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1. INTRODUCTION: AIMS AND OUTLINE  
 

 In the modern equine breeding industry, artificial insemination is routinely used. 

Whereas diluted cooled semen needs to be used within 3 d, cryopreserved semen can be stored 

and used over several decades. Using cryopreserved semen allows for breeding mares to 

specific stallions that are unavailable because of their geographic location, taking part in 

competitions, illness or even after their death. Use of cryopreserved semen is increasing in the 

equine breeding industry. However, compared to using fresh or cooled semen, use of 

cryopreserved semen is associated with higher costs and lower pregnancy rates.  

 Higher costs with using cryopreserved semen are associated with the need of specialized 

equipment and personnel. Liquid nitrogen containers are needed for storage and shipment. In 

addition, typically multiple ultrasound examinations are done for timing inseminating close to 

ovulation. We imagined that costs can be reduced if cryopreserved sperm could be thawed 

before shipping at 5°C, for use within 1 d without affecting pregnancy rates. Furthermore, 

performing artificial insemination with cryopreserved semen at fixed times, instead of planning 

according to ovulation controls, would have severe practical benefits.  

 The aims of the studies described in this thesis were to: (1) determine viability of 

cryopreserved stallion sperm in vitro after thawing, dilution and cooled storage in different 

extenders for up to 24 h, (2) as a measure for fertilizing potential, compare porcine oocyte-

binding capacity of frozen-thawed stallion sperm directly after thawing and after thawing, 

dilution and 24 h cooled storage, and (3) perform an insemination trial to determine mare 

pregnancy rates with using cryopreserved stallion sperm directly after thawing as well as 24−36 

h cooled storage after thawing. To address effectiveness of different insemination regimes, 

insemination was done at fixed times as well as planned according to ultrasound ovulation 

controls.   
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2. INTRODUCTION: LITERATURE REVIEW  
 

2.1 Sperm processing and cooled storage of sperm  

 

 If equine semen is collected and diluted with a so-called extender (containing nutrients 

and protectants), sperm can be stored at ~5°C for up to 48 h without losing fertilizing ability 

(Jasko et al. 1992a). For stallions, however, large variation in semen quality during cooled 

storage exists amongst individuals. This is described to be mainly due to differences in seminal 

plasma and sperm plasma membrane composition (Brinsko et al. 2000).  

 First of all, semen quality (i.e. numbers of viable and functional sperm) is affected by 

the semen collection procedure. Collection of small volume ejaculates containing a high sperm 

concentration is favored. Therefore, one quick mount for semen collection is preferred, since 

longer reaction times and more mounts typically lead to larger ejaculate volumes with a reduced 

sperm concentration. The latter also has been described to negatively affect sperm membrane 

integrity and motility, especially if stored at refrigerated temperatures for 24 h (Sieme et al. 

2004b, Loomis 2006).  

 Seminal plasma is part of the ejaculate, and is composed of fluids secreted from the 

testes, epididymides and the accessory sex glands. It has important roles in sperm function and 

fertilization (Kareskoski and Katila 2008). For example, seminal plasma components facilitate 

transport of spermatozoa in the female reproductive tract and protect viable spermatozoa from 

elimination by neutrophils, while enhancing the elimination of non-viable spermatozoa 

(Troedsson et al. 2005). Furthermore, seminal plasma has antioxidant activity (Kankofer et al. 

2005). Because of this, seminal plasma is often added to extenders, however, too high seminal 

plasma contents negatively affect sperm motility and chromatin integrity as well as fertility 

rates (Carver and Ball 2002, Jasko et al. 1992b, Love et al. 2005). Presence of 5‒20% of seminal 
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plasma within the extender used for dilution and preservation has been described to have 

beneficial effects on stallion sperm quality (Jasko et al. 1992a, Brinsko 2000, Loomis 2006).  

 For reducing the seminal plasma content, sperm samples can be centrifuged and the 

supernatant (partly) removed, after which the sperm pellet can be resuspended in fresh diluent 

(Sieme et al. 2004b). Ordinary centrifugation is usually performed for 10−15 min at 

400−600×g. Typically about 25% of spermatozoa are lost with removal of the supernatant 

(Loomis 2006). Such losses can be reduced by using longer centrifugation durations or higher 

centrifugation forces, however, this is more detrimental to sperm (Aurich 2008). Cushion 

centrifugation allows for centrifugation with higher forces and recovery of about 90% of the 

spermatozoa (Loomis 2006). With this technique, sperm are collected on a high density 

‘cushion’ solution which is added underneath the sperm sample prior to centrifugation (Cochran 

et al. 1984). For improving the quality of sperm samples, selection procedures can be performed 

like density gradient centrifugation. With this approach sperm samples are centrifuged through 

a density gradient solution and spermatozoa are selected from an ejaculate based on their 

morphology, size and density (Morell and Rodriguez-Martinez 2009, Morell et al. 2010, 

Stuhtmann et al. 2012).  

 For cooled storage of equine sperm mostly extenders containing skim milk are used, 

like INRA-82 (Vidament et al. 2000). INRA-82 is prepared using ultra-heat-treated skim milk, 

water, sugars, salts and antibiotics and has a pH of 7.2−7.4 and osmolality of 300−320 mOsm. 

In case of stallions with poor semen quality, however, different extenders may be more effective 

(Malmgren et al. 1994, Pommer et al. 2002). Commercial extenders available include INRA-

96 (IMV technologies, L’Aigle, France), Spervital (Spervital, Toldijk, Netherlands), BotuCrio 

(Nidacon, Mölndal, Sweden), and EquiPro (Minitüb, Tiefenbach, Germany). Instead of skim 

milk, INRA-96 and EquiPro contain specific milk fractions (namely phosphocaseinates and/or 

whey proteins) (Batellier et al. 1996, Pagl et al. 2006, Pillet et al. 2008, Le Frapper et al. 2010).  
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 For cooled storage of extended semen, the optimal storage temperature range lies 

between 4−6°C (Varner et al. 1988, Moran et al. 1992, Malmgren 1994). Cooling sperm down 

to such temperatures can result in cold-shock-induced damage which in turn impairs sperm 

functionality. To reduce such damage, cooling should be performed slowly, using rates smaller 

than 0.3°C min−1 (Amann and Pickett 1987, Varner et al. 1988). Cold-shock or cooling-induced 

damage is associated with reorganization of membrane domains, (structural) changes of the 

plasma membrane and/or membrane protein conformation, and leakage of intracellular solutes 

through lipid phase transitions (Amann and Pickett 1987, Drobnis et al. 1993, Sieme et al. 

2015b, Salazar et al. 2011). Furthermore, during cooled storage, sperm are exposed to oxidative 

stress and apoptotic pathways are induced, finally leading to DNA fragmentation (López-

Fernández et al. 2007, Linfor and Meyers 2002, Love et al. 2002). Sperm from different 

stallions exhibit differences in susceptibility for such damage, with sperm from subfertile 

stallions exhibiting a faster increase in DNA fragmentation during refrigerated storage (Love 

et al. 2002).   

 

2.2 Oxidative stress affecting sperm quality during cooled storage   

 

 Reactive oxygen species (ROS) are physiologically generated in spermatozoa and result 

from incomplete reduction of oxygen. Examples of ROS are superoxide anions, hydroxyl 

radicals and hydrogen peroxide (D’Autreaux and Toledano 2007). They play an important 

physiological role in inducing sperm capacitation (Baumber et al. 2003). In case capacitation 

does not occur, ROS production may lead to induction of apoptosis (Aitken 2011) or trigger 

apoptotic-like changes resulting in sublethal damage (Brum et al. 2008, Ortega-Ferrusola et al. 

2008, 2009, 2010, Martin Muñoz et al. 2015). Moreover, during processing and cooled storage 

of sperm, as well as exposure to cryopreservation, ROS are formed. Due to an imbalance 
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between production and scavenging mechanisms, increased accumulation of ROS may 

negatively affect sperm viability (Gibb and Aitken 2016b). Spermatozoa are highly specialized 

cells and completely rely on the antioxidant capacity of their environment (i.e. epididymal and 

seminal fluids) (Ball et al. 2000, Vernet et al. 2004, Baumber and Ball 2005, Aitken and Curry 

2011). Main sources of ROS are the mitochondrial electron transport chain (Gibb and Aitken 

2016b) and a L-amino acid oxidase released from dead spermatozoa (Aitken et al. 2015). ROS 

impair sperm function through ATP-depletion (Gagnon et al. 1991), peroxidation of sperm 

membranes (Jones et al. 1979, Aitken et al. 1993) and proteins, as well as promotion of nuclear 

DNA fragmentation (de Iuliis et al. 2009, Kodama et al 1997).  

 Recent studies revealed that highly fertile stallions have a higher mitochondrial activity, 

resulting in a higher ROS production (Yeste et al. 2014, Gibb et al. 2014, Gibb and Aitken 

2016b). This in turn is positively correlated with increased sperm velocity (Gibb et al. 2014, 

Gibb and Aitken 2016b) and fertility (Gibb et al. 2014, Morell et al. 2008).  

 

2.3 Sperm cryopreservation  

 

 Cryopreservation of stallion semen allows for long-term-storage (i.e. multiple 

years/decades) and long-distance-transport of insemination doses all over the world. This is 

especially relevant if transport takes several days, and in case a stallion is not available because 

of illness or taking part in performances/sport. Also, cryopreserved sperm can be used after 

death of a stallion, and serve as gene reserves (Amann and Pickett 1987, Benson et al. 2012).  

 With cryopreservation, sperm are frozen and preserved at ultra-low temperatures, and 

sperm remain viable after thawing. Successful cryopreservation involves different steps. After 

semen collection, semen is diluted in an ordinary extender (e.g. INRA-82) for centrifugation, 

after which sperm is diluted in freezing extender containing cryoprotective agents (CPAs) 
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(Sieme and Oldenhof 2015). Centrifugation is done for removal of seminal plasma and 

obtaining a highly concentrated sperm sample for further processing (Amann and Pickett 1987). 

CPAs that are typically used for cryopreservation of stallion sperm are egg yolk and glycerol. 

Predominantly 2.5% glycerol is used (Vidament et al. 2001, Hoffmann et al. 2011, Macias 

Garcia et al. 2012). However, also other permeating agents like ethylene glycol and dimethyl 

formamide are described to be effective for sperm cryopreservation (Squires et al. 2004, 

Oldenhof et al. 2017). CPAs function via minimizing exposure to osmotic stress (i.e. 

modulating cellular dehydration), affecting ice formation, and via stabilization of biomolecules 

and cellular structures (Oldenhof et al. 2013, Sieme et al. 2016, Elliott et al. 2017). Permeating 

CPAs like glycerol can move across the sperm membrane more slowly as water. Addition and 

removal of CPAs, as well as exposure to freezing-and-thawing exposes sperm to osmotic stress. 

Furthermore, deposition of thawed sperm (in freezing extender) into the female reproductive 

tract results in sperm volume changes (Amann and Pickett 1987).  

 Cooling down to 5°C is done slowly, as described above. For freezing down to subzero 

temperatures there is an optimal cooling rate, which is 40‒60°C min‒1 for equine spermatozoa 

(Morris et al. 2007, Oldenhof et al. 2017). Damage during rapid cooling is associated with 

intracellular ice formation whereas slow cooling rates result in osmotic dehydration and 

associated damage (Mazur 1985). Intracellular ice formation in sperm, however, is a matter of 

debate (Morris et al. 2007). Straws are typically thawed fast to prevent recrystallization, by 

incubation for 30 s at 37°C (i.e. in a water bath).  
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2.4 Methods for evaluation of sperm quality  

 

 A lot of research has been performed on assessment of sperm quality and specific 

parameters for foreseeing fertility rates. However, use of a single method for identifying highly 

fertile ejaculates is troublesome (Nie et al. 2002, Kirk et al. 2005, Kuisma et al. 2006). 

Therefore, typically insights derived from multiple assays and sperm characteristics are 

combined. Standard semen evaluation involves determination of the ejaculate volume and the 

sperm concentration using photometry, followed by microscopic evaluation for estimation of 

sperm motility. In addition, sperm morphology and membrane intactness can be assessed using 

smears after staining with nigrosin and eosin. For unbiased and more standardized evaluation, 

computer assisted sperm analysis (CASA) of sperm motility can be performed, as well as 

application of flow cytometry using specific fluorescent dyes for discriminating between 

plasma and acrosomal membrane intact sperm. Sperm chromatin integrity is another important 

parameter that has been correlated with male fertility (Evenson et al 1980, Love and Kenney 

1998), and can be determined flow cytometrically using the so-called sperm chromatin structure 

assay (SCSA).  

 Progressively motile morphologically normal sperm with intact acrosomes are not 

necessarily fertile. In addition to carrying an intact genome, sperm should be able to undergo 

capacitation and penetrate an oocyte leading to successful fertilization. Various assays are 

therefore performed for assessment of sperm functionality and longevity. Examples of such 

assays include CASA analysis of sperm motility characteristics (e.g. velocity, head and tail 

movements) and flow cytometric analysis of (induction of) sperm capacitation, the 

mitochondrial membrane potential, and determination of (sub-lethal) intracellular ROS-levels 

(see section 2.6−2.8).  
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2.5 Sperm capacitation and oocyte fertilization  

 

 To acquire fertilizing capacity, spermatozoa undergo a series of cellular events referred 

to as capacitation. Capacitation involves membrane modifications, reorganization of membrane 

proteins, changes in membrane surface properties, and increased permeability to calcium. It 

enables the spermatozoon to bind to the zona pellucida of the ovum and undergo the acrosome 

reaction to fuse with the ovum (Yanagimachi 1994). The acrosome reaction results in release 

of proteolytic enzymes, which allow for penetration of the zona pellucida, and fusion with the 

oolemma after which fertilization can take place (Flesch and Gadella 2000). Capacitated sperm 

exhibit a hyperactivated motility pattern (Yanagimachi 1994, Rathi et al. 2001), which includes 

increased sperm velocity and lateral head movement, and coincides with a reduced lifespan 

(Watson, 1995). After cryopreservation, sperm characteristics are seen that are similar to those 

occurring during capacitation; this is referred to as ‘cryo-capacitation’ (Bedford et al. 2000, 

Schembri et al. 2002, Neild et al. 2003, Thomas et al. 2006).  

 If sperm capacitation and the acrosome reaction take place before insemination, sperm 

lose their fertilizing ability before reaching an oocyte. Determination of numbers of acrosome 

damaged/reacted sperm within a sample can be meaningful, and explain cases of reduced 

fertility. In addition, testing if sperm can capacitate in vitro (i.e. in response to an 

inducer/capacitating conditions) can be a functional test for explaining cases of subfertility 

(Sieme 2009). A correlation has been described between stallion fertility and the ability of their 

sperm to undergo the acrosome reaction in vitro, in response to exposure to inducing agents 

(Meyers et al. 1995, Rathi et al. 2000, Varner et al. 2001).  

 Also the ability of sperm to bind to the zona pellucida correlates with fertility. Using the 

so-called hemi-zona assay, it has been found that stallion fertility can be correlated with binding 

capacity, if compared directly to the binding capacity of a stallion of proven fertility (Fazeli et 

al. 1995). Sperm oocyte binding can be tested using a heterologous approach, e.g. using equine 
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sperm and porcine/bovine oocytes, although binding is better with testing homologous binding 

(Mugnier et al. 2009). The availability of large amounts of porcine (and bovine) ovaries and 

oocytes from slaughterhouses, however, favors the use of heterologous binding assays. 

Moreover, it was found that there is no difference in sperm binding to zona pellucida between 

using fresh (matured) oocytes and oocytes stored in hyperosmotic saline solution for prolonged 

periods at refrigerated temperatures (Kruger et al. 1991). The latter makes performing sperm 

binding assays easier. Different reports exist in which such assays were used to test sperm-

oocyte binding and fertilizing capacity in response to different sperm treatments (Coutinho da 

Silva 2012, Balao da Silva et al. 2013). For example, it was found that binding of sperm to the 

zona pellucida is enhanced by presence of skim milk (Coutinho da Silva et al. 2012).  

 

2.6 Sperm motility characteristics and fertility  

 

 Numerous studies are published in which sperm motility characteristics were correlated 

with fertility and pregnancy rates (Jasko et al. 1992b, Heckenbichler et al. 2011, Love 2011, 

Barrier-Batut et al. 2016, Kirk et al. 2005, Kuisma et al. 2006). In addition to determination of 

percentages of motile sperm, use of CASA allows for monitoring sperm velocity and movement 

characteristics (Boyers et al. 1989, Verstegen et al. 2002, Amann and Waberski 2014). 

Especially the sperm curve line velocity (VCL) has proven to be a meaningful parameter 

describing sperm quality and fertilizing potential.  

 Increased sperm velocity and VCL-values have been positively correlated with the 

ability of sperm to pass the utero-tubal junction and formation of a sperm reservoir, as well as 

the ability to penetrate the zona pellucida (Olds-Clarke 1996). As described above, sperm 

hyperactivation is characterized by increased VCL-values (Mortimer and Mortimer 1990), as 

well as head and tail movements (Burkman 1991, Rathi et al. 2001). So-called ‘sperm cluster 
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analysis’ allows for identifying different subpopulations within an ejaculate that comprise 

multiple specific velocity and movement characteristics. The idea with this approach is to 

identify sperm features which are not classically determined when looking at single sperm 

motility characteristics (Quintero-Moreno 2003, Nuñez Martinez et al. 2006, Ortega Ferrusola 

et al. 2009, Ibǎnescu et al. 2018).  

 Sperm motility is dependent on mitochondrial production of ATP. For assessment of 

mitochondrial activity, the most commonly used probe is 5,5’,6,6’-tetrachloro-1,1’,3,3’ 

tetraethylbenzymidzolyl carbocianyne iodine (JC-1). JC-1 forms aggregates or monomers in 

mitochondria which exhibit orange or green fluorescence, in case of a high or low membrane 

potential, respectively (Smiley et al. 1991, Cossarizza et al. 1996, Garner et al. 1999, Gravance 

et al. 2000). Motility typically coincides with presence of a high mitochondrial membrane 

potential. It has been emphasized that analysis of the mitochondrial membrane potential has a 

high diagnostic potential (Ortega-Ferrusola et al. 2009).  

 

2.7 Sperm membrane characteristics and fertility  

 

 Due to its high content of unsaturated fatty acids, the sperm plasma membrane is 

especially susceptible to oxidative attack (Kodama et al. 1996). Lipid peroxidation alters the 

membrane structure, which may impair sperm function, and eventually leads to loss of 

membrane integrity and sperm death (de Lamirande and Gagnon 1992, Aitken and Fisher 1994, 

Ruiz-Pesini et al. 1998). Furthermore, processing and cooling-induced membrane changes 

leading to premature capacitation may also negatively affect sperm fertilizing capacity 

(Yanagimachi 1994). Multiple fluorescent dyes are available to study sperm membrane 

characteristics using fluorescence microscopy or flow cytometry. The level of lipid 

peroxidation, for example, can be studied using C11-BODIPY581/591 (Baumber et al. 2000, Ball 



18 

 

and Vo 2002, Neild et al. 2005). For studying plasma membrane integrity, typically membrane 

impermeable dyes are used which only enter membrane damaged sperm, which then can be 

discriminated based on their fluorescence. Examples of such dyes are propidium iodide (PI) 

(Graham et al. 1990, Wilhelm et al. 1996) and YO-PRO (Peña et al. 2005, Ortega-Ferrusola et 

al. 2008). Note that these can be combined with other DNA intercalating dyes, like SYBR-14 

or Hoechst33324 which can enter all cells, for having all cells (differently) stained.  

 For use for artificial insemination, both the sperm plasma and acrosomal membranes 

need to be intact (Loomis 1986). Sperm plasma and acrosomal membrane integrity, as well as 

in vitro capacitation and the acrosome reaction, can be evaluated using a double staining with 

PI and fluorescein isothiocyanate-conjugated peanut agglutinin (FITC-PNA). PI exhibits red 

fluorescence when bound to the nuclei of membrane damaged sperm, whereas FITC-PNA 

fluoresces green when bound to sugar residues within the damaged outer acrosomal membrane 

(Mortimer et al. 1987, Cheng et al. 1996, Flesch et al. 1998).  

 

2.8 Sperm chromatin and fertility  

 

 Transport of intact DNA (i.e. the paternal genome) to the (female) oocyte is the most 

important function of spermatozoa. Sperm chromatin intactness is mostly determined using the 

so-called sperm chromatin structure assay or SCSA (Evenson et al 1980). With this assay 

spermatozoa are analyzed flow cytometrically after acid-induced DNA-denaturation and 

staining with acridine orange (Darzynkiewicz et al. 1975, Evenson et al. 1980). The DNA-

fragmentation index (DFI), which is derived with SCSA, is highly correlated with stallion 

fertility (Love and Kenney 1998).  

 It has been suggested that DNA damage is mainly caused by oxidative stress (Balao da 

Silva et al. 2016). Therefore, there is great interest in quantifying levels of intracellular ROS 
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(Burnaugh et al. 2007), e.g. using dihydroethidium. Using modern flow cytometers, equipped 

with multiple lasers and filters, the current trend is to determine multiple sperm characteristics 

simultaneously. For example, when using a combination of Hoechst33342, ethidium 

homodimer, YO-PRO-1 and MitoTracker or Cell-ROX Deep Red, debris without nuclear 

material can be removed from the analysis while simultaneously evaluating membrane 

integrity, functional changes in membrane permeability, the mitochondrial membrane potential 

and intracellular ROS levels (Plaza Davila et al. 2015, Gallardo Bolanos et al. 2014).  

 

2.9 Artificial insemination procedures and regimes  

 

 Artificial insemination in horses is performed using fresh, cooled or frozen-thawed 

semen. The World Breeding Federation for Sport Horses (WBFSH; www.wbfsh.org) defined 

standards for use with artificial insemination (i.e. minimum quantities). According to the 

WBFSH, at the time of use, insemination doses should contain minimally 35% progressively 

motile sperm. In addition, a defined total sperm number should be inseminated, which is 

250×106 progressively motile sperm in case of using cryopreserved semen. Pregnancy rates 

after insemination with cryopreserved semen are usually lower than those achieved with fresh 

or cooled semen (Jasko 1992, Sieme et al. 2003). When using fresh or cooled semen, this is 

deposited in the uterine body. To increase pregnancy rates when using cryopreserved sperm, a 

rectally guided deep horn insemination is performed. In addition, because of the reduced sperm 

quality and life-span in the female reproductive tract (Watson 1995), frozen-thawed sperm 

should be inseminated close to the time point of ovulation. This is between 18 h before and 

6−12 h after ovulation (Loomis 2001, Sieme 2003).  

 To schedule the time point of ovulation, mares are administered human 

choriongonadotropine (hCG; 1500 IU) when the follicle reaches a particular size (35 mm 
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diameter) and uterine edema reduces (Sieme et al. 2003). After hCG administration, about 

75−95% of the mares ovulate within 24−48 h (Loy and Hughes 1965, Barbacini et al. 2000, 

Sieme et al. 2003, Tazawa et al. 2017). Ovulation in mares can also be induced using GnRH-

analogs like deslorelin or buserelin, which increase endogenous luteinizing hormone (LH) 

secretion (Squires 2011). In Germany, use of injectable buserelin (4 µg mL−1; Receptal, MSD 

Animal Health, Cambridge, UK) is allowed, as well as an implant for subcutaneous 

administration of deslorelin (2.1 mg; Ovuplant, Dechra, Northwich, UK). In comparison to 

hCG, deslorelin implants are rather expensive. Moreover, they should be removed after 

ovulation to avoid long interovulatory intervals (Johnson et al. 2000, Vanderwall et al. 2001). 

Recent studies suggest that buserelin is a good alternative for hCG to induce ovulation. A single 

subcutaneous administration of 0.5−3 mg buserelin induces ovulation in 79−89% of the mares 

(Levy and Duchamp 2007, Newcombe and Cuervo-Arrango 2016, Normandin et al. 2016). In 

addition, repeated use is not impaired by antibody formation (Squires 2011).  

 A lot of research has been conducted to establish successful insemination protocols (i.e. 

achieving acceptable pregnancy rates) with using low semen doses and fixed insemination 

times. Especially rectally guided deep horn insemination or hysteroscopic insemination onto 

the oviductal papilla allowed for reduction of sperm numbers used for artificial insemination 

(Rigby et al. 2001, Brinsko et al. 2003, Morris et al. 2003, Samper et al. 2005, Hayden 2012, 

Govaere et al. 2014, Camargo et al. 2018). This is effective both in case of using cryopreserved 

sperm as well as with mares exhibiting problems getting pregnant (Clement et al. 2005, Sieme 

2004). If insemination can be performed at a defined time point after hCG application, this 

would reduce the amount of rectal examinations needed for determining the time point of 

ovulation. Pregnancy rates similar to those achieved with insemination after detection of 

ovulation were found in case mares were inseminated at 30 h (Sieme et al. 2004) or 24 and 40 

h (Squires et al. 2002, Reger et al. 2003, Loomis and Squires 2005, Avanzi et al. 2015) after 

hCG administration.  
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2.10 Factors affecting pregnancy rates with artificial insemination of mares with 

refrigerated/cryopreserved sperm  

 

 In addition to stallion semen quality, fertility, breeding status and management of the 

mare are the most important factors affecting pregnancy rates in equine reproduction (Vidament 

et al. 1997, Samper and Morris 1998, Samper et al. 2002, Sieme et al. 2004a). In case of using 

cryopreserved sperm, mares should be chosen carefully (Metcalf 1995). Fertility rates are 

typically reduced in case of older maiden mares (>8 years), and mares older than 16 years 

(Samper et al. 2002, Ball 1988, Vidament et al. 1997, Barbacini et al. 1999, Loomis and Squires 

2005). Pregnancy rates can be increased if inducing multiple ovulations, performing more than 

one insemination per heat and avoiding insemination in the foal heat (Palmer and Magistrini 

1992, Vidament et al. 1997, Barbacini et al. 1999, Vidament 2005). Furthermore, pregnancy 

rates are typically higher with more experienced practitioners (Samper et al. 2002, Loomis and 

Squires 2005).  

 Increasing the insemination dose (i.e. number of -progressively motile- sperm used) 

(from 150×106 to 300×106) has been described to result in higher pregnancy rates (Samper et 

al. 2002, Vidament et al. 1997), although reports exist describing that a further increase has no 

benefit (Leipold et al. 1998). Shortening the time interval between ovulation and insemination 

leads to higher pregnancy rates (Vidament et al. 1997, Sieme et al. 2003, 2004a). There are 

contradicting reports concerning the effects of stallion fertility and semen quality on pregnancy 

rates (Sieme et al. 2004a, Samper and Morris 1998, Vidament 2005). This might be explained 

by the fact that Samper and Morris (1998) conducted their survey at an earlier time point when 

cryopreservation protocols were not standardized and therefore a higher influence of stallion 

fertility and/or semen doses could be observed.   
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3. MATERIALS AND METHODS  
 

3.1 Semen collection and processing  

 

 For the experiments described in this study sperm was used from stallions of the 

Hanovarian breed, which were held at the State Stud of Lower Saxony in Celle, Germany. At 

the time of semen collection, stallions were all in good health and participated in the commercial 

breeding program of the stud. They were accommodated in boxes with straw or wooden 

shavings, were fed three times a day with hay and oats, and water was freely available.  

 Semen was collected every other day using a phantom and an artificial vagina (model 

‘Celle’ and ‘Hanover’, respectively; Minitüb, Tiefenbach, Germany), in the presence of a mare. 

The artificial vagina was prepared with a disposable inner liner (Minitüb, Tiefenbach, 

Germany) and a glass bottle attached. Before use, the glass bottle was filled with 10 mL skim 

milk extender (INRA-82; Vidament et al. 2000) and materials were warmed in an incubator set 

at 37°C. INRA-82 had a pH of 6.8−7.0 and osmolality of 300−330 mOsm kg−1 and was prepared 

by mixing equal volumes of commercial 0.3% ultra-heat-treated skim milk and glucose saline 

solution (50 g L−1 glucose monohydrate, 3.0 g L−1 lactose monohydrate, 3.0 g L−1 raffinose 

pentahydrate, 0.5 g L−1 sodium citrate dihydrate, 0.82 g L−1 potassium citrate monohydrate, 

9.52 g L−1 HEPES, 1.0 g L−1 penicillin, 1.0 g L−1 amikazin, 5 mg L−1 amphotericin). For removal 

of the gel fraction and dirt, semen was passed through a milk filter (Eimermacher, Nordwalde, 

Germany).  

 For standard evaluation, the ejaculate volume, color, smell, consistency and presence of 

non-physiological additives were evaluated (i.e. macroscopic evaluation). Furthermore, the 

sperm concentration and percentage of membrane intact sperm were determined using a 

NucleoCounter (SP-100; Chemometec, Kaiserslautern, Germany), and motility was evaluated 

microscopically using a phase contrast microscope equipped with heated stage (BX40; 
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Olympus, Hamburg, Germany). Only ejaculates that had more than 50% progressively motile 

sperm and less than 65% morphologically abnormal sperm were used for further processing.  

 

3.2 Sperm cryopreservation 

 

 Directly after macroscopic evaluation as described above, semen was diluted with 

INRA-82 to approximately 100×106 sperm mL−1. Then, semen was centrifuged at 600×g for 

12−14 minutes, the supernatant was removed and the sperm pellet was resuspended on a shaker. 

The resuspended pellet was transferred to a clean tube, the sperm concentration was determined 

and total sperm number was calculated. For standard cryopreservation, sperm was diluted to 

400×106 sperm mL−1 in INRA-82 supplemented with 2.5% egg yolk and 2.5% glycerol as 

described in detail elsewhere (Sieme and Oldenhof 2015). Freezing extender was added slowly 

to the sperm sample using a burette. After addition, the motility was checked microscopically 

and the tube with sperm was placed in a beaker with room temperature water. This was placed 

in a temperature controlled handling cabinet set at 5°C, for slow cooling (~0.1°C min−1) down 

to 5°C during approximately 90 min. After reaching 5°C, sperm samples were filled into 0.5 

mL straws (IMV technologies, L’Aigle, France) and the straws were cooled down to −141°C, 

at 50°C min−1, in a controlled rate freezer (Mini Digit Cool, IMV technologies, L’Aigle, 

France), after which they were plunged and stored in liquid nitrogen.  

 Thawing was done by incubating straws for 30 s in a 38°C water bath. Directly after 

freezing, one straw of each ejaculate was thawed and the sperm concentration, percentage of 

membrane intact sperm and sperm motility were evaluated as described above. Only ejaculates 

that met the minimum requirements (i.e. exhibiting more than 35% motile sperm) were stored 

for longer durations.  
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3.3 Flow cytometric analysis of sperm membrane and acrosome integrity 

 

 Plasma and acrosomal membrane integrity were assessed using flow cytometry. The 

flow cytometer (Cell Lab Quanta SC MPL, Beckmann Coulter, Fullerton, CA, USA) was 

equipped with a 488 nm argon ion laser for excitation and a 525/30 nm band pass filter for 

detection of green fluorescence and a 670 nm long pass filter for detection of red fluorescence. 

Phosphate buffered saline solution (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4, pH 7.4) served as sheath fluid, using a rate of approximately 30 µL min-1 while 

measuring 200−500 counts per s. A minimum of 10000 sperm were measured, which were 

selected based on their side scatter and electronic volume properties. Sperm were stained with 

propidium iodine (PI) and fluorescein iso-thiocyanate-peanut agglutinin (FITC-PNA). Five-µL 

sperm sample (100×106 sperm mL−1) was diluted into 490 µL modified Tyrode medium (TYR-

A; 96 mM NaCl, 3.1 mM KCl, 0.4 mM MgSO4, 5 mM glucose, 20 mM HEPES, 15 mM 

NaHCO3, 2 mM CaCl2, 0.3 mM KH2PO4, 21.7 mM Na-lactate, 1 mM Na-pyruvate, 3 g L−1 

BSA, 100 µg mL−1 gentamycin; pH 7.4, 300 mOsm kg−1) supplemented with 2 µL 0.75 mM 

PI, and 3 µL 0.075 mM FITC-PNA. Samples were incubated for 10 min at 38°C in the presence 

of 5% CO2. Plasma-membrane damaged sperm exhibited red fluorescence of PI-stained nuclei, 

whereas acrosomal damaged or acrosome reacted sperm exhibited a green fluorescence of 

FITC-PNA bound within the inner acrosomal membrane.  
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3.4 Computer assisted sperm analysis of motility characteristics 

 

 For evaluation of motility characteristics of sperm, computer assisted sperm analysis 

(CASA, Spermvision, Minitüb, Tiefenbach, Germany) was used. The setup included a 

microscope with a temperature-controlled stage that was maintained at 37°C, and a camera for 

collecting videos of sperm motility patterns (60 frames per s). The software settings were 

according to instructions provided by the manufacturer. Prior to analysis, sperm samples 

(250−500 µL) were incubated at 38°C for 5 min. Three-µL of the sample was filled into a 

chamber of a Leja 20 micron four chamber slide (Leja Products BV, Nieuw Vennep, The 

Netherlands) and mean values of motility characteristics were calculated from 8 microscopic 

fields. When the average path velocity was >40 µm s−1 and straightness was >0.5 µm s−1, sperm 

were classified as progressively motile.  

 

3.5 Heterologous sperm-oocyte binding assay  

 

 For evaluation of heterologous sperm-oocyte-binding capacity in vitro, oocytes isolated 

from porcine ovaries without corpus luteum were used. Ovaries were recovered from gilts at a 

local slaughterhouse and transported to the laboratory in an insulated container. Ovaries were 

used within 4 h after slaughter, and had a temperature at arrival ranging from 30−33°C. Before 

further processing, ovaries were washed in saline solution (0.9% (w/v) NaCl).  

 Cumulus-oocyte complexes (COC) were recovered from follicles with a diameter of 

3−5 mm by aspiration, using an 18 gauge-needle attached to a 2 mL-syringe. COCs and follicle 

fluid were collected in 50 mL-tubes. When about 20 mL was collected, an equal volume of 

handling medium (PBS supplemented with 1% fetal calf serum) was added and tubes were 

incubated for 15 min at 38°C. After sedimentation of the cellular material, the supernatant was 
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removed and fresh handling medium was added for washing once more and reduction of follicle 

fluid content. After sedimentation, COCs were transferred to a petri-dish for selection, using a 

stereomicroscope (SMZ-2T; Nikon, Düsseldorf, Germany). Only intact COCs with at least 

three cumulus cell layers and a homogenous cytoplasm were selected. COCs were transferred 

into hyperosmotic salt solution (1.5 mM MgCl2, 40 mM HEPES, 0.1% (w/v) PVP360; Coutinho 

da Silva et al 2012) and stored at 5°C until use.  

 Prior to co-incubation with porcine oocytes, stallion sperm samples were centrifuged 

(700×g, 10 min), the supernatant removed and the sperm pellet was resuspended in modified 

Tyrode’s capacitation medium (TYR-A) or control medium (TYR-B; as TYR-A, but lacking 

CaCl2 and NaHCO3, and supplemented with 1 mM Na2EGTA) to 100×106 sperm mL−1. The 

sperm concentration was checked using a photometer (SDM-1; Minitüb, Tiefenbach, 

Germany). Oocytes were washed in petri-dishes (35 mm diameter) in TYR-A and -B medium, 

after which they were transferred into four-well-plates with 95 µL medium per well. Silicon oil 

(Serva, Heidelberg, Germany) was added around the droplets to keep them in shape and limit 

dehydration. For each sperm sample, co-incubations were done both in TYR-A as well as -B 

medium, with 5 oocytes each. Oocytes in TYR-A and -B medium were equilibrated for 10 min 

at 38°C in a humidified incubator in the presence and absence of 5% CO2, respectively. Five-

µL sperm sample (prepared in the same medium) was added to each medium droplet containing 

oocytes, and they were co-incubated for up to 120 min.  

 After co-incubation, oocytes were washed in handling medium to remove loosely bound 

sperm. Then, oocytes with bound sperm were transferred into DNA staining solution (5 mg 

mL−1 Hoechst 33342, 4% formol citrate in PBS), and incubated for 10 min in darkness, followed 

by washing in handling medium. For microscopic observations, they were transferred onto 

microscope slides, into 3 µL silicon oil in O-rings. Specimens were covered with a cover slip 

and observed using a fluorescence microscope (BX 60; Olympus, Tokio, Japan) to determine 

the number of sperm bound to each oocyte.  
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3.6 Insemination experiment  

 

 For evaluation of in vivo fertilization capacity of cryopreserved sperm after thawing and 

1 d refrigerated storage, an insemination experiment was performed as described in detail below 

(Experiment III). Only healthy mares with a normal breeding history were used for the studies. 

Mares that were barren for more than one year or were found positive for intrauterine bacteria 

or fungi were excluded. The mares were held in the State Stud of Lower Saxony, for being 

inseminated. They were accommodated in boxes with straw or wooden shavings, were fed three 

times a day with hay and oats, and water was freely available.  

 For standard insemination with cryopreserved stallion sperm, mares were treated with 

human choriongonadotropine (hCG; 1500 IU), after which they were checked every 6 h for 

ovulation, such that they could be inseminated maximally 6 h after ovulation. For the studies 

described here, cryopreserved sperm from stallions of proven fertility was used. Thawed sperm 

was applied deep into the uterine horn, as generally done when using cryopreserved sperm for 

insemination. Cryopreserved sperm that was subjected to cooled storage was applied into the 

uterine body, as normally done with diluted and cooled shipped semen.  
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3.7 Experiment I: Determination of viability of cryopreserved stallion sperm, after 

thawing and during cooled storage  

 

 The aim of this experiment was to determine the viability of cryopreserved sperm after 

thawing, dilution in various extenders and cooled storage after thawing. For dilution after 

thawing, in addition to INRA-82 (prepared as described above), the following commercial 

extenders were tested: INRA-96 (IMV technologies, L’Aigle, France), Spervital OVD and 

EVD+ (Spervital, Toldijk, Netherlands). Sperm was cryopreserved as described above. Semen 

from 10 stallions (3−22 years) was used, which were divided into two groups according to their 

post-thaw-motility. Stallions were classified as ‘good’ and ‘poor’ freezers if progressive 

motility after thawing was ≥40% and <40%, respectively (6 and 4 stallions in each group, 

respectively). A schematic presentation of the study design is presented in Figure 3.1A. For 

each stallion, per ejaculate two straws (400×106 sperm mL−1 in INRA-82 supplemented with 

2.5% glycerol and 2.5% egg yolk) were thawed (37°C, 30 s), after which 4 mL extender (listed 

above) was added for dilution to 80×106 sperm mL−1. An aliquot was taken for analysis directly 

after dilution, and the remainder was transferred in 20 mL-syringes in styrofoam boxes with an 

ice pack for cooled storage at ~4°C. For comparison, thawed sperm without further dilution was 

included in the studies (i.e. thawed straws). Further aliquots for analysis of sperm characteristics 

were taken after 2 and 24 h storage. Samples were analyzed for sperm motility and plasma and 

acrosomal membrane integrity as described in detail above.  

 In an additional experiment it was tested if different dilution ratios and storage at 

different sperm concentrations affected sperm motility and membrane integrity after thawing 

and cooled storage afterwards. Here only INRA-82 and -96 were tested as diluent, using semen 

of 4 stallions (2 ‘good’ and 2 ‘poor’ freezers, 3−11 years). After thawing, sperm (two 0.5 mL-

straws, each containing 400×106 sperm mL−1) was diluted to 20×106 sperm mL−1 (addition of 
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19 mL diluent to 1 mL 400×106 sperm mL−1), 40×106 sperm mL−1 (addition of 9 mL diluent), 

80×106 sperm mL−1 (addition of 4 mL diluent), and 200×106 sperm mL−1 (addition of 1 mL 

diluent). Sperm samples were stored in 20 mL-syringes (20 and 10 mL samples) or 10 mL-

syringes (5 and 2 mL samples) at 4°C, and samples for analysis of sperm motility and membrane 

integrity were taken before cooled storage and after 24 h. A schematic presentation of the study 

design is presented in Figure 3.1B.  

 

3.8 Experiment II: Determination of oocyte-binding capacity of cryopreserved stallion 

sperm, after thawing and cooled storage, as a measure for fertilization capacity  

 

 For evaluation of sperm-oocyte binding capacity of cryopreserved semen after thawing 

as well as after an additional 24 h cooled storage, a heterologous binding assay was performed; 

as schematically presented in Figure 3.2. This was done using semen of 8 stallions (all ‘good’ 

freezers, 2−10 years). Semen was cryopreserved as described above (400×106 sperm mL−1 in 

INRA-82 supplemented with 2.5% glycerol and 2.5% egg yolk). For each stallion two straws 

were used. One straw (0.5 mL) was thawed and diluted with INRA-82 (2 mL) to 80×106 sperm 

mL−1, for transfer in a 10 mL-syringe and 24 h storage at 4°C as described above. The following 

day, a second straw from the same ejaculate was thawed and diluted similarly for direct use (i.e. 

0 h storage after thawing). The sperm samples (2.5 mL) were centrifuged (700×g, 10 min), the 

supernatant was removed and the sperm pellet resuspended in TYR-A or -B (0.8 mL) to 

100×106 sperm mL−1. From this aliquots were used for co-incubation with porcine oocytes and 

evaluating binding capacity as described in detail above.  
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Figure 3.1A. Schematic presentation of the study design of Experiment I-1; on determining 
viability of cryopreserved sperm after thawing and during cooled storage for up to 1 d. Sperm was 
thawed and stored at ~4°C without further processing or after dilution in different extenders 
(INRA82, INRA96, Spervital OVD, Spervital EVD+) to 80×106 sperm mL‒1. Sperm motility and 
plasma and acrosomal membrane integrity were determined: directly after thawing, after dilution 
as well as 2 and 24 h cooled storage. For details see section 3.7.  
 



31 

 

 
Figure 3.1B. Schematic presentation of the study design of Experiment I-2; which was performed to determine effects of different 
dilution ratios on sperm quality during cooled storage for up to 1 d. Straws were thawed and diluted in INRA-82 and -96 to four 
different concentrations (20‒200×106 sperm mL‒1) and stored at ~4°C. Directly after dilution and after 24 h of storage, sperm 
motility as well as plasma and acrosomal membrane integrity were evaluated. For details see section 3.7.  
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Figure 3.2. Schematic presentation of the study design of Experiment II; on evaluation of sperm-oocyte binding capacity 
using stallion sperm and porcine oocytes. Cryopreserved sperm samples were tested directly after thawing as well as after 
1 d cooled storage at ~4°C. Co-incubations were done in medium inducing sperm capacitation (TYR-A) as well as control 
medium (TYR-B) for 2 h, after which specimens were stained and numbers of bound sperm per oocyte were counted using 
a fluorescence microscope. For details see section 3.8.  
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3.9 Experiment III: Insemination trial for evaluati on of fertilization capacity of 

cryopreserved stallion sperm, directly after thawing and after cooled storage  

 

 The aim of this experiment was to determine fertility rates when using cryopreserved 

stallion sperm 1 d cooled storage after thawing for insemination of mares, and comparison with 

using cryopreserved sperm directly after thawing. The insemination experiment took place in 

Celle, during two subsequent breeding seasons (March−August, 2017 and 2018). In addition to 

testing the use of cryopreserved sperm after 1 d cooled storage (groups i−iii) or directly after 

thawing (control; group iv), different timing of insemination was tested. This resulted in the 

following groups; as illustrated in Figure 3.3:  

(i): 2 inseminations, using sperm ~17 and ~33 h after thawing, 24 and 40 h after hCG-

application or using sperm ~23 and ~33h after thawing, 30 and 40 h after hCG-application 

(ii): 1 insemination, using sperm ~28 h after thawing, 33 h after hCG-application  

(iii): 1 insemination, using sperm 17−36 h after thawing, maximally 6 h after ovulation  

(iv): 1 insemination, using freshly thawed sperm, maximally 6 h after ovulation (i.e. control)  

 As indicated above, mares were treated with hCG prior to insemination. This was done 

between 6−8 AM when follicles reached a minimal size of 35 mm and the uterine edema 

decreased, such that the ovulation was estimated to take place approximately 36 h later. For 

groups i‒iii, cryopreserved sperm (4 straws per ejaculate) was thawed between 1−3 PM, diluted 

with INRA-82 to 80×106 sperm mL−1 and stored cooled in a syringe in a styrofoam box at ~4°C 

(similarly as described above) until use. For group i, two straws were diluted in 4 mL INRA-

82, twice (i.e. two half insemination doses), and used for insemination 24 or 30 as well as 40 h 

after hCG-application. For group ii and iii, four straws were diluted in 8 mL INRA-82 (i.e. one 

insemination dose). Mares in group ii were inseminated 33 h after hCG application, whereas 

mares in group iii were checked every 6 h for ovulation such that insemination was performed 
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maximally 6 h post ovulation. Mares in group iv were inseminated with cryopreserved sperm 

directly after thawing, and represented the ‘control group’. In this group mares were checked 

every 6 h for occurrence of ovulation for insemination maximally 6 h after ovulation.  

 Mares in group iv were inseminated via rectally guided deep horn insemination 

technique, whereas in groups i-iii semen was deposited into the uterine body. 

 Four to twelve hours after (the last) insemination, mares were flushed with 3 L saline 

solution (0.9% (w/v) NaCl) and treated with 20 IU Oxytocin (Oxytocin, 10IU/ml, cp-pharma, 

Burgdorf, Germany). This is part of the standard procedure of frozen semen insemination in the 

State Stud Celle.  

 

3.10 Statistical analysis  

 

 For statistical analysis, ‘SAS’-Software Version 7.15 (SAS Institute, Cary, NC, USA) 

was used with help of a statistician (from the Institute for Biometry and Epidemiology of the 

University of Veterinary Medicine Hannover).  

Data are presented as means ± standard deviations. First, data were checked for normal 

distribution to decide between parametric or non-parametric tests. Then, ‘ANOVA’ was used 

to analyze differences in sperm characteristics (i.e. membrane intactness, motility, oocyte 

binding) between time points of analysis (i.e. directly after thawing versus after cooled storage 

after thawing), different diluents, as well as comparisons between ‘good’ and ‘poor’ freezer 

stallions. In case significant differences were found, additionally, multiple comparisons of 

means were performed using Tukey’s test. Data on pregnancy rates, for the different sperm 

preparations and insemination regimes tested (i.e. group i-iv), were analyzed using the Chi-

squared (χ2) test. Due to the small number of mares per group, Fisher’s exact test was used 

where applicable. Differences were considered statistically significant in case p<0.05.  
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Figure 3.3A‒D. Schematic presentation of the study design of Experiment III; using an insemination 
trial for evaluation of fertilization-capacity of cryopreserved sperm, both directly after thawing and 1 d 
cooled storage. The mares were divided into four groups (i‒iv) and were all were treated with hCG at 
a defined time point (d 0). Mares in group i‒iii were inseminated with cryopreserved sperm that was 
thawed, diluted and stored for 1 d at ~4°C, whereas mares in group iv were inseminated with 
cryopreserved sperm directly after thawing. Panels A and B illustrate the time points of insemination 
of mares in group i and ii, which was done respectively twice (A; 24/30 and 40 h post-hCG), group II 
(B) or once (B; 33h post-hCG). Furthermore, as illustrated in panels C and D, mares in group iii and iv 
were regularly checked for insemination maximally 6 h after ovulation. Mares were checked after 14‒

16 d for successful fertilization. For details see section 3.9.  
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4. RESULTS 
 

4.1 Experiment I: Viability of cryopreserved stallion sperm, after thawing and during 

cooled storage  

 

 Viability of cryopreserved sperm was determined directly after thawing as well as after 

cooled storage for up to 1 d after thawing. After cryopreservation, thawing, and dilution in 

extender, the percentage of plasma and acrosomal membrane intact sperm ranged between 

43−46%, irrespective of the diluent used (Figure 4.1A). Slightly higher percentages were found 

for samples that were not subjected to dilution (52±12%) (p>0.05). Stallions classified as ‘good 

freezers’ exhibited higher sperm membrane intactness as ‘poor’ freezers (e.g. after dilution in 

INRA-82: 47±12% versus 37±5%, respectively; Figure 4.1B and C) (p>0.05). If straws were 

thawed and subjected to cooled storage for up to 1 d without dilution, the percentage of 

membrane intact sperm decreased from 52±12% down to 45±14%. In case of dilution after 

thawing, the percentage of membrane intact sperm after 1 d cooled storage ranged between 

43−47%. This is a 0−4% increase as compared to values determined directly after thawing. For 

‘good freezers’, percentages of plasma membrane intact sperm were decreased after cooled 

storage, as compared to values determined directly after thawing, whereas for poor freezers 

values seemed increased (p>0.05). It should be noted, however, that the latter was a mean value 

calculated from only four stallions.  

 Sperm motility post-thaw ranged between 29−37% (Figure 1D−F). Only minor 

differences were seen between samples directly after thawing which were not further diluted 

versus samples that were diluted using different extenders. For samples diluted in INRA-82, 

post-thaw progressive motility was 37±6% and 25±3%, for ‘good’ and ‘poor’ freezers, 

respectively (p<0.05). After an additional 24 h cooled storage, 3−8% lower percentages of 
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progressively motile sperm were found for specimens that were maintained in a straw as 

compared to samples that were diluted with different extenders prior to storage (23±8% versus 

26−29%) (p>0.05). In addition to percentages of motile sperm post-thaw, the sperm velocity 

(VCL) and head movement with respect to the sperm tail (ALH) were investigated (Figure 4.2). 

Both, VCL and ALH were slightly increased after 24 h cooled storage after thawing as 

compared to directly after thawing. VCL values increased from 109−125 to 123−140 µm s−1, 

and ALH values from 2.5−3.0 to 3.3−3.5 µm, indicating sperm hyperactivation (p<0.05). No 

differences amongst ‘good’ and ‘poor’ freezers were seen.  

 Furthermore, for cooled storage after thawing, different dilution ratios in INRA-82 and 

-96 were tested. In Figure 4.3 it can be seen that there were no differences in percentages of 

membrane intact and motile sperm for the different dilution ratios and extenders tested. 

Percentages of progressively motile sperm seemed higher in samples diluted to 200×106 sperm 

mL−1 in both extenders, however, this sperm concentration may be too high for measuring 

accurately when using CASA. Similarly as described for Figure 4.1, VCL and ALH were 

increased when comparing samples after 24 h cooled storage after thawing versus samples 

directly after thawing (data not shown).  
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Figure 4.1. Percentages of plasma membrane intact (A−C) and progressively motile (D−F) stallion sperm, determined directly after thawing (blue bars) 
as well as after 24 h cooled storage after thawing (grey bars). Straws with cryopreserved sperm were thawed, not further processed (‘paillette’) or sperm 
was removed from the straws and diluted using various extenders (INRA, Spervital). Membrane intactness was evaluated via flow cytometric analysis of 
PI/FITC-PNA-stained sperm, after 10 min incubation in TYR-A capacitation medium. Motility characteristics were evaluated using computer assisted 
sperm analysis. Mean values ± standard deviations are presented, from 10 ejaculates from different stallions. Values for all stallions are presented (A,D) 
as well as stallions grouped according to their ‘sperm freezability’ (B,E: ‘good freezers’, n=6; C,F: ‘poor freezers’ n=4). Values marked with different
letters differ significantly between time points (p<0.05). Values marked with an asterisk differ significantly between good and poor freezers (p<0.05).  
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Figure 4.2. Motility characteristics of stallion sperm, directly after thawing (blue bars) as well as after 24 h cooled storage after thawing (grey bars). 
Refrigerated storage was done without further processing as well as after dilution in various extenders (INRA, Spervital). The analyzed motility 
characteristics included the curve line velocity (VCL; A−C) and amplitude lateral head movement (ALH; D−F). Mean values ± standard deviations 
are presented, for all stallions (A, D; n=10) as well as stallions classified as ‘good’ (B, E; n=6) or ‘poor’ (C, F; n=4) freezer stallions. Values with 
different superscript letters differ significantly between time points 0h and 24h (p<0.05). Values marked with different numbers differ significantly 
from INRA82 (p<0.05). 
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Figure 4.3. Percentages of plasma membrane intact (A) and progressively 
motile (B) stallion sperm, determined directly after thawing (blue bars) as well 
as after 24 h cooled storage after thawing (grey bars). Cryopreserved sperm 
was thawed, after which it was diluted in INRA-82 or INRA-96 to different 
final sperm concentrations (20−200×106 sperm mL−1). Mean values ± 
standard deviations are presented, from 4 ejaculates from different stallions. 
Values marked with an asterisk differ significantly between INRA-82 and 
INRA-96 (p<0.05). 
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4.2 Experiment II: Heterologous sperm-oocyte-binding capacity of cryopreserved stallion 

sperm, after thawing and cooled storage, as a measure for fertilization capacity  

 

 As a measure for fertilization capacity, heterologous sperm-oocyte-binding was 

determined. When using freshly diluted sperm samples (centrifuged and resuspended in INRA-

82), it was observed that the number of sperm bound per oocyte increases during co-incubation 

in TYR-A capacitation medium reaching maximum values after 60−120 min (43−238 sperm 

per oocyte; Figure 4.4A). In contrast, low sperm-oocyte binding was observed when co-

incubation was done in TYR-B, which did not induce sperm capacitation in vitro (0−98 sperm 

per oocyte).  

 

  

 
Figure 4.4. Numbers of stallion sperm bound per oocyte, after co-incubation with porcine oocytes in TYR-A 
capacitation medium (red symbols and bars) or TYR-B control medium (blue symbols and bars). Heterologous zona 
pellucida binding was evaluated using centrifuged sperm samples during co-incubation for different durations (A), 
as well as centrifuged and cryopreserved sperm samples for 2 h co-incubations only (B). In the latter case, centrifuged 
and cryopreserved sperm were prepared from the same ejaculate. Binding was tested at the day of preparation (0 h, 
centrifuged sperm only) as well as after 1 d of refrigerated or frozen storage (centrifuged and cryopreserved sperm, 
respectively). Similar sperm concentrations were used for all incubations. Mean values ± standard deviations are 
presented, for incubations with 6 ejaculates from different stallions. Values with different superscript numbers differ 
significantly between treatments/time points (p<0.05). Values with different superscript letters differ significantly 
between TYR-A and TYR-B (p<0.05). 
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Heterologous sperm-oocyte binding was not significantly decreased when using diluted sperm 

samples after cooled storage for 1 d, whereas numbers were significantly decreased when using 

cryopreserved sperm samples (decreased from 154±52 down to 27±23 sperm per oocyte; 

p<0.05), for 2 h co-incubation in TYR-A (Figure 4.4B). The latter can be explained by the lower 

number of viable sperm in the cryopreserved sample (35-60% progressive motile sperm after 

thawing). Therefore higher sperm concentrations were used for testing oocyte binding capacity 

of cryopreserved semen directly after thawing and dilution in INRA-82 as well as after 1 d 

cooled storage after thawing and dilution (Figure 4.5).  

 When using a four-fold higher concentration of cryopreserved sperm as used for the data 

presented above (Figure 4.4), this resulted in binding of 101±76 and 59±41 sperm per oocyte 

after 2 h co-incubation in TYR-A and -B, respectively. Furthermore, in Figure 4.5 it can be seen 

that when using sperm after 1 d cooled storage, the number of bound sperm increased 

 
Figure 4.5. Numbers of stallion sperm bound per 
porcine oocyte after co-incubation for 2 h in 
TYR-A capacitation medium (red bars) as well as 
TYR-B control medium (blue bars). Sperm were 
used directly after thawing (cryopres., thawed) or 
after 1 d cooled storage (cryopres., 24 h at 4°C). 
Mean values ± standard deviations are presented, 
determined using 8 ejaculates from different 
stallions. Values with different superscript 
numbers differ significantly between treatments 
(p<0.05). Values with different superscript letters
differ significantly between TYR-A and TYR-B 
(p<0.05). 
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significantly (p<0.05) to 147±92 in TYR-A (and 64±54 in TYR-B). It should be noted that 

significant differences (p<0.05) were found amongst stallions; binding ranged from 10±9 to 

262±24 sperm bound per oocyte. However, in all but one case (n=7) the sperm-oocyte binding 

capacity after 1 d cooled storage was increased as compared to using sperm directly after 

thawing.  

 

4.3 Experiment III: Insemination trial for determin ing fertilization capacity of 

cryopreserved stallion sperm directly after thawing as well as 1 d cooled storage 

 

 An insemination trial was performed to actually determine mare pregnancy rates when 

using cryopreserved stallion sperm that was stored at 4°C for 1 d at after thawing, and compare 

with rates obtained normally when using straws directly after thawing. Mares were randomly 

classified into the four groups described above. A 70% pregnancy rate (7 out of 10 mares) was 

determined for the ‘control group’ iv, which was checked regularly and inseminated using 

sperm directly after thawing, maximally 6 h after ovulation. Interestingly, pregnancy rates were 

not negatively affected when using cryopreserved sperm that was stored for 1 d at ~4°C after 

thawing. For group iii, in case of using a similar insemination timing as used for the control 

group, 6 out of 7 mares (86%) were pregnant at d 14. When mares were not regularly checked 

and inseminated 33 h post-hCG, it was found that 5 out of 9 mares (56%) were pregnant. The 

lowest pregnancy rates were found when the insemination dose was split and mares were 

inseminated both at 24 (6 mares) or 30 (3 mares) and 40 h post-hCG (group i; total 4/9 or 44% 

pregnancy rate). Pregnancy rates between groups did not differ statistically significant (p>0.05). 
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Figure 4.6. Percentage of pregnant mares in 
case of using cryopreserved sperm after 1 d 
refrigerated storage after thawing (groups 
i−iii) as well as directly after thawing (iv). 
Insemination was done at different time 
intervals after hCG treatment. The following 
groups were included in the studies: group i 
(blue bar) mares were inseminated with 
thawed cooled stored sperm at 24 or 30 as 
well as 40 h post hCG-application; group ii 
(green bar) was inseminated 33 h after hCG 
application; mares in group iii (yellow bar) 
were checked every 6 h for occurrence of 
ovulation, such that they were inseminated 
maximally 6 h post ovulation. For groups 
i−iii, thawed sperm stored for 17−36 h at 4°C 
was used. Group iv (red bar) mares were 
inseminated using freshly thawed 
cryopreserved sperm (i.e. control-group). 
Mares in group iv were also checked every 6 
h for ovulation for insemination maximally 6 
h post ovulation. 
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5. DISCUSSION AND CONCLUSIONS  
 

5.1 Viability of cryopreserved stallion sperm, after thawing, and during cooled storage  

 

 In the first part of this study, it was investigated, if cryopreserved stallion sperm 

maintains its viability in vitro after thawing. It was found that after thawing, dilution and 24 h 

cooled storage percentages of membrane intact sperm were similar as determined directly after 

thawing, whereas percentages of progressive motile sperm were only slightly decreased (3–8% 

lower). In agreement with this, McCue et al. (2004) found that in case of ‘re-freezing’ thawed 

cryopreserved stallion semen, sperm membrane intactness was only slightly decreased whereas 

motility decreased significantly. Exposure to multiple freezing-and-thawing cycles, however, 

causes severe damage and loss of sperm viability (Sielhorst et al. 2016).  

 After thawing, only minor differences in sperm viability after 24 h cooled storage were 

seen in case of using different extenders and sperm concentrations for dilution post-thaw. 

Previous studies indicated that sperm viability during cooled storage is better preserved if using 

extenders like INRA-96 which contain specific milk fractions (Batellier et al. 1997, Pagl et al. 

2006, Pillet et al. 2008, LeFrapper et al. 2010). In addition, pregnancy rates were higher if sperm 

diluted in INRA-96 was used for insemination, instead of INRA-82 containing skim milk (Pillet 

et al. 2008). In the current study, cryopreservation was done using INRA-82 supplemented with 

the cryoprotective agents egg yolk and glycerol This may explain the good sperm viability 

found with post-thaw dilution using INRA-82 without supplements. By using the same base 

extender for cryopreservation and dilution after thawing, possible negative interactions between 

extender components might be excluded. In contrast to our findings, Varner et al. (1987) found 

that diluting sperm to 25×106 sperm mL−1 is best for maintaining sperm motility. It should be 
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noted here that CASA measurements become less accurate if using samples with sperm 

concentrations that are too low or high (Mack et al. 1988, Iguer-Ouada and Verstegen 2001).  

 It was observed that sperm velocity (VCL) and head movement (ALH) were increased 

after thawing and cooled storage, indicating sperm hyperactivation. This is referred to as 

cryocapacitation (Bedford et al. 2000, Schembri et al. 2002, Neild et al. 2003, Thomas et al. 

2006), which seems enhanced by cooled storage of cryopreserved samples after thawing. 

Furthermore, post-thaw dilution with fresh extender, containing energy supplies, may increase 

ATP-production, leading to a more vigorous movement pattern.  

 

5.2 Fertilization capacity of cryopreserved sperm in vitro  

 

 First, a heterologous sperm-oocyte binding assay was used to obtain insights in sperm 

fertilization capacity. Such assays have been previously proven to be meaningful, and sperm-

oocyte-binding capacity has been correlated with stallion fertility in vivo (Fazeli et al. 1995, 

Meyers et al. 1996). Similar as described by Balao da Silva et al. (2013), sperm-oocyte binding 

was evaluated here after 2 h co-incubation. When comparing sperm-oocyte binding for semen 

directly after dilution as well as 24 h cooled storage, similar numbers of bound sperm per oocyte 

were found. When using cryopreserved sperm directly after thawing, significantly lower 

numbers of sperm were found to bind to oocytes. This has also been found using a homologous 

binding assay (Dobrinski et al. 1995). The reduced binding capacity of cryopreserved semen 

can simply be explained by the fact that it contains a reduced number of viable sperm compared 

to fresh semen. Therefore, for testing effects of cooled storage after thawing cryopreserved 

sperm, a four-fold higher sperm concentration was used. It was found that the number of bound 

sperm per oocyte was higher if cryopreserved sperm was stored at 4°C for 24 h after thawing. 
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Sperm-oocyte binding seemed increased after cooled storage after thawing, as compared to 

using sperm directly after thawing. This might be due to effects of dilution with fresh skim milk 

extender after thawing. Binding of sperm to the zona pellucida is enhanced by β- and κ-caseins 

which are present in skim milk (Coutinho da Silva et al. 2012, 2014). Furthermore, sperm 

hyperactivation and capacitation leads to increased zona pellucida binding (Yanagimachi 

1994). This was confirmed in our studies, in which we found a clear difference in numbers of 

bound sperm per oocyte in non-capacitating control medium versus capacitating medium. In 

our studies, also sperm velocity and head movement was found to be increased after cooled 

storage after thawing. These are signs of sperm hyperactivation and capacitation, which might 

explain the increased binding rate.  

 Large individual variation in heterologous sperm-oocyte binding between stallions has 

been found here and described previously (Dobrinski et al. 1995, Balao da Silva et al. 2013, 

Macías-García et al. 2015). This is likely due to individual variability in sperm viability and 

different capacities of spermatozoa to undergo the acrosome reaction in vitro (Mugnier et al. 

2009). Sperm-oocyte binding is also affected by presence of seminal plasma (Al-Essawe et al. 

2018), due to presence of so-called decapacitating factors in the seminal plasma. This did not 

play a major role in our studies, since semen samples were centrifuged for removal of most of 

the seminal plasma. Also, oocyte and zona quality affect sperm binding capacity (Zhang et al. 

1995). We therefore tested sperm binding using multiple oocytes. Furthermore, only stallions 

with proven fertility were included in the studies.  

 With the hemi-zona assay oocytes are divided in two equal parts for comparing treated 

sperm directly with a reference sample (i.e. comparing binding using two halves of the same 

oocyte). This eliminates the problem of zona differences amongst oocytes. Using this approach, 

Fazeli et al. (1995) tested sperm from stallions of unknown and known fertility and found a 
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correlation between sperm-oocyte binding capacity and stallion fertility. Although using whole 

zona pellucida for testing sperm-oocyte binding is more difficult (less accurate) similar 

correlations were found with fertility. For example, Meyers et al. (1996) showed that sperm-

oocyte binding was lower for subfertile stallions compared to fertile stallions, which coincided 

with the level of sperm undergoing the acrosome reaction. Furthermore, in a study that tested 

sperm binding using intact zona pellucida as well as the hemi-zona assay, a correlation was 

found between numbers of bound sperm and non-return-rates for cryopreserved sperm from 

dairy bulls (Zhang et al. 1998).  

 

5.3 Fertilization capacity of cryopreserved sperm in vivo  

 

 To actually determine fertilization capacity in vivo, an insemination trial was performed. 

Mares were administered hCG, and only included in the studies if ovulation took place within 

48 h. Typically 75−90% of the mares ovulate within 24−48 h after hCG-administration (Loy 

and Hughes 1965, Barbacini et al. 2000, Sieme et al. 2003, Tazawa et al. 2017). Artificial 

insemination was performed with cryopreserved semen after thawing, dilution and 24−36 h 

storage and compared to a control group in which insemination was done using freshly thawed 

semen similar as the standard procedure. It was found that pregnancy rates were similar for both 

cases, and thus sperm fertilizing capacity was not negatively affected by 1 d cooled-diluted 

storage after thawing of straws.  

 If artificial insemination is done using fresh or cooled-diluted semen, doses are typically 

deposited in the uterine body. In case of reduced sperm numbers/viability as is the case with 

cryopreserved sperm, doses are inseminated via rectally guided deep horn insemination (Rigby 

et al. 2001, Brinsko et al. 2003, Morris et al. 2003, Samper et al. 2005, Hayden 2012, Govaere 
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et al. 2014, Camargo et al. 2018). Pregnancy rates per cycle using cryopreserved semen vary 

between studies (43−73%; Metcalf 1995, Loomis 2001, Vidament 2005). In this study, 

pregnancy rates ranged from 33−70%, irrespective of using cryopreserved sperm directly after 

thawing, using deep horn insemination, or 1 d cooled storage after thawing-and-dilution and 

insemination in the uterine body. Squires et al. (2003) also did not find differences in pregnancy 

rates if insemination of cryopreserved-thawed semen was done in the uterine body versus deep 

horn. In our insemination trial, fixed time insemination was tested both with using two half-

dose inseminations, 24 or 30 and 40 h post hCG, and one full dose insemination 33 h post-hCG. 

In our studies, the lowest pregnancy rate was achieved in case of the two half-dose 

inseminations 24 or 30 and 40 h post-hCG. Furthermore, pregnancy rates were highest when 

the insemination was performed after ovulation was detected (i.e. within 6 h after ovulation). 

In previous studies, similar pregnancy rates were found in case of insemination close to 

ovulation (i.e. with checking every 6 h) as well as insemination at a defined time interval after 

hCG application, namely after 30 h (Sieme et al. 2004) or 24 and 40 h (Squires et al. 2002, 

Reger et al. 2003, Squires et al. 2003, Loomis and Squires 2005, Avanzi et al. 2015). Our low 

pregnancy rates in ‘group i’ may be explained by the mares that were assigned to this group, 

which also did not get pregnant in the next heat after insemination with frozen or fresh semen 

of the same or another stallion. Fertility of the mare is one of the main factors affecting 

pregnancy rates. Furthermore, breeding status (Vidament et al. 1997, Samper and Morris 1998, 

Samper et al. 2002, Sieme et al. 2004a) and age of the mare (Samper et al. 2002, Ball 1988, 

Vidament et al. 1997, Barbacini et al. 1999, Loomis and Squires 2005) affect fertility rates.  
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5.4 Conclusions  
 

 In the current studies it was found that cryopreserved stallion sperm maintains its 

viability and fertilizing ability after thawing, dilution and cooled storage for up to 24−36 h. It 

is concluded that cryopreserved stallion semen can be thawed and diluted for cooled shipment 

to different location for use for artificial insemination, without affecting fertility rates. 

Furthermore, performing artificial insemination 33 h after administration of hCG leads to 

similar pregnancy rates as is the case with timing of artificial insemination close to ovulation. 

This allows for reducing the number of rectal palpations and facilitates an easier planning of 

the time point to perform artificial insemination.  
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6. SUMMARY 

 
Janina Lühr (2018): 
 
Evaluation of fertilization capacity of cryopreserved stallion sperm, directly after thawing 

and after cooled storage 

 

 In the modern equine breeding industry, use of cryopreserved semen is increasing. In 

comparison to using fresh or cooled semen, however, costs are higher and pregnancy rates 

lower. This is associated with the fact that using cryopreserved sperm requires special 

equipment for transport, storage and handling. Furthermore, sperm viability is reduced after 

cryopreservation, and cryopreserved semen therefore needs to be used for insemination close 

to ovulation. The aim of the studies described in this thesis was to investigate if cryopreserved 

semen maintains its fertilizing ability after thawing and cooled overnight transport (i.e. 24 h 

storage at 4°C). Furthermore, it was tested if performing insemination at a defined time point 

after hCG application was as effective as performing insemination close to ovulation (with 

inspection every 6 h). These simplifications would reduce costs and make cryopreserved 

insemination doses available to more practitioners and breeders. 

 This study was divided in three parts. (1) First, viability of cryopreserved stallion sperm 

was determined in vitro; directly after thawing, after dilution with different extenders as well 

as an additional 24 h cooled storage. For cooled storage, to mimic transport conditions, thawed 

cryopreserved semen was diluted, transferred to a syringe and placed in a polystyrene transport 

box with a cool pack for maintenance at 4°C. Sperm plasma- and acrosomal membrane integrity 

was determined using flow cytometric analysis. Motility characteristics were evaluated using 

computer assisted sperm analysis (CASA). Only small differences were found between 
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percentages of membrane intact sperm directly after thawing and after an additional 24 h cooled 

storage, irrespective of the extender used for dilution. Furthermore, percentages of 

progressively motile sperm were only 3−8% decreased after 1 d cooled storage. (2) Then, for 

testing fertilizing potential of cryopreserved sperm in vitro, a heterologous oocyte-binding 

assay was used. Therefore, cryopreserved stallion sperm was co-incubated with porcine oocytes 

in capacitation as well as control-medium, after which nuclei were stained and the number of 

sperm per oocyte/zona was counted. Sperm-oocyte binding was determined to be higher in 

capacitation than in control medium, and if using diluted versus cryopreserved sperm. 

Furthermore, the number of sperm bound per oocyte was not negatively affected if 

cryopreserved sperm was subjected to dilution and 1 d cooled storage after thawing, suggesting 

that fertilizing capacity was maintained. (3) Finally, an insemination trial was performed to 

determine mare pregnancy rates using cryopreserved stallion sperm directly after thawing as 

well as after 24−36 h cooled storage after thawing. In addition, different insemination regimes 

were tested, including insemination after a defined duration after hCG-administration as well 

as maximally 6 h after ovulation (i.e. determined according to ultrasound ovulation controls). 

The insemination trial revealed that pregnancy rates achieved with using cryopreserved sperm 

after thawing and 1 d cooled storage (13/25, 52%) were not significantly different from when 

using freshly thawed sperm (7/10, 70%), nor were pregnancy rates negatively affected if 

insemination was planned according to the moment of hCG application instead of ovulation 

controls.  

 Taken together, viability and fertilizing capacity of cryopreserved stallion is not 

negatively affected if stored at 4°C for up to 24−36 h after thawing. Moreover, if used for 

artificial insemination, mare pregnancy rates are similar as those obtained with using freshly 

thawed sperm.   
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7. ZUSAMMENFASSUNG 

 

Janina Lühr (2018): 

 

Untersuchungen zur Befruchtungsfähigkeit von Hengsttiefgefriersperma nach Auftauen 

und nach gekühlter Lagerung  

 

 Der Einsatz von Tiefgefriersamen in der modernen Pferdezucht nimmt zu, ist jedoch im 

Vergleich zu Frisch- und Kühlsamen mit höheren Kosten und geringeren Trächtigkeitsraten 

verbunden. Ursachen dafür sind, dass für die Verwendung von Tiefgefriersamen eine spezielle 

Ausrüstung für Transport, Lagerung und Besamung benötigt wird und eine Besamung nah am 

Zeitpunkt der Ovulation erfolgen muss. Das Ziel der in dieser Arbeit beschriebenen Studien 

war herauszufinden, ob Tiefgefriersamen seine Fertilisationsfähigkeit nach Auftauen und 

gekühltem Transport über Nacht (also 24 Stunden Lagerung bei 4°C) erhält. Außerdem wurde 

getestet, ob eine Besamung zu definierten Zeitpunkten nach hCG-Applikation genauso effektiv 

ist wie eine Besamung nah am Zeitpunkt der Ovulation (nach Ultraschallkontrolle alle 6 

Stunden). Dieses Vorgehen würde Kosten reduzieren und Tiefgefriersamen einer breiteren 

Masse an Züchtern und Praktikern zugänglich machen.  

 Diese Studie besteht aus drei Teilen: (1) als erstes wurde die Viabilität von 

Tiefgefriersamen in vitro bestimmt; direkt nach dem Auftauen, nach Verdünnung mit 

verschiedenen Verdünnern und nach einer 24-stündigen Lagerung bei 4°C. Der Samen wurde 

nach Auftauen und Verdünnung in einer Spritze in einer Polystyrol-Kühlbox bei 4°C wie 

Kühlsamen gelagert. Die Plasma- und Akrosommembranintegrität wurde durch 

flowzytometrische Messungen bestimmt, die Motilität und Bewegungsmuster der Spermien 

mittels Computer assistierter Spermienanalyse (CASA). Es wurden nur geringe Unterschiede 

membranintakter Spermien zwischen direkt nach dem Auftauen und nach 24 Stunden gekühlter 
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Lagerung gefunden, unabhängig vom verwendeten Verdünner. Außerdem waren die Anteile 

progressiv motiler Spermien nur 3-8% niedriger nach 24 Stunden gekühlter Lagerung. (2) Zur 

Bestimmung der Fertilisationsfähigkeit kryokonservierter Spermien in vitro wurden heterologe 

Oozyten-Bindungsassays durchgeführt. Kryokonservierte equine Spermien wurden mit 

porcinen Oozyten in Kapazitations- und Kontrollmedium koinkubiert, anschließend wurden die 

Zellkerne angefärbt und die Anzahl der gebundenen Spermen pro Oozyte bestimmt. Die 

Spermien-Oozyten-Bindung ist höher in Kapazitäts- als in Kontrollmedium und höher bei 

Verwendung verdünnter versus kryokonservierter Spermien. Außerdem wird die Anzahl 

gebundener Spermien nicht negativ beeinflusst durch die Verdünnung und gekühlte Lagerung 

von kryokonservierten Spermien nach dem Auftauen für 24h, was darauf schließen lässt, dass 

die Fertilisationsfähigkeit erhalten bleibt. (3) Schließlich wurde ein Besamungsversuch 

durchgeführt zur Bestimmung der Trächtigkeitsraten von Stuten unter Verwendung 

kryokonservierter Spermien direkt nach dem Auftauen sowie nach 24-36 Stunden gekühlter 

Lagerung nach dem Auftauen. Es wurden verschiedene Besamungsregimes verglichen, 

einschließlich Besamung nach einer definierten Zeit nach hCG-Applikation, sowie maximal 6 

Stunden nach Ovulation, welche per Ultraschallkontrolle bestimmt wurde. Der 

Besamungsversuch zeigte, dass Trächtigkeitsraten weder bei Nutzung von kryokonservierten 

Spermien nach Auftauen und 24 Stunden Lagerung (12/22, 59%) signifikant niedriger sind als 

bei Nutzung von frisch aufgetautem Sperma (7/10, 70%) noch bei Planung von Besamungen 

anhand des Zeitpunkts der Applikation von hCG anstatt per Ovulationskontrolle.  

 Zusammengefasst ist die Viabilität und Fertilisationskapazität von kryokonservierten 

Spermien nicht negativ beeinflusst nach Lagerung für 24-36 Stunden bei 4°C nach dem 

Auftauen. Bei Verwendung dieser Spermien für die Besamung sind die Trächtigkeitsraten von 

Stuten ähnlich wie bei Verwendung von frisch aufgetautem Samen.  
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9. APPENDIX 

 

9.1 Data tables 

Table 9.1.1. Percentages of plasma membrane intact (PMI) and progressively motile (PMS) 
stallion sperm and motility characteristics (velocity curved line (VCL) and amplitude lateral 
head movements (ALH), determined directly after thawing (0h) as well as after 24 h cooled 
storage after thawing. Straws with cryopreserved sperm were thawed, not further processed 
(‘straw’) or sperm was removed from the straws and diluted using various extenders (INRA, 
Spervital). Membrane intactness was evaluated via flow cytometric analysis of PI/FITC-PNA-
stained sperm, after 10 min incubation in TYR-A capacitation medium. Motility characteristics 
were evaluated using computer assisted sperm analysis. Mean values ± standard deviations are 
presented, from 10 ejaculates from different stallions. Values with different superscript letters 
differ significantly between time points (p<0.05). Values with different superscript numbers 
differ significantly from INRA82 (p<0.05).  
 
 extender time 

point 
PMS (%) PMI (%) VCL (µm/s) ALH (µm) 

Straw 0 h 36.77 ± 9.46a 52.24 ± 11.73 120.45 ± 13.691 2.96 ± 0.33a2 

 2h 34.27 ± 6.47a 50.50 ± 9.58 121.35 ± 12.14 3.09 ± 0.18a2 

  24 h 23.24 ± 8.26b 44.77 ± 13.66 122.66 ± 14.462 3.47 ± 0.20b1 

INRA82 0 h 32.33 ± 7.73 43.30 ± 10.77 118.30 ± 13.13a1 2.55 ± 0.29a1 

 2h 33.56 ± 11.07 49.53 ± 8.71 121.25 ± 8.04a 2.72 ± 0.27a1 

  24 h 28.66 ± 7.60 47.17 ± 5.29 136.08 ± 8.22b1 3.26 ± 0.27b1 

INRA96 0 h 29.20 ± 6.53 46.03 ± 12.63 113.68 ± 11.341 2.61 ± 0.27a1 

 2h 26.67 ± 5.83 51.49 ± 7.49 113.85 ± 9.14 2.70 ± 0.27a2 

  24 h 26.03 ± 8.76 45.89 ± 5.03 124.28 ± 16.652 3.26 ± 0.37b1 

Sperv. OVD 0 h 32.07 ± 11.20a 42.71 ± 12.18 109.40 ± 10.58a1 2.54 ± 0.34a1 

 2h 28.69 ± 9.10ab 45.11 ± 5.81 114.02 ± 9.64a 2.72 ± 0.22a2 

  24 h 27.07 ± 6.11b 43.35 ± 7.44 136.92 ± 10.27b1 3.40 ± 0.26b1 

Sperv. EVD+ 0 h 32.97 ± 6.62a 42.81 ± 11.93 124.83 ± 8.47a1 2.71 ± 0.24a1 

 2h 33.84 ± 6.46ab 44.25 ± 9.84 129.91 ± 8.51ab 2.97 ± 0.25a 

  24 h 29.11 ± 7.65b 43.90 ± 4.55 140.11 ± 10.65b1 3.48 ± 0.30b1 
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Table 9.1.2. Percentages of plasma membrane intact (PMI) and progressively motile (PMS) stallion sperm and motility characteristics 
(velocity curved line (VCL) and amplitude lateral head movements (ALH) for good freezers (GF) and poor freezers (PF), determined 
directly after thawing (0 h) as well as after 24 h cooled storage after thawing. Straws with cryopreserved sperm were thawed, not further 
processed (‘straw’) or sperm was removed from the straws and diluted using various extenders (INRA, Spervital). Membrane intactness 
was evaluated via flow cytometric analysis of PI/FITC-PNA-stained sperm, after 10 min incubation in TYR-A capacitation medium. 
Motility characteristics were evaluated using computer assisted sperm analysis. Mean values ± standard deviations are presented, from 
10 ejaculates from different stallions. Values with different superscript letters differ significantly between time points (p<0.05). Values 
with different superscript numbers differ significantly from INRA82 (p<0.05). Values with an asterisk differ significantly between good 
and poor freezers (p<0,05). 
 

 extender time 
point 

PMS (%) PMI (%) VCL (µm/s) ALH (µm)  

  GF PF GF PF GF PF GF PF 
Straw 0 h 43.64±1.58a2* 26.46±5.32a* 57.27±12.89 44.69±3.08 128.06±5.27 109.05±15.07 3.15±0.26a2 2.68±0.23a 

 2h 39.03±2.04a* 27.15±2.39a* 51.81±10.85 48.54±8.39 129.64±7.48 108.92±2.23 3.14±0.21a 3.02±0.12ab 

  24 h 29.05±3.19b* 14.54±4.37b* 49.73±13.07 37.33±12.32 130.56±13.47 110.82±3.59 3.55±0.10b 3.34±0.25b 

INRA82 0 h 37.00±6.11* 25.33±2.89* 47.33±12.04 37.25±5.01 127.51±6.05* 104.48±5.65a* 2.67±0.27a1 2.37±0.25a 

 2h 40.72±7.501* 22.83±4.22* 53.27±7.47 43.91±8.03 125.64±5.86 114.66±6.33ab 2.81±0.25a 2.59±0.28a 

  24 h 33.83±4.31* 20.92±2.98* 48.68±2.24 44.91±8.01 141.42±3.54 128.07±6.26b 3.34±0.09b 3.15±0.41b 

INRA96 0 h 33.32±3.26 23.03±5.05 49.79±15.44 40.39±3.24 114.96±12.26a 111.76±11.28 2.56±0.19a 2.68±0.37a 

 2h 30.28±3.802 21.25±3.57 52.72±9.59 49.63±2.74 113.36±10.90a 114.60±7.15 2.65±0.25a 2.78±0.32a 

  24 h 31.68±3.88* 17.57±6.77* 45.92±4.01 45.85±7.00 133.13±7.98b 111.01±18.29 3.24±0.14b 3.29±0.61b 

Sperv. OVD 0 h 39.65±5.19a* 20.70±6.65* 46.58±14.67 36.91±3.38 113.96±9.49a 102.55±9.02a 2.68±0.28a 2.31±0.31a 

 2h 35.35±2.25ab* 18.69±4.21* 47.51±5.30 41.51±5.07 117.55±9.14a 108.72±8.80a 2.78±0.13a 2.63±0.32a 

  24 h 31.10±3.88b 21.03±2.42 45.51±8.47 40.11±4.78 141.76±4.70b 129.66±12.74b 3.45±0.12b 3.32±0.41b 

Sperv. EVD+ 0 h 36.06±6.25 28.33±4.32 47.67±13.52 35.54±2.24 129.15±7.38 118.35±5.56 2.79±0.20a 2.60±0.29a 

 2h 37.79±2.93 27.92±5.73 48.01±9.29 38.62±8.72 133.89±5.22 123.95±9.64 2.98±0.24a 2.95±0.32ab 

  24 h 34.28±3.94* 21.35±4.01* 44.25±1.98 43.38±7.41 143.52±9.23 135.01±11.86 3.52±0.24b 3.42±0.40b 

 



96 

 

Table 9.1.3. Percentages of plasma membrane intact and progressively motile stallion sperm, 
determined directly after thawing as well as after 24 h cooled storage after thawing. 
Cryopreserved sperm was thawed, after which it was diluted in INRA-82 or INRA-96 to 
different final sperm concentrations (20−200×106 sperm mL−1). Mean values ± standard 
deviations are presented, from 4 ejaculates from different stallions. Values with different 
superscript numbers differ significantly from INRA82 with a concentration of 80×106 sperm 
mL−1 (p<0,05). Values with different superscript letters differ significantly between time points 
(p<0,05). Values with a superscript asterisk differ significantly between INRA82 and INRA96 
(p<0.05). 
 
Dilution  
(sperm mL−1) 

time 
point 

PMS (%) PMI (%) VCL (µm/s) ALH (µm) 

INRA82 
20×106  
  

0h 30.96 ± 9.94 40.81 ± 10.14 118.16 ± 18.23a2* 2.26 ± 0.41a2 

24h 28.91 ± 11.35 42.68 ± 9.22* 132.37 ± 14.81b2* 2.83 ± 0.42b2* 

INRA82 
40×106  
  

0h 31.39 ± 12.45 39.01 ± 7.08* 116.19 ± 17.07a2* 2.36 ± 0.53a2 

24h 24.67 ± 11.31 40.84 ± 5.63 126.62 ± 14.46b2* 2.78 ± 0.40b2 

INRA82 
80×106  
  

0h 25.48 ± 8.8 37.94 ± 5.06 109.04 ± 12.94a1* 2.63 ± 0.31a1 

24h 25.59 ± 9.19 40.47 ± 6.05 119.43 ± 9.19b1 3.08 ± 0.33b1 

INRA82 
200×106  
  

0h 36.02 ± 5.87 38.4 ± 6.14 105.09 ± 8.382 3.48 ± 0.242 

24h 30.24 ± 9.79 42.56 ± 7.61 107.99 ± 12.642 3.64 ± 0.192 

INRA96 
20×106  
  

0h 25.65 ± 13.27 37.95 ± 8.25 109.18 ± 15.012* 2.22 ± 0.412 

24h 20.66 ± 14.83 40.05 ± 5.41* 107.21 ± 13.911* 2.46 ± 0.322* 

INRA96 
40×106  
  

0h 23.45 ± 12.73 36.54 ± 7.33* 106.86 ± 12.90a1* 2.35 ± 0.421 

24h 20.37 ± 10.3 39.01 ± 9.00 114.90 ± 14.20b1* 2.53 ± 0.372 

INRA96 
80×106  
  

0h 22.66 ± 11.76 33.20 ± 2.36 99.34 ± 10.37a2* 2.50 ± 0.422 

24h 22.22 ± 12.05 36.78 ± 3.89 112.01 ± 12.23b1 2.87 ± 0.392 

INRA96 
200×106  
  

0h 32.16 ± 8.49 34.23 ± 1.64 101.58 ± 15.261 3.46 ± 0.282 

24h 29.05 ± 12.72 37.87 ± 3.57 109.34 ± 15.661 3.68 ± 0.322 
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Table 9.1.4. Numbers of stallion sperm bound per oocyte, after co-incubation with porcine 
oocytes in TYR-A capacitation medium or TYR-B control medium. Heterologous zona 
pellucida binding was evaluated using centrifuged sperm samples during co-incubation for 
different durations. Similar sperm concentrations were used for all incubations. Mean values ± 
standard deviations are presented, for incubations with 6 ejaculates from 3 different stallions. 
Values with different superscript numbers differ significantly between time points (p<0.05). 
Values with different superscript letters differ significantly between TYR-A and TYR-B 
(p<0.05). 
 
 sperm bound per oocyte 
time point (min) TYR–A TYR–B 
10 22.27 ± 23.151a 4.41 ± 5.57b 

30 33.38 ± 23.741a 6.12 ± 10.41b 

60 51.00 ± 41.482a 5.81 ± 7.46b 

120 60.57 ± 43.882a 7.05 ± 9.53b 

180 27.64 ± 21.031a 4.79 ± 8.10b 

240 1.20 ± 1.403 0.30 ± 0.48 
 
 
 
Table 9.1.5. Numbers of stallion sperm bound per oocyte, after co-incubation with porcine 
oocytes in TYR-A capacitation medium or TYR-B control medium. Heterologous zona 
pellucida binding was evaluated using centrifuged and cryopreserved sperm samples prepared 
from the same ejaculate for 2 h co-incubations. Binding was tested at the day of preparation (0 
h, centrifuged sperm only) as well as after 1 d of refrigerated or frozen storage (centrifuged and 
cryopreserved sperm, respectively). Similar sperm concentrations were used for all incubations. 
Mean values ± standard deviations of sperm bound per oocyte are presented, for incubations 
with 6 ejaculates from different stallions. Values with different superscript numbers differ 
significantly between semen types (p<0.05). Values with different superscript letters differ 
significantly between TYR-A and TYR-B (p<0.05). 
 
 sperm bound per oocyte 
treatment TYR–A TYR–B 
Centrifuged, 0h 153.50 ± 51.981a 20.73 ± 26.48b 

Centrifuged, 24h at 4°C 143.43 ± 61.281a 16.90 ± 20.52b 

Cryopreserved, thawed 27.33 ± 23.892 6.20 ± 5.66 
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Table 9.1.6. Numbers of stallion sperm bound per porcine oocyte after co-incubation for 2 h in 
TYR-A capacitation medium as well as TYR-B control medium. Sperm were used directly after 
thawing (cryopres., thawed) or after 1 d cooled storage (cryopres., 24 h at 4°C). Sperm-oocyte 
co-incubations were done using sperm concentrations four-fold higher than used for the 
experiments listed in Table 9.1.4. Mean values ± standard deviations are presented, determined 
using 8 ejaculates from different stallions. Values with different superscript numbers differ 
significantly between semen types (p<0.05). Values with different superscript letters differ 
significantly between TYR-A and TYR-B (p<0.05). 
 
 sperm bound per oocyte 
treatment TYR–A TYR–B 
cryopres., thawed 101.30 ± 75.621a 58.55 ± 41.29b 

cryopres., 24h at 4C 147.58 ± 92.152a 63.80 ± 53.76b 

 
 
 
Table 9.1.7. Experiment 3: significant differences in sperm bound per oocyte in TYR-A 
between different semen types, based on tables 9.1.5 and 9.1.6. Differences were considered 
significant if p<0.05.  
 
 Centrifuged, 

0h 
Centrifuged, 
24h at 4°C 

Cryopres., 
thawed 

Cryopres., 
thawed, 4x 

Cryopreserved 
24h at 4°C 

Centrifuged, 
0h 

  p<0.0001 p0.0058  

Centrifuged, 
24h at 4°C 

  p<0.0001   

Cryopres., 
thawed 

p<0.0001 p<0.0001  p<0.0001 p<0.0001 

Cryopres., 
thawed, 4x 

p0.0058  p<0.0001  p0.0105 

Cryopreserved 
24h at 4°C 

  p<0.0001 p0.0105  
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Table 9.1.8. Percentage of pregnant mares in case of using cryopreserved sperm after 1 d 
refrigerated storage after thawing (groups i−iii) as well as directly after thawing (iv). 
Insemination was done at different time intervals after hCG treatment. The following groups 
were included in the studies: group ia mares were inseminated with thawed cooled stored sperm 
at 24 as well as 40 h post hCG-application; group i mares were inseminated with thawed cooled 
stored sperm at 30 as well as 40 h post hCG-application group ii was inseminated 33 h after 
hCG application; mares in group iii were checked every 6 h for occurrence of ovulation, such 
that they were inseminated maximally 6 h post ovulation. For groups i−iii, thawed sperm stored 
for 17−36 h at 4°C was used. Group iv mares were inseminated using freshly thawed 
cryopreserved sperm (i.e. control-group). Mares in group iv were also checked every 6 h for 
ovulation for insemination maximally 6 h post ovulation. 
 
group: Ia Ib II III IV 
n 6 3 9 7 10 
pregnant (n) 2 2 5 6 7 
pregnant (%) 33.33 66.67 55.56 85.71 70.00 

 
 
Table 9.1.9. Percentages of pregnant mares per cycle using cryopreserved semen for 
insemination during seasons 2017 and 2018 in the National State Stud Celle. Mares were 
administered either hCG or Buserelin or ovulated without treatment. They were checked every 
6 h for ovulation for insemination maximally 6 h post ovulation.  
 
year: 2017 2018 
n 139 121 
pregnant (n) 71 67 
pregnant (%) 51% 55% 
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9.2 List of figures 

 
Figure 3.1A.  Schematic presentation of the study design of Experiment I-1; on determining 

viability of cryopreserved sperm after thawing and during cooled storage for up 
to 1 d.  

 
Figure 3.1B.  Schematic presentation of the study design of Experiment I-2; which was 

performed to determine effects of different dilution ratios on sperm quality 
during cooled storage for up to 1 d.  

 
Figure 3.2.  Schematic presentation of the study design of Experiment II; on evaluation of 

sperm-oocyte binding capacity using stallion sperm and porcine oocytes.  
 
Figure 3.3.  Schematic presentation of the study design of Experiment III; using an 

insemination trial for evaluation of fertilization-capacity of cryopreserved 
sperm, both directly after thawing and 1 d cooled storage.  

 
Figure 4.1.  Percentages of plasma membrane intact and progressively motile stallion 

sperm, determined directly after thawing as well as after 24 h cooled storage 
after thawing.  

 
Figure 4.2.  Motility characteristics of stallion sperm, directly after thawing as well as after 

24 h cooled storage after thawing.  
 
Figure 4.3.  Percentages of plasma membrane intact and progressively motile stallion 

sperm, determined directly after thawing as well as after 24 h cooled storage 
after thawing.  

 
Figure 4.4.  Numbers of stallion sperm bound per oocyte, after co-incubation with porcine 

oocytes in TYR-A capacitation medium or TYR-B control medium.  
 
Figure 4.6. Percentage of pregnant mares in case of using cryopreserved sperm after 1 d 

refrigerated storage after thawing as well as directly after thawing.  
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