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1 INTRODUCTION AND AIMS  

 

 Cryopreservation of semen allows for use for artificial insemination, irrespective of 

the location and availability of a stallion. However, fertility rates when using cryopreserved 

semen are lower as compared to when using cooled semen. This is explained by the 

detrimental effects of the cryopreservation procedure, which exposes sperm to severe stresses 

resulting in reduced sperm viability (WATSON 2000). 

 There is great variation amongst stallions in sperm survival rates after 

cryopreservation (VIDAMENT et al. 1998, LOOMIS 2008). Suitability of stallions for semen 

cryopreservation is assessed by performing preliminary tests, which are time consuming and 

expensive. Therefore, there is great interest in alternative tests on pre-freeze sperm 

characteristics that predict sperm cryosurvival for individual stallions. During 

cryopreservation sperm are exposed to severe osmotic stresses, both during addition and 

removal of cryoprotectants as well as upon freezing and thawing (HAMMERSTEDT et al. 

1990). We hypothesized that the ability of sperm to cope with osmotic stress correlates with 

survival after cryopreservation. The aim of the studies described in the first part of this thesis 

was to determine if variation amongst stallions in sperm osmotic properties correlates with 

cryosurvival rates. It was evaluated if hypotonic resistance of sperm can be used as a 

parameter to predict sperm freezability for individual stallions. 

 Equipment for cryopreservation is not always available at the location where semen is 

collected. In these cases semen needs to be shipped to a laboratory where cryopreservation 

can be done typically after 1 d refrigerated storage. Sperm viability and fertility capacity 

decreases during storage (AURICH 1997). Centrifugation processing of semen, including 

density centrifugation, is generally used for selection of high quality sperm for use in artificial 

insemination. The aim of the studies described in the second part of this thesis was to evaluate 

if selection of sperm via density centrifugation improves cryosurvival after delayed 

cryopreservation, as compared to standard centrifugation processing. Two-layer iodixanol 

density centrifugation (STUHTMANN et al. 2012) was tested, as well as single-layer 

Androcoll processing (MORELL 2006). We hypothesized that for delayed cryopreservation, 

performing density centrifugation after cooled storage prior to cryopreservation might yield 

increased cryosurvival rates. Therefore, we compared cryosurvival rates for cryopreservation 
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performed after 1 d, for samples that were subjected to either centrifugation processing 

directly after semen collection or after storage just prior to cryopreservation.
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2 LITERATURE SURVEY 

 

2.1 Use of cryopreserved sperm for artificial insemination in equine breeding 

 

 The first report on cryopreservation of sperm is by Smith and Polge in 1950. They 

described freezing of sperm down to -79 °C and thawing while maintaining motility, after 

removal of seminal plasma by centrifugation and resuspension of sperm in a glucose and 

glycerol containing buffer prior to cryopreservation. The first birth of a foal from a mare that 

was inseminated with cryopreserved semen occurred in 1957 (BARKER and GANDIER 

1957). Since then cryopreservation of sperm and its use for artificial insemination became of 

great importance for the equine breeding industry, as it allows for long-term storage and 

transportation. In addition, cryopreserved semen can be used for artificial insemination 

irrespective of availability and location of stallions. Nevertheless, fertility rates are lower 

when using cryopreserved semen as compared to fresh semen (WATSON 2000). Decreased 

fertility rates for cryopreserved semen result from detrimental effects of osmotic stresses and 

temperature changes that sperm are exposed to during cryopreservation (AMANN and 

PICKETT 1987). In order to achieve increased survival rates after cryopreservation, 

cryopreservation methods can be improved, or sperm selection methods can be employed 

before or after cryopreservation (MORREL 2012). 

 

2.2 Osmotic behavior of sperm  

 

 Osmosis involves passive diffusion of water through the phospholipid bilayer or 

through water channel proteins such as aquaporins along a concentration gradient, in order to 

achieve equilibrium between the intra- and extracellular solute concentrations. Ion 

homeostasis is achieved by active transport through different ion channel proteins 

(HOFFMANN et al. 2009). When cells are subjected to hyper- or hypotonic conditions this 

leads to a decrease or increase in the cell volume, respectively, due to water transport out or 

into the cell. The shrinking and swelling of cells in anisotonic media can be described by the 

Boyle van ’t Hoff equation, which describes the osmotic range in which cells behave as linear 

osmometers. Stallion sperm behave as linear osmometers in the 150 to 900 mOsm kg-1 
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osmotic range, with an osmotically inactive volume of 70 to 80% (POMMER et al. 2002, 

GLAZAR et al. 2009, OLDENHOF et al. 2011). Sperm have osmotic tolerance limits, 

between which they can undergo volume changes without affecting cell function. Stallion 

sperm motility drops to less then 50% when cells are exposed to osmolalities below 200 or 

above 400 mOsm kg-1 (BALL and VO 2001). For sperm from other species similar osmotic 

tolerance limits and osmotically inactive volumes were determined (reviewed in SIEME et al. 

2008). 

 

2.3 Evaluation of functional integrity of the sperm plasma membrane upon exposure 

to hypotonic conditions 

 

 Spermatozoa respond to hypotonic conditions by bending and rolling up of their 

flagella, due to the influx of water and expansion of the plasma membrane (DREVIUS and 

ERIKSSON 1966). Microscopic observation on the swelling of sperm in response to 

hypotonic stress has been used as an assay to evaluate the functional integrity of the plasma 

membrane, and is referred to as the ‘hypo-osmotic swelling test’ (JEYENDRAN et al. 1984, 

NEILD et al. 1999). This so-called HOS-test has been used to predict fertility (VAN DER 

VEN 1986) and cryosurvival (CHAN et al. 1990). The predictive value of the HOS-test, 

however, is a matter of debate (JEYENDRAN et al. 1992). For stallion sperm, VIDAMENT 

et al. (1998) found that the swelling of sperm under hypo-osmotic conditions is positively 

correlated with motility after thawing. 

 DRUART et al. (2009) determined the critical osmolality as a measure for hypotonic 

resistance of sperm. The critical osmolality is the osmolality at which half of the cell 

population survives exposure to hypotonic stress, and can be assessed using flow cytometric 

analysis of cells that are stained with a dye that only stains cells with damaged plasma 

membranes. In their manuscript, DRUART et al. (2009) report an average critical osmolality 

of about 170 mOsm kg-1 for boar sperm, at 25 oC. They showed that after grouping the 

ejaculates into classes according to their critical osmolality, farrowing rates were higher when 

artificial insemination was performed with ejaculates of lower critical osmolality. For bovine 

and stallion sperm critical osmolalities of 55 and 136 mOsm kg-1, respectively, have been 

reported (BLÄSSE et al. 2012, OLDENHOF et al. 2011). An ejaculate consists of 
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subpopulations with different osmotic properties (PETRUNKINA and TÖPFER-PETERSEN 

2000, YUENG et al. 2002, DAMM and COOPER 2010), and subpopulations can be selected 

while retaining their osmotic resistance properties (DRUART et al. 2009). 

 

2.4 Factors involved in determining osmotic resistance of sperm 

 

 The ability of sperm to withstand hypotonic stresses is dependent on intrinsic cellular 

properties as well as environmental conditions. In addition to water and ion channel proteins 

that affect water and ion transport across the cellular membrane, the lipid composition of 

sperm membranes affects membrane fluidity and consequently osmotic resistance of sperm 

(HOFFMANN et al. 2009, HAMMERSTEDT et al. 1990). 

 High amounts of unsatured fatty acids in the sperm membrane make them especially 

sensitive for lipid peroxidation reactions, which in turn results in decreased membrane 

integrity (MACÍAS GARCÍA et al. 2011). Cells whose membranes contain high cholesterol-

to-phospholipid ratios have been shown to exhibit (i) decreased membrane fluidity (DARIN-

BENNETT and WHITE 1977, COOPER 2004), (ii) higher permeability to water and 

cryoprotectants (GLAZAR et al. 2009) and (iii) increased cryosurvival rates (COMBES et al. 

2000). Therefore, membrane modification strategies including use of cholesterol-loaded 

cyclodextrins have been employed to enrich sperm membranes with cholesterol to make them 

more resistant to cold-shock and osmotic stress (GLAZAR et al. 2009, MÜLLER et al. 2008) 

and improve cryosurvival rates (MOORE et al. 2005b). 

 Survival upon exposure to osmotic stress is also dependent on the type of solute to 

which sperm is exposed (GAO et al. 1993, GILMORE et al. 1995, ALVARENGA et al. 2005) 

and to the temperature during osmotic stress. Compounds that can move across cellular 

membranes more quickly expose cells to less osmotic stress upon their addition (e.g. dimethyl 

formamide versus ethylene glycol versus glycerol), while osmotic stress is high upon addition 

of osmotic active compounds for which membranes are impermeable (e.g. sucrose or 

trehalose, but not HES or BSA). Generally said, spermatozoa show a decreased tolerance to 

hypotonic stress with decreasing temperatures (DRUART et al. 2009, GILMORE et al. 1996). 

This is explained by plasma membrane alterations during cooling (GILMORE et al. 1996, 

DROBNIS et al. 1993). BLÄSSE et al. (2012) showed for bovine sperm that post-freeze 
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osmotic resistance is decreased as compared to pre-freeze values. This is likely the result of 

increased intracellular reactive oxygen species as occurs during freezing and thawing 

(DRUART et al. 2009). 

 

2.5 Effects of freezing and thawing on sperm integrity 

 

 During cryopreservation sperm is exposed to alterations in temperature and osmotic 

conditions. Cooling of stallion sperm from physiological temperatures down to 5 °C reduces 

metabolic activity and results in passage through liquid-to-crystalline lipid phase transition 

which alters the membrane structure and domain organization (QUINN 1985). When semen is 

cryopreserved, high concentrations of cryoprotectants are added which expose sperm to 

osmotic stress. 

 Membranes are phospholipid bilayers composed of proteins and lipids, with 

cholesterol and glycerophospholipids as predominant lipids. Stallion sperm membranes 

exhibit a main phase transition in the 10-30 oC temperature range (RICKER et al. 2006, 

OLDENHOF et al. 2012). Passage through membrane phase transitions during cooling and 

warming has been associated with leakage of intracellular solutes to the extracellular 

environment, which is detrimental to cells (CROWE et al. 1989, DROBNIS et al. 1993). 

 During freezing and ice crystal formation, sperm are exposed to mechanical stresses as 

well as osmotic challenges (MAZUR 1984, AMANN and PICKETT 1987, 

HAMMERSTEDT et al. 1990). With slow cooling rates, extracellular ice is formed resulting 

in an increase of the solute concentration in the unfrozen water fraction, which exposes sperm 

to hypertonic conditions. In order to retain equilibrium between the intra- and extracellular 

solute concentrations, sperm respond by movement of water out of the cell. During thawing 

and insertion in the female reproductive tract, the reverse process takes place and sperm are 

exposed to hypotonic conditions. When the cooling rate is too fast, there is not enough time 

for water to leave the cell and intracellular ice is formed, which is detrimental to cells. Thus, 

sperm cryosurvival depends on the cooling rate used: at high cooling rates cell survival losses 

are associated with intracellular ice formation, whereas at slow cooling rates cellular 

dehydration prevails and damage is attributed to ‘solution effects injury’. At the optimal 

cooling rate, damage due to intracellular ice formation and cellular dehydration is minimal 
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and cell survival after thawing is maximal (MAZUR 1984). However, MORRIS et al. (2012), 

did not observe evidence for intracellular ice formation in sperm at fast cooling rates. They 

concluded that upon rapid cooling a glassy matrix forms in which sperm as well as ice 

crystals are embedded. 

 

2.6 Cryoprotective agents for cryopreservation of sperm 

 

 In order to minimize damage due to freezing and thawing, cryoprotective agents are 

added to the medium in which sperm are cryopreserved. Freezing extenders used for 

cryopreservation of stallion sperm typically include skim milk, egg yolk and glycerol as 

cryoprotective agents. Cryoprotectants play a role in affecting ice formation, minimizing 

exposure to osmotic stress, preserving biomolecular and cellular structures, and limiting the 

damaging reactions of reactive oxygen species (AMANN and PICKETT 1987, 

HAMMERSTEDT et al. 1990, WATSON 1995). 

 Egg yolk contains low-density lipoprotein which are described to be responsible for 

the cryoprotective action of egg yolk. These proteins can sequester lipid-binding proteins 

present in the seminal plasma to prevent cholesterol and phospholipid-efflux and consequent 

destabilization of the sperm membrane (BERGERON and MANJUNATH 2006). In addition, 

egg yolk is described to have free radical scavenging properties (CHATTERJEE and 

GAGNON, 2001). Casein micelles and lactose have been described as protective components 

in milk, acting similarly as lipid-binding proteins (BERGERON and MANJUNATH 2006). 

 Glycerol is a cryoprotective agent that can move across cellular membranes. Glycerol 

and water can interact with each other via hydrogen bonding interactions (DASHNAU et al. 

2006), which results in lowering the temperature at which ice formation occurs. This 

facilitates a longer time for the cell to respond osmotically. In addition, glycerol is described 

to form hydrogen bonds with the membrane phospholipid headgroups upon removal of water, 

which is supposed to stabilize membranes (ANCHORDOGUY et al. 1986). The tightly 

packed gel phase that is formed upon extracellular ice formation, however, indicates that 

cryoprotectants do not replace water molecules interacting with phospholipid head groups nor 

facilitate entrapment of water around the phospholipid head groups in the frozen state 

(OLDENHOF et al. 2010, AKHOONDI et al. 2012). 
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2.7 Detrimental effects of storage prior to delayed cryopreservation 

 

 The infrastructure needed for cryopreservation of stallion sperm is not always 

available. In these cases, diluted semen needs to be shipped to a facility where 

cryopreservation can be done, typically after 1 day storage at refrigerated temperatures. 

However, the fertility capacity of stallion semen decreases during chilled storage (AURICH et 

al. 1997). 

 Levels of reactive oxygen species and lipid peroxidation products have been found to 

accumulate in sperm during storage and explain in part the decrease in viable and functional 

sperm during storage (CHATTERJEE and GAGNON 2001). In addition to viable sperm, an 

ejaculate contains seminal plasma, immature and dead sperm, and cellular debris. These 

components contain high amounts of reactive oxygen species or are capable to form them, 

which in turn facilitates lipid peroxidation and impairs membrane integrity (CHATTERJEE 

and GAGNON 2001). Sperm membranes contain high amounts of unsaturated fatty acid 

which are especially susceptible for peroxidation damage (ALVAREZ et al. 1987). 

 Seminal plasma has specifically been implicated to have a detrimental effect on sperm 

longevity during cooling and survival after cryopreservation (KARESKOSKI and KATILA 

2008). In addition, reports exist describing that the presence of seminal plasma does not affect 

cryosurvival when cryopreservation is done directly after collection (MOORE et al. 2005a). 

However, the general consensus is that removal of seminal plasma before storage leads to 

increased sperm motility percentages and DNA integrity characteristics as compared to 

samples that retain seminal plasma (LOVE et al. 2005). Removal of seminal plasma is 

generally achieved by ordinary centrifugation. Therefore, semen is first diluted at least with 

an equal volume of extender after which the diluted sample (typically with 50 mL per 

centrifugation tube) is subjected to centrifugation (typically 10 min at 600 g), the supernatant 

is removed, and the pellet is resuspended in fresh extender (WEISS et al. 2004). After such 

washing procedure the remaining seminal plasma content is typically 5-10% (SIEME et al. 

2003). Sperm selection methods, including density centrifugation, can be employed in order 

to also remove immature and dead sperm, in addition to removal of seminal plasma 

(MORTIMER 2000, SIEME et al. 2003). 
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 Previous studies on delayed cryopreservation stressed the necessity of removal of 

seminal plasma and use of sperm selection methods prior to cryopreservation. In general, 

post-freeze sperm progressive motility and plasma membrane integrity were increased when a 

sperm separation technique was applied before storage and delayed cryopreservation, as 

compared to controls that were used for delayed cryopreservation without performing a sperm 

selection (BACKMANN et al. 2004, CROCKETT et al. 2001, MELO et al. 2007). 

 

2.8 Methods for selecting sperm of so-called superior quality  

 

 In addition to spermatozoa and seminal plasma, an ejaculate may include epithelial 

cells, leucocytes, bacteria, and cell debris. For use for artificial insemination technologies 

sperm selecting methods are generally employed to select a sperm subpopulation of so-called 

superior quality. Sperm of superior quality is considered to exhibit high percentages of 

progressive motility, normal morphology, plasma membrane, and chromatin integrity 

(COLENBRANDER et al. 2003, GRAHAM 2001). Different sperm selection procedures can 

be used, including: migration and filtration methods as well as density centrifugation 

procedures. Such methods select sperm based on their motility, adhesion, membrane or 

density characteristics. 

 With the migration method (e.g. swim up procedure), a migration medium (e.g. 

TALP) is layered on top of the diluted semen and progressively motile sperm with normal tail 

and midpiece morphology swim into the migration medium (MORTIMER et al. 2000, 

HALLAP et al. 2004). Different migration media can be used to select for specific quality 

characteristics (SHAMSUDDIN and RODRIGUEZ-MARTINEZ 1994). Filtration procedures 

select viable and motile sperm based on their interaction with compounds like glass wool or 

Sephadex (MORTIMER 2000). When using filtration methods, the sperm characteristics and 

yield depend on mesh size, porosity, and charge of the compound used for filtration, as well 

as on size, motility, charge, and membrane surface characteristics of the particles that one 

aims to select (CISALE et al. 2001, NANI and JEYENDRAN 2001, SAMPER and CRABO 

1993). 
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2.9 Application of density gradient centrifugation for sperm selection 

 

 Density centrifugation selects sperm on the basis of their density (PERTOFT 2000). 

Diluted semen is layered on top of either a continuous or discontinuous gradient solution, 

after which the sample is centrifuged and sperm will appear as a band at the density that 

coincides with the sperm density. 

 The velocity (V in m s-1) of sedimentation of particles in a density gradient is 

described by:  

(1) 
( )

g
lpd

V
η

ρρ −=
2

 

where d is the particle diameter (m), ρp and ρl are the particle and liquid density (kg m-3), 

respectively, η is the liquid viscosity (kg m-1 s-1), and g is the gravity (9.81 m s-2). This 

formula describes that particles sediment as long as ρp > ρl, and stop moving when ρp is 

equal to ρl. 

 Several different types of density centrifugation protocols exist. Density centrifugation 

can be done using a continuous gradient or discontinuous gradient, and sperm can be collected 

as a layer within the gradient, or on top of a layer of a specific density. Alternatively, sperm 

can be collected as a pellet underneath the density gradient solution(s) it passed. With 

Androcoll single-layer centrifugation sperm are collected as a pellet at the bottom of the 

centrifuge tube (MORREL 2006). To prevent packing of sperm in a pellet, cushion 

centrifugation can be used. With this method, sperm are collected on top of a layer, which has 

a higher density as sperm (ECOT et al. 2005, SIEME et al. 2006). For the two-layer density 

gradient centrifugation method described by STUHTMANN et al. (2012), a top-layer is added 

on top of a cushion layer, and spermatozoa are harvested at the interface between the top and 

bottom layers. In general, viability, motility, chromatin integrity, and morphology 

characteristics for sperm processed by density centrifugation is increased when compared to 

diluted or ordinary centrifuged semen (CLAASSENS et al. 1998, EDMOND et al. 2012, 

STUHTMANN et al. 2012). 

 Substances used for density gradient centrifugation of sperm: (i) have a high specific 

density, (ii) do not increase the osmolality when added, and (iii) have a low viscosity to avoid 

interference with sperm sedimentation (MORTIMER 2000). The most widely-used 
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substances for density gradient centrifugation for use in assisted reproduction are coated silica 

particles. Up to the 1990s Percoll was predominantly used (MACPHERSON et al. 2002). 

Percoll consists of polyvinylpyrrolidone-coated silica particles, and its use decreased because 

of occurrence of endotoxin contaminations and supposed toxicity of free polyvinylpyrrolidone 

(AVERY and GREVE 1995). Nowadays silane-coated silica colloids that can be autoclaved 

are available (e.g. EquiPure, and Androcoll-E), which are used in the equine breeding industry 

(CHEN and BONGSO 1999). 

 Another substance for density centrifugation is iodixanol (commercially available as 

Optiprep: 60% solution of 1.32 g mL-1). Iodixanol is an iodinated cyclic hydrocarbon, and can 

be diluted to lower densities using physiological saline solution. Iodixanol density 

centrifugation has been successfully applied for human and bovine sperm selection 

(CLAASSENS et al. 1998, HARRISON 1997, SMITH et al. 1997). Iodixanol was initially 

used for cushion centrifugation in the equine breeding industry (SIEME et al. 2006), and 

recently a two-layer gradient centrifugation protocol has been developed by STUHTMANN et 

al. (2012) to improve sperm survival rates during cold storage and after cryopreservation. 
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3 MATERIALS AND METHODS  

 

3.1 EXPERIMENT I: Correlating hypotonic resistance of stallion sperm with survival 

after cryopreservation 

 

3.1.1 Semen collection and processing 

 

 Semen was collected from stallions of the Hanoverian warmblood breed (3 

ejaculates from each of 12 stallions, ages 4 to 17 years) that were held at the National Stud 

of Lower Saxony, Celle, Germany. Stallions were kept in box stalls bedded with straw, 

were fed oats and hay three times a day, and water ad libitum. Semen collection took place 

during the non-breeding season, and was done using an artificial vagina and a breeding 

phantom (both model ‘Hannover’; Minitüb, Tiefenbach, Germany). Semen collections were 

performed every other day. Prior to collecting semen for experiments, semen collections 

were performed during two weeks to stabilize the extragonadal sperm reserves. Ejaculates 

were filtered to remove the gel fraction using non-woven semen filter (Minitüb, 

Tiefenbach, Germany). Immediately after collection, semen was evaluated for its density 

using a photometer (SpermCue; Minitüb, Tiefenbach, Germany) and diluted with an equal 

volume of pre-warmed isotonic skim milked extender (INRA-82: 0.15% skim milk, 25 g L-

1 glucose monohydrate, 1.5 g L-1 lactose monohydrate, 1.5 g L-1 raffinose pentahydrate, 0.4 

g L-1 potassium citrate monohydrate, 0.3 g L-1 sodium citrate dehydrate, 4.76 g L-1 HEPES, 

500 mg L-1 penicillin, 500 mg L-1 gentamycin, pH 7.0, 300 mOsm kg-1). 

 In order to remove seminal plasma, extended semen was centrifuged in conical 50 

mL tubes at 600 x g for 10 min. After centrifugation, the supernatant was removed and the 

sperm concentration in the resuspended pellet was determined using a NucleoCounter SP-

100 (ChemoMetec A/S, Allerød, Denmark), after which the sperm concentration was 

adjusted at 100 x 106 sperm mL-1 by adding fresh INRA-82. Each sample was split into two 

aliquots: one aliquot was diluted with an equal volume of INRA-82 and used to determine 

osmotic tolerance limits of diluted sperm prior to freezing, and the other aliquot was used 

for cryopreservation studies as described below (see figure 3.1.1). 
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3.1.2 Cryopreservation 

 

 Cryopreservation was done as described in detail before (SIEME et al. 2003), with 

minor modifications. Two mL INRA-82 supplemented with 5% egg yolk and 5% glycerol 

was added slowly to an equal volume of diluted semen, resulting in 50 x 106 cells mL-1, 

2.5% egg yolk and 2.5% glycerol. From this 1 mL was taken and used for pre-freeze 

measurements, while the remaining 3 mL were cooled down to 5 °C at 0.1 oC min-1, during 

3 h. This was done by placing the tubes with diluted semen in a beaker with room 

temperature water in a temperature-controlled handling cabinet set at 5 oC. Straws of 0.5 

mL were filled, while maintaining the samples to 5 oC, after which they were cooled down 

to -140 °C at 60 °C min-1 using a controlled rate freezer (Minidigitcool; IMV-Technologies, 

L’Aigle , France). They were plunged in liquid nitrogen and stored for at least one day. 

Post-freeze analyses were done immediately after thawing the straws in a water bath at 37 

°C for 30 s. 

 

3.1.3 Computer assisted sperm analysis of motility and viability 

 

 Computer assisted sperm analysis (CASA, Spermvision; Minitüb, Tiefenbach, 

Germany) was used for assessment of motility characteristics and viability of sperm in 

freezing extender. This setup includes a fluorescence microscope and two separate cameras 

for assessment of motility (60 frames per s) and viability (7.5 frames per s). Software 

settings were according to the instructions provided by the manufacturer. For motility 

measurements, slides were maintained at 37 °C, while viability measurements were done at 

room temperature. Percentages of motile and viable sperm were calculated as mean values 

from counts of 8 (motility) or 6 (viability) microscopic fields, or a minimum of 10000 

(motility) or 2500 (viability) sperm. Sperm were considered progressively motile when the 

average path velocity was greater than 40 µm s-1 and the straightness was greater than 0.5 

µm s-1. 

 Motility measurements were done on unstained samples. An aliquot of 500 µL was 

incubated for 5 min at 37 oC, after which 3 µL sample was added drop-wise into a chamber 
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of a Leja 20 micron four chamber slide (Leja Products BV, Nieuw Vennep, The 

Netherlands). 

 For viability measurements, a double staining with SYBR-14 and propidium iodide 

(PI) was done. All plasma membranes are permeable for SYBR-14, which fluoresces green 

when bound to DNA. PI can only enter sperm with damaged plasma membranes, and 

fluoresces red upon replacing SYBR-14. Fifty µL diluted semen (50 x 106 cells mL-1) were 

stained with 1 µL 188 µM PI (Sigma-Aldrich, St. Louis, MO, USA), and 0.65 µL 10 µM 

SYBR-14 in DMSO (live/dead sperm viability kit; Molecular probes, Eugene, OR, USA). 

This resulted in final concentrations of 3.75 µM PI and 130 nM SYBR-14. Samples were 

incubated in darkness for 10 min at room temperature, after which the percentage of sperm 

with intact plasma membranes (PI-negative/SYBR-14-positive) was determined. 

 

3.1.4 Flow cytometric analysis of plasma membrane integrity and cell volume 

 

 Plasma membrane integrity was also determined by flow cytometric analysis of 

PI/SYBR-14-stained sperm. In contrast with the CASA measurements, which were 

performed while sperm were maintained in freezing extender, flow cytometric 

measurements were done after dilution in HEPES-buffered saline solution of 300 mOsm 

kg-1 (HBS; 20 mM HEPES pH 7.4, 137 mM NaCl, 10 mM glucose, 2.5 mM KOH). The 

flow cytometer (FCM; Cell Lab Quanta SC MPL, Beckman-Coulter, Fullerton, CA, USA) 

that was used is equipped with a 488 nm argon ion laser of 22 mw for excitation and a filter 

setup, which includes a band pass 525/30 nm and long pass 670 nm filter for detecting 

green and red fluorescence, respectively. This flow cytometer measures the electronic 

volume of particles based on the Coulter principle. HBS was used as sheath fluid. For flow 

cytometric analysis, 5 µL sperm sample (50 x 106 cells mL-1) was diluted in 493 µL HBS 

supplemented with 2 µL 0.75 µM PI and 1 µL 0.5 µM SYBR-14. This resulted in 0.5 x 106 

cells mL-1, 3 µM PI, and 1 nM SYBR-14. For pre-freeze measurements, in the absence of 

egg yolk, SYBR-14 was omitted. Samples were incubated for 10 min at room temperature 

in darkness, after which the percentage of PI-negative/SYBR-14-positive sperm was 

determined. A minimum of 5000 sperm were measured that were selected based on their 

side scatter and electronic volume properties. A sheath fluid rate of approximately 30 µL 
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min-1 was used, resulting in 200 to 500 counts per second. Prior to determining the mean 

cellular volume of sperm, a volume equilibration was performed using beads of 3 µm 

diameter (Sigma-Aldrich, Steinheim, Germany). Volume measurements were done on 

sperm that were only stained with PI. 

 

3.1.5 Assessment of hypotonic resistance 

 

 Assessment of hypotonic resistance of sperm was done as described in detail before 

(OLDENHOF et al. 2011), with minor modifications. Hypotonic solutions were prepared 

by diluting HBS with water. HBS solutions of 300, 240, 180, 120, 60 and 30 mOsm kg-1 

were tested. The osmolality of the HBS solutions were checked using a freezing point 

depression osmometer (Gonotec, Berlin, Germany). For exposure to hypotonic stress, 5 µL 

sperm suspension (50 x 106 cells mL-1) was diluted in a final volume of 500 µL HBS 

supplemented with 3 µM PI (and 1 nM SYBR-14), as described above. This resulted in a 

100-fold dilution and 1 x 106 cells mL-1. Samples were incubated in HBS of different 

osmolalities at the indicated temperatures for 10 min, after which they were analyzed flow 

cytometrically. Isotonic HBS was used as sheath fluid in all cases, and the electronic 

volume settings were adjusted for incubations in different osmolalities. 

 Plots were constructed in which the percentage of plasma membrane intact sperm 

was plotted versus the osmolality of the medium. Alternatively, the normalized viability 

was plotted, which was calculated by dividing with the amount of plasma membrane intact 

sperm in isotonic medium. The critical osmolality is defined as the osmolality at which 

50% of the cells survive exposure to hypotonic stress. 

 

3.1.6 Statistical analysis 

 

 Statistical analysis was done using ‘SAS’ (SAS Institute Inc., Cary, NC, USA), 

according to advise given at the Institute for Biometry and Epidemiology of the University 

of Veterinary Medicine Hannover. Differences between flow cytometric and CASA 

measurements as well as differences between critical osmolalities were tested using the 

‘univariate’ procedure. The coefficient of determination to correlate hypo-osmotic 



MATERIAL AND METHODS 

22 

resistance to freezability was tested using ‘Microsoft Excel’ (Microsoft Inc., USA, version 

MS Excel 2003), verified by the ‘nested procedure’. Differences were taken to be 

statistically significant when p<0.05. Data are presented as arithmetic mean ± standard 

deviation, unless otherwise stated. 
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Figure 3.1.1 Experiment set-up of EXPERIMENT I: Correlating hypotonic resistance of stallion sperm with survival after 
cryopreservation. 
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3.2 EXPERIMENT II: Use of density centrifugation for selecting stallion sperm for cold 

storage and delayed cryopreservation 

 

3.2.1 Semen collection and dilution 

 

 Semen was collected from stallions of the Hanoverian warmblood breed (ages 7 to 15 

years) that were held at the Unit for Reproductive Medicine of the University of Veterinary 

Medicine Hannover and at the National Stud of Lower Saxony, Celle, Germany. Two 

ejaculates from each of 6 stallions were used. Stallions were kept in box stalls bedded with 

straw, were fed oats and hay three times a day, and water ad libitum. Semen collections took 

place during the breeding season, and were performed every other day using an artificial 

vagina and a breeding phantom (both model ‘Hannover’, Minitüb, Tiefenbach, Germany). 

Ejaculates were filtered using non-woven semen filter (Minitüb, Tiefenbach, Germany), to 

remove the gel fraction. Immediately after collection, semen was diluted with an equal 

volume of INRA-96 of 37 oC (IMV Technologies, L’Aigle, France). After determining the 

sperm concentration using a Neubauer counting chamber (Kisker, Steinfurt, Germany), 

INRA-96 was added to adjust the sperm concentration to 100 x 106 sperm mL-1. Diluted 

semen was divided into four parts. One part was not further processed, and is referred to as 

diluted semen. The other three parts were processed by ordinary centrifugation, two-layer 

iodixanol density gradient centrifugation, or single layer Androcoll colloid centrifugation as 

described below (see figure 3.1.3). 

 

3.2.2 Ordinary centrifugation and density centrifugation using iodixanol or Androcoll 

 

 Ordinary centrifugation was done by centrifuging 10 mL diluted semen in a 12 mL 

tube with a round bottom at 600 x g for 10 min. After centrifugation, the supernatant was 

removed and the cell concentration in the resuspended pellet was determined using a counting 

chamber, as described above. The recovery rate was calculated by comparing the total number 

of sperm before and after centrifugation. Fresh INRA-96 was added to dilute at 100 x 106 

sperm mL-1. 
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 For two-layer iodixanol centrifugation (figure 3.2.2), isotonic iodixanol solutions of 

16% (1.09 g mL-1 top layer) and 30% (1.17 g mL-1 bottom bottom) were prepared as 

previously described in detail (STUHTMANN et al. 2012), with minor modifications. This 

was done by diluting 60% iodixanol (OptiPrep, Progen, Heidelberg, Germany) with isotonic 

HBS (20mM HEPES, 137 mM NaCl, 10 mM glucose, 2.5mM KOH, pH 7.4, 300 mOsm kg-

1). The two-layer gradient was prepared according to the instructions provided by the 

manufacturer. Density gradients were prepared in a 50 mL conical tube: 10 mL of top layer 

was added first, after which 10 mL bottom layer was added underneath using a syringe with a 

needle (0.9 x 70 mm) attached. Twenty mL diluted semen was layered on top using a syringe 

with a 0.5 mL straw attached. Centrifugation was done at 1000 x g for 20 min with the breaks 

switched off. After centrifugation, spermatozoa between the upper and bottom layers were 

recovered and transferred into a clean tube using a Pasteur pipette. The cell concentration and 

recovery rate were determined as described above and INRA-96 was added to dilute at 100 x 

106 sperm mL-1. Since sperm was recovered in approximately 0.5 to 1 mL of the iodixanol 

layers, this resulted in up to 2% iodixanol after dilution at 100 x 106 cells mL-1. 

 Androcoll centrifugation (figure 3.2.1) was performed as described in detail by 

MORREL et al. (MORREL et al. 2009). In short, 15 mL Androcoll-E solution (SLU, 

Uppsala, Sweden) was added in a 50 mL conical tube and 15 mL diluted semen was added on 

top as described above. Centrifugation was done at 360 x g for 20 min, after which the 

supernatant and Androcoll were removed. The recovered sperm number in the remaining 

pellet was determined and INRA-96 was added to dilute at 100 x 106 sperm mL-1. 

 

Figure 3.2.1 Sperm selection in a pellet after single-layer 
Androcoll denisty centrifugation. 
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Figure 3.2.2 Sperm selection between the upper and lower layer after two-layer iodixanol density gradient centrifugation.  
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3.2.3 Cryopreservation 

 

 Sperm centrifugation processing and cryopreservation were done both directly after 

semen collection at d 0 as well as after storage at 5 °C at d 1. There were three different 

treatments that varied in the time point at which processing and cryopreservation were 

performed: (I) sperm was processed and cryopreserved at the day of collection (d 0), (II) 

sperm was processed directly after collection at d 0 and cryopreserved after 24 h of storage at 

5 °C (d 1), and (III) sperm was both processed and cryopreserved after 24 h of storage at 5 °C 

at d 1. 

 Cryopreservation was done by adding INRA-96 supplemented with 5% glycerol 

slowly to an equal volume of diluted semen prepared as described above, resulting in 50 x 106 

cells mL-1 and 2.5% glycerol. From this an aliquot was taken and used for pre-freeze 

measurements, while the remainder was cooled down to 5 °C at 0.1 oC min-1 during 3 h. 

Straws of 0.5 mL were filled, while maintaining the samples at 5 oC. Straws were cooled 

down to -140 °C at 60 °C min-1 using a controlled rate freezer (Minidigitcool; IMV-

Technologies, L’Aigle, France), after which they were plunged in liquid nitrogen and stored 

for at least one day. Post-freeze analyses were done immediately after thawing the straws in a 

water bath at 37 °C for 30 s. 

 Sperm morphology, motility, plasma membrane integrity, and chromatin stability were 

evaluated after collection and dilution and directly after centrifugation processing, both at d 0 

and d 1. In addition, sperm motility and plasma membrane integrity were assessed for sperm 

processed at d 0 and stored at 5 °C for up to 3 d, as well as after cryopreservation of sperm. 

 

3.2.4 Light microscopic analysis of sperm morphology 

 

 Evaluation of sperm morphology was done according to Brito et al. (2007). Total of 

100 µL semen was stained with 300 µL nigrosin-eosin solution (10% nigrosin, 0.7% eosin, 

3.75 mM Na2HPO4, 1.88 mM KH2PO4, 5.78 mM NaK tartrate, 3.75 mM glucose) (DOTT and 

FOSTER 1972). Dried specimens were prepared and 200 sperm per sample were inspected, 

using a 10x100 magnification with oil immersion. 
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3.2.5 Computer assisted sperm analysis of motility 

 

 Computer assisted sperm analysis (CASA, Spermvision; Minitüb, Tiefenbach, 

Germany) was used for determining sperm motility as described under 3.1.3.  

 

3.2.6 Flow cytometric analysis of plasma and acrosomal membrane integrity 

 

 Plasma membrane integrity was determined using flow cytometry. For setup of the 

flow cytometer see 3.1.4. 

 For determining plasma and acrosomal membrane integrity after processing and 

during storage a PI/FITC-PNA double staining was used, while for determining pre- and post-

freeze plasma membrane integrity of sperm diluted in freezing extender a PI/SYBR-14 double 

staining was used. For flow cytometric analysis of PI/FITC-PNA-stained sperm, 5 µL sperm 

sample (50 x 106 cells mL-1) was diluted in 495 µL Tyrode medium (100 mM NaCl, 3.1 mM 

KCl, 2.0 mM CaCl2, 0.4 mM MgCl2, 0.3 mM NaH2PO4, 25 mM NaHCO3, 21.6 mM Na-

lactate, 1.0 mM Na-pyruvate, 10 mM HEPES, pH 7.5, 3 g L-1 BSA) supplemented with 3 µM 

PI (Sigma-Aldrich, St. Louis, MO, USA) and 0.45 µM FITC-PNA (Vector Laboratories, 

Burlingame, CA, USA). Samples were incubated for 10 min at 37 °C in the presence of 5% 

CO2, after which they were analyzed. Sperm that were both PI- and FITC-PNA-negative were 

considered viable with intact plasma and acrosomal membranes. For flow cytometric analysis 

of PI/SYBR-14-stained sperm see 3.1.4. 

 

3.2.7 Flow cytometric analysis of chromatin stability 

 

 The sperm chromatin structure assay (SCSA) was used to evaluate chromatin integrity. 

In this assay, sperm chromatin is treated with acid after which the extent of DNA 

fragmentation is determined (EVENSON et al. 2002). Samples shock-frozen in liquid 

nitrogen were used. In short, thawed samples were diluted in TNE (0.15 M NaCl, 0.01 M 

TRIS-HCl, 1 mM disodium EDTA, pH 7.4), at approximately 2 x 106 cells mL-1. From this 

200 µL were taken, diluted with 400 µL acid solution (0.08 N HCl, 0.15 M NaCl, 0.1% Triton 

X-100, pH 1.2), and mixed for 30 s. Then, 1.2 mL acridine orange (Polysciences, Warrington, 
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PA, USA) staining solution (0.15 M NaCl, 0.037 M citric acid, 0.126 M Na2HPO4, 0.0011 M 

disodium EDTA, pH 6.0, containing 6 µg mL-1 acridine orange) were added. Samples were 

incubated on ice for 3 min, after which 10000 cells were analyzed using a FACScan flow 

cytometer (Becton-Dickinson, Heidelberg, Germany). This flow cytometer is equipped with a 

488 nm argon ion laser of 15 mw for excitation and a filter setup which includes a band pass 

530/30, 582/42 and long pass 650 nm filters for green, orange and red fluorescence, 

respectively. Acridine orange stains normal double stranded DNA green, and denatured 

single-stranded DNA red; the acid treatment potentially denatures damaged DNA. The DNA 

fragmentation index (DFI) was calculated from the fractions of cells with single and double 

stranded DNA. 
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3.2.8 Statistical analysis 

 

 Statistical analysis was done using ‘SAS’ (SAS Institute Inc., Cary, NC, USA), 

according to advise given at the Institute for Biometry and Epidemiology of the University of 

Veterinary Medicine Hannover. Differences between time and moment of each processing 

method related to delayed cryopreservation as well as differences in processing methods 

related to storage were tested using the ‘mixed’ procedure. Differences were taken to be 

statistically significant when p<0.05. Data are presented as arithmetic mean ± standard 

deviation, unless otherwise stated. 
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Figure 3.2.3 Experiment set-up of EXPERIMENT II: Use of density centrifugation for selecting stallion sperm for delayed 
cryopreservation. 

 



RESULTS 

32 

4 RESULTS 

 

4.1 EXPERIMENT I: Correlating hypotonic resistance of stallion sperm with survival 

after cryopreservation 

 

4.1.1 Pre- and post-freeze membrane integrity and motility for sperm from different 

stallions, as well as the mean sperm volume 

 

 Survival after cryopreservation was determined for semen from twelve different 

stallions. Progressive motility and plasma membrane integrity were determined for diluted 

and cryopreserved sperm, using computer assisted sperm analysis while sperm were 

maintained in extender. In addition, pre- and post-freeze plasma membrane integrity were 

determined using flow cytometric analysis, after dilution in isotonic buffer. Pre-freeze 

percentages of plasma membrane intact sperm varied between 29 and 74%, while progressive 

motility varied between 7 and 62%. No large differences were observed in the percentage of 

plasma membrane intact sperm as assessed in extender using computer assisted sperm 

analysis or via flow cytometric analysis after dilution in isotonic buffer. After 

cryopreservation, the percentages of progressively motile and plasma membrane intact sperm 

were decreased about 20%. Cryosurvival varied between individuals: post-freeze progressive 

motility varied among 2 and 31%, and plasma membrane integrity among 15 and 60% (figure 

4.1.1, table 1). When post-freeze plasma membrane integrity was assessed using flow 

cytometric analysis, values were determined that were about 16% lower as when using 

computer assisted sperm analysis viability tests (p<0.0001). 

 The cellular volume of sperm was determined after dilution in isotonic buffer, for 

different stallions, via electronic volume measurements. Only small differences were 

observed amongst stallions. Using this method, the mean sperm volume was determined to be 

18.09 ± 3.45 µm³ (figure 4.1.2). 
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Figure 4.1.1 Pre-freeze (A-C) and post-freeze (D-F) progressive motility (A, D) and plasma membrane integrity (B-C, E-F) of 
stallion sperm, as determined using computer assisted sperm analysis (CASA; A-B, D-E) or flow cytometry (FCM; C, F). Plasma 
membrane integrity was assessed using a PI/SYBR-14 double staining, to discriminate between plasma membrane intact and damaged 
sperm, respectively. Averages ± standard deviations were determined from three ejaculates for each of twelve stallions (labeled 1-12).
See table 1 for detailed presentation and statistical results of the data. 
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Figure 4.1.2 Mean cellular volume of stallion sperm, determined using flow cytometric 
measurements. The electronic volume was assessed based on the Coulter principle. 
Averages ± standard deviations were determined from three ejaculates for each of twelve 
stallions. 
 

Figure 4.1.3 Hypotonic resistance of stallion sperm, assessed as plasma membrane 
integrity after exposure to (an)isotonic saline solutions, in the presence of PI, at different 
temperatures for 10 min. Survival was determined flow cytometrically as the percentage of 
PI-unstained sperm. Averages ± standard deviations were determined from four ejaculates 
of four stallions. See table 2 for detailed presentation and statistical results of the data. 
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4.1.2 Temperature-dependence of hypotonic resistance of stallion sperm 

 

 Resistance of sperm to exposure to hypotonic stress was assessed, at various 

temperatures, and is shown in figure 4.1.3 (table 2). Sperm viability was determined as the 

percentage of plasma membrane intact sperm after exposure to (an)isotonic saline solutions 

and was plotted as a function of the temperature at which the incubation was performed. 

Sperm diluted in isotonic buffer exhibits similar percentages of plasma membrane intact 

sperm from 5 to 37 oC, whereas dilution in hypotonic buffer results in decreased percentages 

of plasma membrane intact sperm especially at temperatures above 30 and below 15 °C. 

 

4.1.3 Pre- and post-freeze hypotonic resistance of stallion sperm, and male-to-male 

variability 

 

 Figure 4.1.4 (table 3) illustrates hypotonic resistance at 22 as well as 5 oC for diluted 

semen, by plotting the percentage of plasma membrane intact sperm versus the osmolality of 

the medium. In addition, hypotonic resistance at 22 oC is shown for sperm that were 

cryopreserved. As already shown in figure 4.1.3, the percentage of plasma membrane intact 

sperm upon dilution in hypotonic buffer is lower at 5 °C as compared to incubations done at 

22 oC. After cryopreservation, the percentage of viable sperm is drastically decreased. 

 In order to be able to compare hypotonic resistance before and after cryopreservation, 

a normalization was performed to correct for the different initial numbers of plasma 

membrane intact sperm (figure 4.1.4B). The critical osmolality, at which half of the sperm 

population survives exposure to hypotonic stress, was increased from 106.0 ± 41.2 mOsm kg-1 

at 22 oC to 163.9 ± 41.5 mOsm kg-1 at 5 oC (p<0.0001). Cryopreserved sperm exhibited an 

intermediated average critical osmolality of 144.5 ± 46.2 mOsm kg-1 (p<0.05). Moreover, at 

22 oC, cryopreserved sperm were less resistant to exposure to osmolalities below 240 mOsm 

kg-1, as compared to sperm prior to cryopreservation. 

 Great differences in hypotonic resistance were observed for sperm from different 

stallions. This is illustrated for five stallions in figure 4.1.5 (table 3). The pre-freeze critical 

osmolality varied from about 55 to 170 mOsm kg-1. Also, differences between ejaculates of 

the same stallion were seen (standard deviations, determined for three ejaculates, varied from 
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2 to 51%). In most cases, stallions that exhibited the highest osmotic resistance at 22 oC also 

showed highest osmotic resistance at 5 oC, as well as after cryopreservation. 

 

 

  

 

 

 

Figure 4.1.4 Hypotonic resistance of stallion sperm, assessed as plasma membrane 
integrity upon exposure to (an)isotonic saline solutions for 10 min, determined before as 
well as after cryopreservation. For pre-freeze measurements on diluted sperm, osmotic 
tolerance was determined both at 22 °C (blue symbols) and at 5 °C (pink symbols), while 
for cryopreserved sperm incubations were done after thawing at 22 oC (yellow symbols). 
The percentage of PI-negative/SYBR-14-positive (plasma membrane intact) sperm after 
dilution in (an)isotonic HBS is plotted versus the osmolality of the medium (A). To correct 
for the initial number of intact sperm, the normalized viability was calculated by dividing 
with the amount of plasma membrane intact sperm in isotonic medium (B). Averages and 
normalized averages ± standard deviations were determined from three ejaculates for each 
of twelve stallions. See table 3 for detailed presentation and statistical results of the data. 
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Figure 4.1.5 Variability in hypotonic resistance of sperm from five different stallions, assessed as the percentage of PI-
negative/SYBR-14-positive (plasma membrane intact) sperm after exposure to (an)isotonic saline solutions for 10 min. Pre-freeze 
measurements on diluted sperm, were done both at 22 °C and at 5 °C, while for cryopreserved sperm incubations were done after 
thawing at 22 oC. The percentage of plasma membrane intact sperm was determined flow cytometrically and is plotted versus the 
osmolality of the medium (A-C). Alternatively, plots were constructed for which the normalized viability was calculated (D-F). 
Averages and normalized averages ± standard deviations were determined from three ejaculates for each of five stallions. See table 3
for detailed presentation and statistical results of the data. 
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4.1.4 Correlation between hypotonic resistance and cryosurvival of stallion sperm 

 

 In order to obtain insights in the predictive value of pre-freeze sperm characteristics 

for cryosurvival, correlation plots as shown in figure 4.1.6 were constructed. A clear 

correlation was found between pre- and post-freeze plasma membrane integrity and 

progressive motility (r2: 0.45 and 0.54, respectively; r: 0.67 and 0.73, respectively): the higher 

the number of viable sperm prior freezing, the higher the number of sperm surviving 

cryopreservation (figure 4.1.6A). 

 Since cryopreservation coincides with exposure to severe osmotic stresses, it was 

tested whether sperm with increased osmotic resistance showed higher cryosurvival rates 

(figure 4.1.6B, C and D). A correlation was observed between the critical osmolality before 

and after cryopreservation, as well as between the pre-freeze critical osmolality determined at 

22 and 5 °C (figure 4.1.6C; r2: 0.33 and 0.29, respectively; r: 0.57 and 0.54, respectively). 

Post-freeze progressive motility shows a weak correlation when plotted versus pre-freeze 

survival in hypotonic HBS of 120 mOsm kg-1 (figure 4.1.6B; r2: 0.09; r: 0.30). When 

corrected for the initial amount of viable sperm in isotonic HBS, however, this correlation 

disappeared. In figure 4.1.6D post-freeze progressive motility is plotted versus the critical 

osmolality as determined at either 22 or 5 °C. There is no correlation between post-freeze 

progressive motility and the pre-freeze critical osmolality as determined at 22 oC, while 

hypotonic resistance determined at 5 oC showed a weak correlation with post-freeze 

progressive motility (r2: 0.07; r: 0.26). 
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Figure 4.1.6. Correlation plots between pre-freeze and post-freeze stallion sperm 
characteristics. In panel A post-freeze progressive motility and plasma membrane integrity are 
plotted versus pre-freeze data. Motility was determined using computer assisted sperm 
analysis (pink symbols). Plasma membrane integrity was determined in freezing extender 
using computer assisted sperm analysis (yellow symbols) as well as after dilution in isotonic 
buffer by flow cytometric analysis (mint symbols), of PI/SYBR-14-stained sperm. Panel B 
shows post-freeze progressive motility versus pre-freeze plasma membrane integrity after 
dilution in hypotonic HBS of 120 mOsm kg-1. Survival in hypotonic HBS is expressed in 
absolute percentages (blue symbols) as well as in normalized percentages (pink symbols). 
Panel C illustrates correlations between the pre-freeze critical osmolality at 22 °C and 5 °C 
(bordeaux symbols), and critical osmolalities before and after cryopreservation for incubations 
at 22 °C (green symbols). Panel D shows post-freeze progressive motility as a function of the 
pre-freeze critical osmolality as determined for incubations at 22 °C (yellow symbols) and 5 
°C (mint symbols). Presented are data from three ejaculates for each of twelve stallions. 
Correlations labeled with asterisk are significant (p<0.0001). 
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4.2 EXPERIMENT II: Use of density centrifugation for selecting stallion sperm for cold 

storage and delayed cryopreservation 

 

4.2.1 Sperm viability during cold storage, for stallion sperm obtained after different 

processing methods 

 

 Ejaculates were diluted and stored at 5 oC. Alternatively, prior to storage, they were 

processed via ordinary centrifugation, two-layer iodixanol centrifugation, or centrifugation 

through a single Androcoll layer. After ordinary centrifugation, about 80% of the sperm 

where recovered. Use of iodixanol or Androcoll resulted in a sperm recovery of 30 to 40% 

(table 4.2.1). Figure 4.2.1 (table 4) illustrates that percentages of plasma and acrosomal 

membrane intact sperm were highest for those sperm obtained after iodixanol centrifugation 

and lowest for diluted sperm, while percentages only decreased about 3 to 5% during storage 

for 3 d at 5 °C. Sperm obtained after centrifugation through Androcoll resulted in the highest 

percentage of progressively motile sperm (69%), which decreased 20% upon storage for 3 d at 

5 oC (to 49%). Iodixanol processed sperm showed slightly lower initial percentages of 

progressively motile sperm (63%) with a similar decrease during storage, whereas diluted 

sperm exhibited more pronounced decrease from 62 to 30% progressively motile sperm 

during 3 d at 5 oC. 
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4.2.2 Sperm characteristics determined after centrifugation processing, performed 

directly after collection or after storage 

 

 Diluted semen was either directly processed via ordinary centrifugation, iodixanol or 

Androcoll centrifugation, or centrifugation was performed after 24 h storage at 5 oC (d 0 and 

1, respectively). After processing, sperm morphology, chromatin stability, plasma and 

acrosomal membrane integrity, and motility were assessed (table 4.2.1, figure 4.2.2). As 

showen above, sperm obtained after iodixanol or Androcoll centrifugation exhibited higher 

percentages of membrane intact and motile sperm as compared to diluted sperm or sperm 

obtained after ordinary centrifugation, respectively. This was also true when processing was 

done after 1 d. However, percentages were lower in comparison to processing directly after 

collection. The percentage of morphologically abnormal sperm at d 0 was slightly increased 

for ordinary and iodixanol centrifuged samples, as compared to diluted samples whereas the 

percentage of morphologically abnormal sperm was lower after Androcoll centrifugation. 

When processing was done after 1 d, both iodixanol and Androcoll centrifuged samples 

Figure 4.2.1 Percentages of progressively motile (A) and plasma membrane intact (B) 
sperm during storage at 5 oC for up to 3 d, for sperm obtained after processing of diluted 
semen using different centrifugation protocols. At the day of recovery, diluted sperm were
not further processed (blue symbols), or subjected to ordinary centrifugation (pink 
symbols), two-layer iodixanol density centrifugation (yellow symbols), or centrifuged 
through Androcoll (mint symbols). Motility was determined using computer assisted sperm 
analysis, plasma membrane integrity was evaluated using flow cytometric analysis of 
PI/FITC-PNA-stained sperm. Averages ± standard deviations were determined from two 
ejaculates for each of six stallions. See table 4 for detailed presentation and statistical 
results of the data.  
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exhibited lower percentages of morphologically abnormal sperm as compared to sperm 

exposed to ordinary centrifugation. Table 4.2.1 illustrates that iodixanol and Androcoll 

centrifuged samples have lower percentages of abnormal acrosomes and heads, as compared 

to diluted and centrifuged samples. Iodixanol centrifuged samples exhibit increased 

percentages of principal and end piece abnormalities after processing at d 0 as compared to 

processing at d 1. This likely results from osmotic adaptation to the diluent used. Possible 

differences in chromatin integrity for sperm selected via the different processing methods 

were determined using the sperm chromatin structure assay, in which chromatin stability upon 

acid treatment is tested (figure 4.2.2B). Interestingly, both iodixanol and Androcoll 

centrifugation resulted in sperm, which exhibited lower DNA fragmentation index (DFI) 

values (4 and 7%, respectively), as compared to diluted sperm (11%) or sperm obtained after 

ordinary centrifugation (12%). Irrespective of the processing method used, the DFI value was 

increased when determined after storage. 
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Figure 4.2.2 Percentages of morphologically abnormal sperm (A), DNA fragmentation 
indices (B), and percentages of plasma membrane intact (C) and progressively motile (D) 
sperm obtained after processing of diluted semen using different centrifugation protocols. 
At the day of semen collection, diluted sperm were not further processed (purple 
symbols), or subjected to ordinary centrifugation (red symbols), two-layer iodixanol 
density centrifugation (yellow symbols), or centrifuged through Androcoll (mint 
symbols). In addition, diluted sperm that was stored for 1 d (bordeaux symbols) was 
subjected to ordinary centrifugation (red), iodixanol centrifugation (yellow symbols), or 
Androcoll centrifugation (mint symbols), after which sperm were analyzed. Sperm 
morphology was evaluated microscopically, while motility was assessed by computer 
assisted sperm analysis, and membrane integrity by flow cytometric analysis of PI/FITC-
PNA-stained sperm. DFI values, which are a measure for chromatin stability or integrity, 
were determined by the sperm chromatin structure assay. Averages ± standard deviations 
were determined from two ejaculates for each of six stallions. Values with different 
superscript letters differ significantly between processing methods (p<0.05). Values with 
different superscript numbers differ significantly between time points of processing or 
cryopreservation (p<0.05). 
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Table 4.2.1  Sperm characteristics for semen that was diluted, processed using ordinary centrifugation, or two-layer iodixanol density 
gradient centrifugation or single-layer Androcoll centrifugation. Sperm characteristics were determined at d 0 and d 1, directly after 
processing. Recovery rates were determined by comparing sperm numbers before and after centrifugation processing. Evaluation of 
sperm morphology (MAS: morphological abnormal sperm) was done by microscopic observations. Averages ± standard deviations 
were determined from two ejaculates from each of six stallions. 
 
 day 0    day 1    

 
 
 
diluted 

 
ordinary 
centrifugat
ion 

 
iodixanol 
centrifugat
ion 

 
Androcoll 
centrifugat
ion 

 
 
diluted 

 
ordinary 
centrifugat
ion 

 
iodixanol 
centrifugat
ion 

 
Androcoll 
centrifugat
ion 

sperm recovery (%) 
 

- 
 

79 a,1 
± 15 

32 b,1 
± 9.1 

34 b,1 
± 12 

- 
 

77 a,1 
± 19 

41 b,1 
± 13 

32 b,1 
± 15 

MAS (total %) 
 

35 a,b,1 
± 11 

36 b,1 
± 13 

36 b,1 
± 10 

31 a,c,1 
± 17 

34 a,b,1 
± 8.6 

37 b,1 
± 9 

32 a,2 
± 11 

31 a,1 
± 11 

abnormal acrosomes (%) 
 

9.2 a,b,1 
± 4.0 

10 a,1 
± 2.7 

7.3 b,1 
± 2.0 

7.6 b,1 
± 2.6 

10 a,b,1 
± 3.1 

11 a,1 
± 2.8 

7.0 c,1 
± 3.1 

8.5 b,c,1 
± 2.6 

abnormal heads (%) 
 

7.4 a,1 
± 4.1 

6.9 a,1 
± 3.9 

6.5 a,b,1 
± 2.2 

4.4 b,1 
± 1.9 

8.4 a,1 
± 5.9 

8.8 a,1 
± 4.5 

6.9 a,b,1 
± 4.7 

5.9 b,1 
± 4.4 

abnormal head/neck 
region (%) 
 

4.1 a,1 
± 2.1 

4.2 a,1 
± 1.4 

4.2 a,1 
± 2.8 

4.5 a,1 
± 2.9 

5.4 a,1 
± 3.5 

5.8 a,2 
± 3.6 

4.8 a,1 
± 3.5 

5.8 a,1 
± 3.7 

mid-piece abnormalities 
(%) 
 

3.3 a,b,1 
± 2.3 

2.4 b,c,1 
± 1.6 

4.5 a,1 
± 2.3 

1.4 c,1 
± 1.0 

4.2 a,1 
± 2.4 

3.2 a,1 
± 2.3 

4.7 a,1 
± 2.8 

3.0 a,1 
± 1.8 

abnormal principal/end 
piece (%) 
 

11 a,1 
± 8.3 

13 a,1 
± 12 

15 a,1 
± 9.5 

13.2 a,1 
± 15.4 

6.6 a,1 
± 4.2 

8.5 a,1 
± 6.0 

8.2 a,2 
± 6.9 

7.5 a,2 
± 8.0 

 
Values with different superscript letters differ significantly between processing methods (p<0.05). Values with different superscript numbers differ significantly 
between time points of processing or cryopreservation (p<0.05).
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4.2.3 Delayed cryopreservation using sperm, selected directly after collection or prior 

to cryopreservation 

 

 For delayed cryopreservation after 1 d storage, it was tested if centrifugation 

processing directly after collection or just prior to cryopreservation showed higher survival 

rates. To evaluate this, pre- and post-freeze progressive motility and plasma membrane 

integrity were compared for diluted semen and sperm obtained after centrifugation processing 

performed at either d 0 or d 1 (figure 4.2.3). The highest percentages of plasma membrane 

intact and progressively motile sperm were found when processing and cryopreservation were 

done at d 0, directly after collection. Sperm that was used for delayed cryopreservation 

generally showed higher percentages of plasma membrane intact and progressively motile 

sperm when centrifugation was performed directly after collection, as compared to sperm 

processed after storage. No clear differences in post-freeze progressive motility were 

observed for the different processing methods: post-freeze motility varied between 22 and 

25%. For selected sperm samples that were stored for 1 d, iodixanol centrifugation resulted in 

44% plasma membrane intact sperm after thawing, whereas Androcoll centrifugation and 

ordinary centrifugation yielded percentages of 40 and 37%. Interestingly, cryopreservation of 

diluted sperm at d 1 still resulted in 29% plasma membrane intact sperm, when analyzed 

directly after thawing. When processing was done just prior to cryopreservation instead of 

directly after collection, samples that were processed via ordinary or Androcoll centrifugation 

showed a decrease of 4 and 7% plasma membrane intact sperm, respectively, whereas 

iodixanol centrifuged samples exhibited a decrease of only 2% membrane intact sperm. 
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Figure 4.2.3 Pre-freeze (A, B) and post-freeze (C, D) percentages of progressively motile (A, C) and plasma membrane intact (B, D) 
sperm, for sperm obtained after processing of diluted semen using different centrifugation protocols. Diluted sperm was used for 
cryopreservation at d 0 (purple symbols) and at d 1 (bordeaux symbols). Alternatively, sperm obtained after ordinary centrifugation, 
two-layer iodixanol density centrifugation, or centrifugation through Androcoll was subjected to cryopreservation. Sperm was 
processed either the day of collection (0 h) or after storage for 24 h, while cryopreservation was performed directly after processing or 
after 1 d storage (purple: processing and cryopreservation at d 0, red: processing at d 0, while cryopreservation was done at d 1, 
yellow: both processing and cryopreservation were performed after 1 d). Sperm motility characteristics were evaluated using computer 
assisted sperm analysis, and percentages of plasma membrane intact sperm were determined via flow cytometric analysis of PI/SYBR-
14 stained sperm. Averages ± standard deviations were determined from two ejaculates for each of six stallions. Values with different 
superscript letters differ significantly between processing methods (p<0.05). Values with different numbers differ significantly 
between moments of processing or cryopreservation (p<0.05). 
 



DISCUSSION AND CONCLUSIONS 

47 

5 DISCUSSION AND CONCLUSIONS 

 

5.1 EXPERIMENT I: Correlating hypotonic resistance of stallion sperm with survival 

after cryopreservation 

 

 During cryopreservation sperm are exposed to severe osmotic stress due to addition 

and removal of cryoprotectants as well as during ice formation and thawing. Cryosurvival 

rates for equine sperm vary widely amongst stallions. The aim of the first part of this study 

was to establish if hypotonic resistance of sperm correlates with freezability, in order to see if 

hypotonic resistance could be used as a parameter to foresee sperm cryosurvival. In addition, 

we determined the temperature range in which sperm can withstand hypotonic stress best. 

 

 Cryopreservation results in decreased percentages of plasma membrane intact and 

motile sperm. This decrease is described to result from the detrimental effects caused by 

passage through membrane phase transitions as well as mechanic and osmotic stresses to 

which sperm are exposed during freezing and thawing. BEDFORD et al. (2000) referred to 

these events as capacitation-like changes, therewith explaining reduced fertility rates when 

using cryopreserved semen. In our studies, we determined higher percentages of post-freeze 

plasma membrane intact sperm when using computer assisted sperm analysis as compared to 

flow cytometric analysis. The difference likely results from hypotonic stress upon dilution of 

the thawed sperm sample in isotonic buffer, which was done prior to flow cytometric analysis 

but not for the microscopic observations. The post-freeze plasma membrane integrity and 

motility rates as well as great inter-individual variability as we determined with our studies, 

are in good agreement with results described elsewhere (AURICH et al. 1996, SIEME et al. 

2003). According to sperm motility characteristics after cryopreservation, stallions are 

classified as ‘good’ or ‘poor’ freezers (TISCHNER et al. 1979, VIDAMENT et al., 1997; 

LOOMIS and GRAHAM 2008). The mechanisms underlying the variability in freezability of 

sperm from different species and individuals, however, are not fully understood (SIEME et al. 

2008). 
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 The mean stallion sperm volume of 18.09 ± 3.45 µm³ as determined in the current 

study, is in the range as previously determined (OLDENHOF et al. 2011, POMMER et al. 

2002). 

 

 The decrease in stallion sperm viability after exposure to hypotonic conditions has 

been reported before (POMMER et al. 2001, BALL and VO 2001). For sperm from different 

species, different critical osmolalities have been determined: 170, 136 and 55 mOsm kg-1 for 

boar, stallion and bull, respectively (DRUART et al. 2009, OLDENHOF et al. 2011, BLÄSSE 

et al. 2012). These differences can be the result of differences in plasma membrane 

composition, since this is known to affect the ability of cells to withstand environmental stress 

(DARIN-BENNETT and WHITE 1977). GLAZAR et al. (2009) found that osmotic resistance 

of stallion sperm increased after treatment with cholesterol-loaded cyclodextrin to enrich 

plasma membranes with cholesterol. The increased hypotonic resistance of bovine sperm 

might be explained by the higher membrane cholesterol-to-phospholipid ratio of bovine 

sperm as compared to boar or stallion sperm (PARKS and GRAHAM 1992). Also, lipid 

peroxidation leads to decreased membrane fluidity and integrity. Therefore, differences in 

susceptibility for lipid peroxidation might underlie differences in osmotic properties of sperm 

from different stallions (DE LA HABA et al. 2012). 

 Resistance of diluted sperm towards hypotonic stress was greatest in the temperature 

range between 15 and 30 °C. Also, hypotonic resistance decreased for cryopreserved sperm as 

compared to diluted sperm prior to cryopreservation. Interestingly, the critical osmolality of 

cryopreserved sperm was lower compared to the critical osmolality as determined for diluted 

sperm at 5 °C. Cooling of sperm through the 19 to 8 °C temperature range is known to be a 

critical process, since sperm survival generally decreases with passage through this 

temperature range (MORAN et al. 1992). This phenomenon, as well as the decrease in 

osmotic resistance below 15 °C as found in our studies, might be due to the membrane phase 

transition occurring in this temperature range (RICKER et al. 2006, OLDENHOF et al. 2012, 

GILMORE et al. 1996). When membranes are in the more tightly packed gel phase their 

ability to swell in response to hypotonic conditions might be reduced.  
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 In the current study a clear correlation was found between pre- and post-freeze 

viability (motility and plasma membrane integrity), as well as pre- and post-freeze critical 

osmolalities. However, the critical osmolality before freezing did not correlate with viability 

after freezing and thawing. In contrast to VIDAMENT et al. (1998) who suggested a 

correlation between osmotic properties of sperm and freezability, our findings indicate that 

pre-freeze hypotonic resistance cannot be used as a parameter to foresee sperm cryosurvival 

rates. The HOS-test, as used by VIDAMENT et al. (1998), determines the ability of sperm to 

swell in response to exposure to hypotonic media via microscopic observations. In contrast 

with this, the flow cytometric measurements as done in our studies determine the permeability 

of the sperm plasma membrane for propidium iodide upon exposure to hypotonic media, 

while taking into account the number of membrane intact sperm in isotonic medium. The 

normalization of the number of sperm surviving hypotonic stress towards the initial number 

of viable sperm, might explain the contradicting findings between using either the HOS-test 

or the critical osmolality to predict sperm freezability.  

 Tolerance of sperm towards cooling and freezing depends on intrinsic cellular 

properties like membrane cholesterol content, membrane fluidity and permeability for water 

and solutes (LOOMIS et al. 2008), as well as on the amount of reactive oxygen species 

present and antioxidant activity of the seminal plasma (LOVE et al. 2010). We found that 

sperm selected via density centrifugation, did not show a correlation between pre- and post-

freeze plasma membrane integrity and motility, whereas such a correlation was present for 

sperm, which were not selected. This indicates that factors that are removed via the density 

centrifugation protocol affect sperm freezability. 

 

5.2 EXPERIMENT II: Use of density centrifugation for selecting stallion sperm for cold 

storage and delayed cryopreservation 

 

 The aim of the second part of our studies was to evaluate the use of density 

centrifugation for selecting high quality sperm (morphologically normal, progressively motile 

sperm with high membrane and chromatin intactness). We employed two-layer iodixanol and 

single layer Androcoll density centrifugation, and evaluated sperm viability during storage 

and after cryopreservation and compared with ordinary centrifuged and diluted samples. 
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Furthermore, it was studied if for delayed cryopreservation (after storage for 1 d), sperm 

selection via centrifugation processing directly after semen collection or alternatively after 

storage just prior to cryopreservation resulted in higher cryosurvival rates. 

 

 About 35% of the sperm were recovered after density centrifugation, while ordinary 

centrifugation resulted in a loss of only 15%. The percentage of sperm that are lost with 

ordinary centrifugation is predominantly determined by the g-force applied and duration of 

centrifugation (WAITE et al. 2008). Recovery rates as determined in our studies are in the 

same range as obtained by others (STUHTMANN et al. 2012; JOHANNISSON et al. 2009). 

The decreased numbers of recovered sperm with density centrifugation are explained by 

selection of a subpopulation of sperm based on density properties, as well as the 

methodology. Harvesting sperm at the boundary of gradient layers results in greater losses as 

compared to collecting in a pellet. Moreover, re-suspension of sperm directly after 

centrifugation is dependent on the composition of the layer covering the sperm layer or pellet. 

It was found that recovery rates vary greatly among stallions as well as ejaculates from the 

same stallion. Note that low sperm recovery rates with density centrifugation, as well as great 

variations in recovery rates disqualify such protocols for routine processing of semen. 

However, density centrifugation of semen might be used for selected samples, e.g. for 

stallions whose sperm exhibit increased DFI values (decreased chromatin intactness), or poor 

survival during cooling or low post-thaw motility rates. 

 Sperm obtained after either ordinary or density centrifugation showed increased 

percentages of progressive motility and plasma membrane integrity during 3 d of refrigerated 

storage when compared to diluted sperm, with greater differences for percentages of 

progressively motile sperm. The greater beneficial effect of centrifugation processing on 

progressive motility characteristics as compared to membrane integrity might be explained by 

the removal of seminal plasma (KARESKOSKI and KATILA 2008, SIEME et al. 2004). 

 For delayed cryopreservation, density centrifugation resulted in improved sperm 

morphology and motility as well as membrane and chromatin integrity characteristics, as 

compared to diluted or ordinary centrifuged sperm. Two-layer iodixanol density 

centrifugation resulted in selection of higher percentages of plasma membrane and chromatin 

intact sperm as compared to single layer Androcoll density centrifugation. However, the latter 
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procedure resulted in higher percentages of progressively motile sperm. The higher 

percentages of plasma membrane intact sperm with iodixanol centrifugation may result from 

collection of sperm on a cushion layer instead of in a pellet as is the case with Androcoll 

centrifugation. Collection of sperm in a tightly packed pellet might have negative effects on 

sperm characteristics due to mechanical forces and close proximity of cell debris and reactive 

oxygen species which are detrimental to sperm (PICKETT et al. 1975). The differences in 

numbers of sperm with midpiece, principal, and endpiece abnormalities between iodixanol 

and Androcoll processed samples might explain the lower percentages of motile sperm for 

iodixanol processed samples. Increased numbers of tail and midpiece abnormalities are 

described to negatively correlate with sperm motility (VISCO et al. 2012). In addition, motile 

sperm are described to orient themselves in the direction of centrifugal force, with the 

consequence that they will pass easier through the gradient and collected in a pellet faster 

compared to immotile sperm (MORREL 2006). Furthermore, lower percentages of motile 

sperm with the two-layer iodixanol centrifugation protocol might be the result of inclusion of 

small amounts of the upper layer containing immotile sperm (OSHIO 1988).  

 Selection of decreased percentages of morphologically abnormal sperm, and increased 

chromatin stability via density centrifugation is the result of differences in the specific density 

of the selected sperm and other particles as present in an ejaculate. The density of 

spermatozoa is known to increase with maturation (LAVON et al. 1966, OSHIO 1988). The 

density of epithelial and inflammatory cells and small cell fragments is lower as 1.09 g mL-1, 

which makes that they will not passage through the Androcoll layer nor through the upper 

iodixanol layer as employed in our studies (both with ρ of 1.09 g mL-1). Also, microcephalic 

sperm (ρ: 1.05 g mL-1) will remain above or in the upper layer, whereas macrocephalic and 

moribund sperm, which have a density greater as 1.15 g mL-1, will pass through the density 

gradient solutions used in our studies and accumulate in the pellet in case of Androcoll or on 

or in the bottom layer in case of the two-layer iodixanol method employed (SMITH et al. 

1997). The lower chromatin stability as found for sperm processed via Androcoll density 

centrifugation as compared to iodixanol density centrifugation could be due to the collection 

of sperm in a pellet in case of the Androcoll protocol but not with the two-layer iodixanol 

protocol. 
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 Sperm quality decreases during storage for 1 d at refrigerated temperatures. For 

delayed cryopreservation we found that performing either iodixanol or Androcoll density 

centrifugation directly after collection before storage resulted in increased percentages of 

post-thaw membrane integrity as compared to samples that were not subjected to density 

centrifugation. When performing density centrifugation after storage only iodixanol density 

centrifugation did yield higher percentages of plasma membrane intact sperm. Only minor 

differences were found in percentages of post-freeze progressively motile sperm for the 

different processing methods. However, it should be noted that the presence of iodixanol in a 

sample increased cryosurvival rates due to its cryoprotective properties. Iodixanol elevates the 

glass transition temperature and alters ice crystal formation (SARAGUSTY et al. 2009). 

 HOOGEWIJS et al. (2011) and STUHTMANN et al. (2012) found clear increased 

post-freeze progressive motility for sperm selected via density centrifugation prior to 

cryopreservation. It has been suggested that density centrifugation may be particularly useful 

for selection of sperm for cryopreservation for sperm from so-called ‘poor’ freezers.  

 

5.3 Conclusions 

 

 In the first part of the our studies we showed that whereas pre- and post-freeze 

membrane integrity and motility show a clear correlation, pre-freeze hypotonic resistance 

normalized towards the initial number of viable sperm does not correlate with sperm motility 

after cryopreservation. We thus conclude that pre-freeze hypotonic resistance cannot be used 

as a parameter to foresee sperm cryosurvival rates.  

 The second part of our studies showed that density centrifugation protocols can be 

used to select a subpopulation, which exhibits increased percentages of morphologically 

normal and progressively motile sperm with increased membrane and chromatin intactness. 

Also, for use for delayed cryopreservation density centrifugation yielded increased numbers 

of high quality sperm when compared to diluted or ordinary centrifuged sperm. Performing 

density centrifugation directly after collection was found to result in higher cryosurival rates 

as compared to performing density centrifugation after storage just prior to cryopreservation. 

Thus, for delayed cryopreservation it is best to perform density centrifugation processing 

directly after collection. 
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6 SUMMARY  

 

Anna Heutelbeck (2013) 

 

Cryopreservation of stallion sperm: correlating hypo-osmotic resistance and 

cryosurvival, and use of density centrifugation for delayed cryopreservation 

 

 Cryopreserved sperm from individual stallions display a high degree of variation in 

survival after thawing. During freezing and thawing, sperm are exposed to osmotic stress 

when the osmolality of the unfrozen fraction increases or decreases. We hypothesized that the 

ability of sperm to cope with osmotic stress correlates with its survival after cryopreservation. 

The aim of the first part of the studies described in this thesis was to evaluate variation in 

osmotic properties of sperm from different stallions and correlate this with survival after 

cryopreservation. In addition, temperature effects on hypotonic resistance were studied. Pre- 

and post-freeze motility and plasma membrane integrity were determined using computer 

assisted sperm analysis and flow cytometry, and taken as a measure for freezability. 

Hypotonic resistance was determined by evaluating percentages of plasma membrane intact 

sperm after exposure to saline solutions of decreasing osmolality, and the critical osmolality 

was calculated as the osmolality at which half of the sperm population survived hypotonic 

stress. Stallion sperm exhibited the greatest resistance towards hypotonic stress in the 15 to 30 
oC temperature range. For incubations at 22 oC, the critical osmolality was found to vary 

between 55 to 170 mOsm kg-1 amongst individual stallions. Whereas pre- and post-freeze 

membrane integrity and motility showed a clear correlation, pre-freeze hypotonic resistance 

normalized towards the initial number of viable sperm did not correlate with sperm motility 

after cryopreservation. We thus conclude that pre-freeze hypotonic resistance cannot be used 

as a parameter to foresee sperm cryosurvival rates. 

 The infrastructure needed for cryopreservation of stallion sperm is not always 

available. In these cases, diluted semen needs to be shipped to a facility where 

cryopreservation can be done typically after 1 day storage at 5 oC. Centrifugation processing 

of semen, including density centrifugation, is generally used for selection of high quality 

sperm for use in artificial insemination. The aim of the second part of the studies described in 
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this thesis was to evaluate if selection of sperm via density centrifugation yields higher 

cryosurvival rates when performing delayed cryopreservation. Two-layer iodixanol as well as 

single-layer Androcoll density centrifugation were tested, and compared to ordinary 

centrifuged and diluted samples. Centrifugation processing directly after semen collection 

prior to refrigerated storage was compared with centrifugation of sperm after refrigerated 

storage for 1 d just prior to performing delayed cryopreservation. Sperm morphology and 

motility as well as membrane and chromatin integrity were evaluated before and after 

centrifugation processing. Sperm motility and membrane integrity were also assessed after 

cryopreservation. It was found that density centrifugation processing resulted in increased 

percentages of morphologically normal and motile sperm with increased membrane and 

chromatin intactness, as compared to ordinary centrifuged or diluted samples. For delayed 

cryopreservation, processing of sperm directly after semen collection prior to storage did yield 

higher post-freeze percentages of plasma membrane intact and motile sperm as compared to 

processing of stored sperm prior to cryopreservation. Two-layer iodixanol density 

centrifugation resulted in the highest percentages of plasma membrane intact sperm, whereas 

single-layer Androcoll density centrifugation resulted in the highest percentages of 

progressively motile sperm. Taken together, for delayed cryopreservation it is best to perform 

density centrifugation processing directly after collection. 
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7 ZUSAMMENFASSUNG 

 

Anna Heutelbeck (2013) 

 

Kryokonservierung von Hengstspermien: Korrelation von hypo-osmotischer Resistenz 

und Überlebensrate nach dem Auftauen und Einsatz der Dichtezentrifugation bei der 

Kryokonservierung gelagerten Spermas 

 

 Die Gefriertauglichkeit der Spermien unterschiedlicher Hengste unterliegt einer 

großen Variabilität. Der Prozess des Einfrierens und Auftauens ist mit Veränderungen des 

osmotischen Druckes verbunden. Darauf basierend galt es zu überprüfen, ob die Reaktion der 

Spermien auf osmotischen Stress mit ihrer Gefriertauglichkeit korreliert. Das Ziel des ersten 

Teils dieser Dissertation war zum einen der Vergleich der osmotischen Eigenschaften der 

Spermien verschiedener Hengste und zum anderen die Korrelation dieser Eigenschaften mit 

der Überlebensrate der Spermien nach dem Auftauen. Zudem wurde der Einfluss der 

Temperatur auf die hypotone Resistenz der Spermien überprüft. Als Maß für 

Gefriertauglichkeit der Spermien wurde ihre Plasmamembranintegrität (ermittelt mit Hilfe des 

Durchflusszytometers) und Motilität (ermittelt mit Hilfe der computer-assistierten 

Spermienanalyse) nach dem Auftauen herangezogen. Zur Bestimmung der hypotonen 

Resistenz erfolgte eine Inkubation der Spermien in Salzlösungen mit absteigenden 

Osmolaritäten und eine darauf folgende Ermittlung des Anteils plasmamembranintakter 

Spermien. Die kritische Osmolarität, welche definiert ist als die Osmolarität, die 50 % der 

Spermien überleben, wurde als zusätzlicher Parameter ermittelt. Der Temperaturbereich, bei 

dem die Spermien hypotonen Stress besonders gut tolerierten, lag zwischen 15 und 30 °C. Bei 

einer konstanten Inkubationstemperatur von 22 °C zeigte sich, das die kritische Osmolarität 

zwischen den Hengsten von 55 bis 170 mOsm kg-1 variierte. Während ein deutlicher 

Zusammenhang zwischen dem Anteil plasmammembranintakter und motiler Spermien vor 

und nach dem Einfrieren bestand, korrelierte die hypotone Resistenz vor dem Einfrieren nicht 

mit der Motilität der Spermien nach dem Einfrieren. Daraus ergibt sich, dass die hypotone 

Resistenz vor dem Einfrieren kein geeigneter Parameter ist, um die Gefriertauglichkeit von 

Hengstspermien vorherzusagen. 
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 Die für die Herstellung von Tiefgefriersperma erforderliche Ausrüstung ist nicht auf 

jeder Besamungsstation vorhanden. Sperma, welches der Tiefgefrierung zugeführt werden 

soll, muss somit gegebenenfalls gekühlt an ein Labor, in welchem die 

Tiefgefrierkonservierung innerhalb von einem Tag nach der Samengewinnung durchgeführt 

werden kann, versandt werden. Im Rahmen der künstlichen Besamung wird das Verfahren der 

Dichtezentrifugation zur Selektion qualitativ hochwertiger Spermien angewandt. Der zweite 

Teil dieser Dissertation dient der Evaluierung des Nutzens der Dichtezentrifugation im 

Hinblick auf die Herstellung von Tiefgefriersperma nach eintägiger gekühlter Lagerung. 

Hierfür wurden die Verfahren der Zweischicht-Iodixanol-Dichtezentrifugation und 

Einschicht-Androcoll-Dichtezentrifugation mit den Verfahren der herkömmlichen 

Zentrifugation und der Verdünnung verglichen. Zusätzlich wurde der Einsatz der 

Dichtezentrifugation vor der Lagerung des verdünnten Ejakulates, im Vergleich zu deren 

Einsatz nach der Lagerung evaluiert. Die Qualität der Spermien vor und nach dem jeweiligen 

Verfahrensschritt wurde anhand ihrer Morphologie, Motilität, Membran- und 

Chromatinintegrität bestimmt. Nach dem Einfrieren wurden Motilität und Membranintegrität 

der Spermien bestimmt. Der Einsatz von Dichtezentrifugation-Verfahren resultierte im 

Vergleich zur Verdünnung oder herkömmlichen Zentrifugation, in einem erhöhten Anteil 

morphologisch normaler, motiler, membranintakter und chromatinintakter Spermien. Fand die 

Zentrifugation des Ejakulates direkt nach der Gewinnung statt, wurden höhere 

Überlebensraten nach dem Einfrieren erzielte als bei Zentrifugation des gelagerten Ejakulates 

unmittelbar vor der Tiefgefrierung. Unabhängig davon erzielte die Zweischicht-Iodixanol-

Dichtezentrifugation die höchsten Anteile plasmamembranintakter Spermien und die 

Einschicht-Androcoll-Dichtezentrifugation die höchsten Anteile progressiv motiler Spermien. 

Zusammenfassend erhöht der Einsatz von Dichtezentrifugation-Verfahren am Tag der 

Samengewinnung die Überlebensraten von Spermien, die nach eintägiger gekühlter Lagerung 

tiefgefroren wurden. 
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9 APPENDIX 

 

9.1 Additional data tables 
 
Table 1  Pre and post-freeze progressive motility and plasma membrane integrity of 
stallion sperm, as determined using computer assisted sperm analysis (CASA) or flow 
cytometry (FCM). Averages ± standard deviations were determined from three ejaculates for 
each of twelve stallions (H1-12). 
 
pre-freeze 
 
stallion 

CASA - motility 
progr. motile sperm (%) 

CASA – viability 
membr. intact sperm (%) 

FCM – viability 
membr. intact sperm (%) 

H1 54.7 ± 3.4 73.9 ± 6.3 72.8 ± 3.9 
H2 62.2 ± 1.3 74.4 ± 4.7 79.9 ± 0.9 
H3 52.1 ± 2.2 71.1 ± 7.2 76.6 ± 1.3 
H4 51.9 ± 6.0 75.7 ± 6.7 70.1 ± 8.3 
H5 61.5 ± 1.9 68.5 ± 8.4 74.3 ± 3.6 
H6 58.1 ± 4.0 75.7 ± 5.2 76.1 ± 1.7 
H7 49.7 ± 3.8 75.6 ± 8.0 70.4 ± 3.9 
H8 51.9 ± 3.7 69.7 ± 9.3 71.2 ± 2.6 
H9 40.5 ± 3.1 70.0 ± 8.9 72.4 ± 2.7 
H10 42.4 ± 1.4 68.8 ± 4.1 63.0 ± 2.7 
H11 48.2 ± 1.7 74.0 ± 7.6 80.7 ± 5.1 
H12   7.2 ± 6.0 29.4 ± 10.8 29.9 ± 16.2 
avg 48.1 ± 14.51 68.4 ± 12.51,a 69.8 ± 13.41,a 
post-freeze 
 
stallion 

CASA - motility 
progr. motile sperm (%) 

CASA – viability 
membr. intact sperm (%) 

FCM – viability 
membr. intact sperm (%) 

H1 30.5 ± 4.6 56.4 ± 7.6 39.5 ± 9.1 
H2 28.9 ± 15.6 57.1 ± 18.9 37.0 ± 11.6 
H3 28.2 ± 10.8 50.6 ± 8.7 35.6 ± 9.3 
H4 27.5 ± 4.6 59.7 ± 5.2 31.1 ± 0.6 
H5 25.4 ± 3.8 53.0 ± 9.7 31.7 ± 1.7 
H6 24.3 ± 2.2 42.7 ± 2.0 28.6 ± 1.2 
H7 22.8 ± 2.4 50.2 ± 10.7 31.2 ± 4.5 
H8 22.7 ± 2.9 46.9 ± 6.7 26.8 ± 4.9 
H9 19.6 ± 4.0 41.5 ± 4.1 33.5 ± 8.4 
H10 18.7 ± 2.7 35.5 ± 6.6 28.2 ± 7.0 
H11 10.6 ± 1.8 40.2 ± 4.9 25.0 ± 2.6 
H12 2.0 ± 1.5 16.4 ± 10.6 14.7 ± 9.8 
avg 21.8 ± 8.22 45.8 ± 11.92,a 30.2 ± 6.42,b 

 
Values with different superscript letters differ significantly between types of analysis (p<0.05). Values with 
different numbers added as superscript differ significantly between pre-freeze and post-freeze analysis, and 
those with different letters differ significantly between methods for determining plasma membrane integrity 
(p<0.05). 
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Table 2  Hypotonic resistance of stallion sperm, assessed as plasma membrane integrity after 10 min exposure to (an)isotonic saline 
solutions, in the presence of PI, at different temperatures. Survival was determined flow cytometrically as the percentage of PI-unstained sperm. 
Averages ± standard deviations were determined from four ejaculates of four stallions.  
 

membrane intact sperm (%) 
 37 °C 30 °C 20 °C 17 °C 10 °C 5 °C 
300 mOsm kg-1 66.± 13.51,b 70.1 ± 9.41,a,b 75.2 ± 10.61,a 77.4 ± 11.31,a 75.2 ± 11.91,a 75.3 ± 11.71,a 
240 mOsm kg-1 22.8 ± 9.32,b 67.4 ± 9.81,a 70.3 ± 9.11,a 69.0 ± 9.22,a 63.0 ± 11.72,a 53.6 ± 12.32,c 
180 mOsm kg-1  7.9 ± 5.53,e 38.1 ± 10.62,c 46.7 ± 14.12,a 45.8 ± 14.43,a,b 36.0 ± 10.13,c 23.3 ± 6.73,d 
120 mOsm kg-1 6.6 ± 5.93,c 24.3 ± 5.63,a,b 31.8 ± 13.73,a 29.6 ± 12.84,a 17.3 ± 9.34,b,c 14.2 ± 7.084,c 
60 mOsm kg-1 3.9 ± 3.33,c 21.8 ± 8.43,a 25.5 ± 11.73,a 24.0 ± 12.44,a 12.6 ± 8.64,b 8.7 ± 6.34,5,b,c 
30 mOsm kg-1 2.0 ± 1.03,a 4.9± 3.04,a 7.0 ± 2.34,a 6.5 ± 4.85,a 5.4 ± 3.85,a 3.4 ± 2.95,a 

 
Values with different letters added as superscript differ significantly between different temperatures, and those with different numbers differ significantly between different 
osmolalities (p<0.05). 
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Table 3  Hypotonic resistance of stallion sperm, assessed as plasma membrane integrity 
after 10 min exposure to (an)isotonic saline solutions. Plasma membrane integrity of stallion 
sperm was assessed after exposure to (an)isotonic saline solutions for 10 min, before as well 
as after cryopreservation. For pre-freeze measurements on diluted sperm, osmotic tolerance 
was determined at 22 °C and at 5 °C, while for cryopreserved sperm incubations were done 
after thawing at 22 °C. The critical osmolality was defined as the osmolality at which 50% of 
the sperm survive exposure to hypotonic stress and was calculated from the normalized data. 
Averages ± standard deviations were determined from three ejaculates for each of twelve 
stallions (H1-12).  
 

pre-freeze – at 22 oC 
 
stallion 

in 300 mOsm kg-1 
membr. intact sperm (%) 

in 120 mOsm kg-1 
membr. intact sperm (%) 

critical osmolality 
(mOsm kg-1) 

H1 70.3 ± 14.8 46.0 ± 6.9 79.5 ± 49.2 
H2 77.0 ± 4.2 36.4 ± 9.4 125.1 ± 32.4 
H3 73.5 ± 3.5 41.0 ± 10.8 106.6 ± 42.1 
H4 68.3 ± 11.2 38.0 ± 6.1 113.8 ± 35.5 
H5 72.1 ± 1.8 25.2 ± 4.6 169.0 ± 20.1 
H6 78.5 ± 1.9 32.6 ± 3.8 140.8 ± 7.7 
H7 72.2 ± 1.2 34.3 ± 2.6 129.1 ± 10.5 
H8 69.3 ± 2.2 44.1 ± 4.9 57.5 ± 2.6 
H9 73.5 ± 4.1 57.1 ± 4.3 57.0 ± 0.8 
H10 60.2 ± 3.3 51.7 ± 0.5 53.6 ± 2.2 
H11 80.3 ± 4.1 39.4 ± 3.6 128.3 ± 19.6 
H12 32.0 ± 15.2 17.7 ± 8.7 111.3 ± 3.2 
avg 68.9 ± 12.7a 38.6 ± 10.7a 106.0 ± 41.2a 
pre-freeze – at 5 oC 
 
stallion 

in 300 mOsm kg-1 
membr. intact sperm (%) 

in 120 mOsm kg-1 
membr. intact sperm (%) 

critical osmolality 
(mOsm kg-1) 

H1 72.7 ± 4.5 31.0 ± 2.7 151.3 ± 31.4 
H2 80.9 ± 3.4 17.6 ± 3.6 193.5 ± 6.2 
H3 75.7 ± 3.7 28.1 ± 7.4 162.5 ± 40.3 
H4 71.9 ± 10.2 20.1 ± 3.7 192.3 ± 25.7 
H5 74.1 ± 6.9 13.5 ± 3.3 164.8 ± 38.5 
H6 79.5 ± 3.0 12.4 ± 3.1 210.0 ± 7.3 
H7 73.8 ± 5.1 26.5 ± 2.6 180.5 ± 14.0 
H8 73.2 ± 3.3 22.0 ± 0.9 174.3 ± 51.2 
H9 73.9 ± 4.7 41.0 ± 0.3 104.8 ± 10.2 
H10 68.5 ± 5.7 38.4 ± 1.0 101.1 ± 15.8 
H11 79.8 ± 5.4 23.4 ± 1.5 128.8 ± 21.9 
H12 28.1 ± 13.8 13.3 ± 5.1 111.3 ± 3.2 
avg 71.0 ± 13.9a 24.0 ± 9.4b 163.9 ± 41.5b 
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Table 3 - continued 
 

post-freeze – at 22 oC 
 
stallion 

in 300 mOsm kg-1 
membr. intact sperm (%) 

in 120 mOsm kg-1 
membr. intact sperm (%) 

critical osmolality 
(mOsm kg-1) 

H1 28.1 ± 11.5 9.6 ± 0.9 183.0 ± 26.4 
H2 32.4 ± 7.0 9.6 ± 2.4 193.5 ± 19.9 
H3 29.8 ± 4.5 15.1 ± 1.8 138.0 ± 46.8 
H4 30.4 ± 1.3 10.6 ± 3.0 165.3 ± 27.6 
H5 37.6 ± 7.6 10.8 ± 2.4 185.8 ± 16.3 
H6 23.9 ± 5.9 7.7 ± 2.5 180.6 ± 27.5 
H7 30.5 ± 3.1 14.7 ± 1.1 129.8 ± 11.7 
H8 23.7 ± 6.3 11.0 ± 1.5 145.3 ± 44.4 
H9 36.3 ± 7.8 26.9 ± 3.6 75.3 ± 13.3 
H10 23.3 ± 8.3 16.9 ± 3.7 73.8 ± 20.3 
H11 27.4 ± 7.1 12.5 ± 1.9 140.1 ± 26.7 
H12 11.6 ± 8.7 5.68 ± 4.5 112.2 ± 39.9 
avg 27.9 ± 6.8b 12.6 ± 5.5c 144.5 ± 46.2c 

 
Values with different letters added as superscript differ significantly between pre-freeze analysis at 22 °C and 5 
°C, and post-freeze analysis at 22 °C (p<0.05). 
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Table 4  Percentages of progressively motile and plasma membrane intact sperm during 
storage at 5 °C for up to 3 d, for sperm obtained after processing of diluted semen using 
different centrifugation protocols. At the day of recovery, diluted sperm were not further 
processed, or subjected to ordinary centrifugation, two-layer iodixanol density centrifugation, 
or centrifuged through Androcoll. Motility was determined using computer assisted sperm 
analysis, plasma membrane integrity was evaluated using flow cytometric analysis of 
PI/FITC-PNA-stained sperm. Averages ± standard deviations were determined from two 
ejaculates for each of six stallions.  
 
progressively motile sperm (%) 
 0 h 24 h 48 h 72 h 
diluted 62.4 ± 7.51,a 51.2 ± 10.82,a 37.3 ± 15.03,a 29.7 ± 14.73,a 
centrifuged 62.2 ± 7.51,a 62.3 ± 5.61,b 52.4 ± 9.82,b 49.8 ± 8.62,b 
iodix. centr. 62.9 ± 7.61,a 62.7 ±11.61,2,a,b 52.5 ± 11.42,3,b 44.5 ± 13.13,b 
Androcoll centr. 68.7 ± 7.51,a 70.5 ± 8.51,c 55.6 ± 13.42,b 48.6 ± 12.42,b 
membrane intact sperm (%) 
 0 h 24 h 48 h 72 h 
diluted 85.3 6.6 1,a 82.4 ± 6.11,2,a 80.9 ± 4.92,a 82.0 ± 4.61,2,a 
centrifuged 89.7 ± 2.71,b 84.6 ± 7.32,a 85.5 ± 5.12,b 85.5 ± 5.12,b 
iodix. centr. 93.7 ± 1.61,c 90.4 ± 4.22,b 90.2 ± 4.22,c 90.3 ± 3.71,2,c 
Androcoll centr. 92.1 ± 3.41,b,c 83.4 ± 9.32,a 85.9 ± 5.52,3,b 87.2 ± 7.33,b 
 
Values with different letters added as superscript differ significantly between processing methods, and those with 
different numbers differ significantly between time points of processing (p<0.05). 
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