staining, phase contrast, 400x. 
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sperm head after ICSI; female pronucleus (a), decondensed sperm head 

(b), aceto-orcein staining, phase contrast, 400x. 
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Fig. 27 A boar spermatozoon with first signs of sperm head decondensation 
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matured MII porcine oocyte after ICSI with an alternatively preserved 

spermatozoon; first polar body (a), chromatin of metaphase II (b) 

sperm head (c); aceto-orcein staining, phase contrast, 400x. 
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Fig. 28 Fertilized, in vitro matured porcine oocyte after ICSI with an 

alternatively preserved boar spermatozoon. First and second polar 

body (a), male and female pronucleus (b), typical y-shaped flagellum 
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10.8 Table for Results section 

 

Table 8: Mean ( x ) weight of porcine semen samples during the heat-drying process. Heat-

drying (HD) was performed at 50 °C, 56 °C, or 90 °C for 60 min or at 120 °C for 20 min  

(3 replicates per group). 

 

Heating duration 

(min) 

Weight (mg) of sample at different heat-drying temperature 

HD 50 °C HD 56 °C HD 90 °C HD 120 °C 

0 49.9 49.9 49.9 50.0 

5 36.0 31.7 13.2 20.0 

10 21.3 15.2 1.2 3.0 

15 8.6 2.6 1.1 1.0 

20 2.4 1.7 0.9 0.0 

25 2.3 1.7 0.9 - 

30 2.2 1.5 0.9 - 

35 2.1 1.5 0.8 - 

40 2.3 1.5 0.9 - 

45 2.4 1.5 0.9 - 

50 2.2 1.5 0.9 - 

55 2.2 1.4 0.8 - 

60 2.2 1.5 0.7 - 
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Table 9: Wet weight and dry weights (mg) of porcine sperm samples heat-dried (HD) at  

50 °C, 56 °C or 90 °C for 45 min or at 120 °C for 20 min after drying process itself as well as 

after short-term and long-term storage. Values are expressed as mean ( x ) ± standard 

deviation (SD).  

 

Spermatozoa 
Storage 

duration  

No. of 

replicates 

Wet weight 

(mg), mean ± SD  

Dry weight (mg) 

after process,  

mean ± SD  

Dry weight (mg) 

after storage, 

mean ± SD  

HD 50 °C 45 min short-term 15 49.8 ± 0.1 2.1 ± 0.1
a
 2.9 ± 0.3

a
 

 
long-term 15 50.0 ± 0.7 2.1 ± 0.2

a
 3.8 ± 0.2

a*
 

HD 56 °C 45 min short-term 15 49.9 ± 0.4 1.7 ± 0.1
a
 2.7 ± 0.2

a
 

 
long-term 15 49.8 ± 0.4 1.7 ± 0.1

a
 3.8 ± 0.2

a*
 

HD 90 °C 45 min short-term 15 49.9 ± 0.4 1.3 ± 0.1
ab

 2.2 ± 0.2
b
 

 
long-term 15 49.9 ± 0.2 1.3 ± 0.1

ab
 3.3 ± 0.2

b*
 

HD 120 °C 20 min short-term 15 50.0 ± 0.6 1.0 ± 0.1
b
 2.1 ± 0.3

b
 

 
long-term 15 49.8 ± 0.4 1.0 ± 0.1

b
 3.0 ± 0.3

c*
 

 

HD: heat-dried spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 min, short-term: storage 

duration for 1 - 5 days, long-term: storage duration for 90 - 100 days  

a-c
 Values with different superscripts within each column differ significantly between the different semen groups 

(P<0.05) 

* Marked differ significantly within the temperature groups (P<0.05)  
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Table 10: Moisture content (% MC) of porcine sperm samples heat-dried (HD) at 50 °C,  

56 °C or 90 °C for 45 min or at 120 °C for 20 min after the drying process itself as well as 

after short-term and long-term storage. Values are expressed as mean percentage ( x ) ± 

standard deviation (SD).  

 

Spermatozoa 
Storage 

duration  

No. of 

replicates 

% MC of semen 

suspension   

% MC after 

process, 

mean ± SD  

% MC after 

storage, 

mean ± SD  

HD 50 °C 45 min short-term 15 100 4.19 ± 0.2
a
 5.73 ± 0.51

a
 

 
long-term 15 100 4.25 ± 0.31

a
 7.65 ± 0.44

a*
 

HD 56 °C 45 min short-term 15 100 3.50 ± 0.27
a
 5.35 ± 0.41

a
 

 
long-term 15 100 3.51 ± 0.15

a
 7.63 ± 0.45

a*
 

HD 90 °C 45 min short-term 15 100 2.62 ± 0.15
ab

 4.33 ± 0.41
b
 

 
long-term 15 100 2.59 ± 0.19

ab
 6.61 ± 0.38

b*
 

HD 120 °C 20 min short-term 15 100 2.05 ± 0.13
b
 4.17 ± 0.53

b
 

 
long-term 15 100 2.07 ± 0.21

b
 6.07 ± 0.56

c*
 

 

HD: heat-dried spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 min, short-term: storage 

duration for 1 - 5 days, long-term: storage duration for 90 - 100 days  

a-d
 Values with different superscripts within each column differ significantly between the different semen groups 

(P<0.05) 

* Marked differ significantly within the temperature groups (P<0.05)  
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Table 11: Percentages of spermatozoa with the presence of completely green fluorescent 

acrosomes in fresh or alternatively preserved porcine spermatozoa after short- or long-term 

storage. Values are expressed as mean percentage ( x ) ± standard deviation (SD).  

 

Spermatozoa 
Storage 

duration 

No. of 

replicates 

Total no. of 

examined 

spermatozoa 

% presence of sperm 

acrosomes 

(mean ± SD) 

Ejac. 
 

3 600 10.83 ± 1.76
a
 

FTS short-term 3 600 71.0 ± 2.0
b
 

 
long-term 3 600 62.67 ± 2.08

b*
 

HD 50 °C 45 min short-term 3 600 79.67 ± 4.04
c
 

 
long-term 3 600 70.00 ± 1.0

b*
 

HD 56 °C 45 min short-term 3 600 79.33 ± 3.79
c
 

 
long-term 3 600 68.00 ± 4.0

b*
 

HD 90 °C 45 min short-term 3 600 63.67 ± 1.53
b
 

 
long-term 3 600 52.50 ± 2.18

c*
 

HD 120 °C 20 min short-term 3 600 74.67 ± 2.31
bc

 

 
long-term 3 600 68.33 ± 1.15

b*
 

FF short-term 3 600 74.33 ± 4.51
bc

 

 
long-term 3 600 67.00 ± 4.58

b
 

FSW short-term 3 600 78.33 ± 1.53
bc

 

 
long-term 3 600 70.33 ± 1.53

bd*
 

 

Ejac.: ejaculated semen (control); FTS: frozen-thawed semen at -20 °C without cryoprotectant, HD: heat-dried 

spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 min, FF: flame-dried fresh semen, FSW: 

flame-dried swim-up semen, short-term: storage duration for 1 - 5 days, long-term: storage duration for 90 - 100 

days.  

a-d
 Values with different superscripts within each column differ significantly between the different semen groups 

(P<0.05) 

* Marked differ significantly within the storage groups (P<0.05)  
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Table 12: DNA fragmentation index (DFI) in fresh or alternatively preserved semen samples 

after short-term or long-term storage. Values are expressed as mean percentage ( x ) ± 

standard deviation (SD).  

 

Spermatozoa 
Storage 

duration  

No. of 

replicates 

Total no. of examined 

spermatozoa 

% DFI  

(mean± SD) 

Ejac. 
 

4 1,200 1.5 ± 0.4
a
 

FTS short-term 4 1,200 94.5 ± 2.0
b
 

 
long-term 4 1,200 95.41 ± 2.5

b
 

HD 50 °C 45 min  short-term 4 1,200 59.66 ± 2.0
c
 

  long-term 4 1,200 68.66 ± 1.9
c*

 

HD 56 °C 45 min  short-term 4 1,200 58.17 ± 3.8
c
 

  long-term 4 1,200 64.58 ± 3.1
c*

 

HD 90 °C 45 min  short-term 4 1,200 75.0 ± 4.0
d
 

  long-term 4 1,200 82.66 ± 2.8
d
 

HD 120 °C 20 min  short-term 4 1,200 1.25 ± 0.7
a
 

  long-term 4 1,200 2.33 ± 0.2
a*

 

FF short-term 4 1,200 38.0 ± 4.0
E
 

 
long-term 4 1,200 50.58 ± 4.3

e*
 

FSW short-term 4 1,200 30.25 ± 3.5
F
 

 
long-term 4 1,200 34.0 ± 3.2

f
 

 

Ejac.: ejaculated semen (control); FTS: frozen-thawed semen at -20 °C without cryoprotectant, HD: heat-dried 

spermatozoa at 50 °C, 56 °C, 90 °C for 45 min and at 120 °C for 20 min, FF: flame-dried fresh semen, FSW: 

flame-dried swim-up semen, short-term: storage duration for 1 - 5 days, long-term: storage duration for 90 - 100 

days  

a-f
 Values with different superscripts within each column differ highly significantly between the different semen 

groups (P<0.05) 

E-F
 Values with different superscripts within each column differ significantly between the different semen groups 

(P<0.05) 

* Marked differ significantly within the storage groups (P<0.05)  
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