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ABBREVIATIONS

∙O2
- superoxide

∙OH hydroxyl radical

ATP adenosine triphosphate

cAMP cyclic adenosine monophosphate

CASA computer assisted sperm analysis

CAT catalase

DCF 2’,7’-dichlorofluorescein

DFI DNA fragmentation index

DHA docosahexaenoic acid

DHE dihydroethidium

DMSO dimethyl sulfoxide

DNA desoxyribonucleic acid

e.g. exempli gratia

EDTA ethylenediaminetetraacetate

et al. et alia

EY egg yolk

FCM flow cytometry

G6PDH glucose-6-phosphate dehydrogenase

GLY glycerol

H2DCFDA 2’,7’-dichlorodihydrofluorescein diacetate

H2O2 hydrogen peroxide

HBS Hepes Buffered Saline

HCl hydrochloric acid

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HOS hypo osmotic swelling

i.e. id est

JC-1 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide

KOH potassium hydroxide

LN2 liquid nitrogen

Na2HPO4 disodium hydrogen phosphate

NaCl sodium chloride



NADH nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

NBT nitroblue tetrazolium

PBS Phosphate-buffered saline

PEN penicillamine

PI propidium iodid

PKA protein kinase A

PMI plasma membrane intact sperm

PMS progressively motile sperm

RCF relative centrifugal force

ROS reactive oxygen species

RT room temperature

SCSA sperm chromatin structure assay

SOD superoxide dismutase

Temp (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl

Tempol 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl

v/v Volume concentration

X hypoxanthine

XO xanthine oxidase
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1 INTRODUCTION AND AIMS

Reactive oxygen species (ROS), like the superoxide anion radical (∙O2
-), hydrogen

peroxide (H2O2) and the hydroxyl radical (∙OH), are products of the physiological oxidative

cell metabolism, but in case of cell death or damage, degenerative reactions may give rise to

formation of ROS. When imbalances between production and removal of ROS exist, ROS can

accumulate and react with biomolecules including membrane phospholipids, therewith

altering their structure and function. This is referred to as oxidative stress and has been

described to affect sperm motility as well as membrane and chromatin integrity.

Semen processing procedures like centrifugation, addition of diluents (with high

concentrations of cryoprotective agents), cooling and exposure to freezing and thawing

expose sperm to oxidative stress, resulting from mechanical and osmotic stresses, as well as

increased cellular debris/numbers of damaged sperm (BALL et al. 2001 b, BURNAUGH et

al. 2010). Semen that can withstand oxidative and osmotic stress better has been suggested to

exhibit higher fertility and sperm cryosurvival rates (BALL 2008, OLDENHOF et al. 2015).

Different strategies can be employed to counteract oxidative damage, including clean-up

procedures, use of antioxidants and manipulation of plasma membrane characteristics

(GLAZAR et al. 2009, MORRELL et al. 2009 a, b, 2014, AGARWAL et al. 2014).

The xanthine/xanthine oxidase (X/XO) system can be used to artificially generate

defined levels of hydrogen peroxide, superoxide and hydroxyl radicals (MC CORD and

FRIDOVICH 1968, AITKEN et al. 1993 b). This allows for studying effects of (sub-lethal)

oxidative stress on sperm characteristics. Moreover, effects of antioxidant supplementation
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and clean up processing to counteract oxidative damage can be tested (BAUMBER et al.

2000, AGARWAL et al. 2014).

The aims of the studies described in this thesis were to: (1) use the X/XO-system to

induce different/defined levels of oxidative stress in stallion sperm, validate intracellular ROS

accumulation, and examine effects of sub-lethal ROS levels on sperm motility parameters,

membrane and chromatin integrity, and tolerance to hypo-osmotic stress, (2) examine effects

of different levels of induced ROS on sperm quality during refrigerated storage and

cryopreservation, and (3) determine whether reduced osmotic tolerance pre-freeze correlates

with sperm cryosurvival, and (4) test whether antioxidant supplementation (α-tocopherol,

catalase) or centrifugation clean-up are beneficial for counteracting induced oxidative damage

and increasing cryosurvival.
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2 LITERATURE SURVEY

2.1 Reactive oxygen species in sperm and their physiological function

Reactive oxygen species (ROS), like the superoxide anion radical (∙O2
-), hydrogen

peroxide (H2O2) and the hydroxyl radical (∙OH) are products that sperm produce under

physiological conditions via their oxidative metabolism. Superoxide has a short live-span and

low reactivity, and is the primary ROS generated in sperm. It can be converted in hydrogen

peroxide, which is more stable and reactive. Moreover, hydrogen peroxide can move freely

across plasma membranes and can give rise to formation of hydroxyl radicals (DE

LAMIRANDE et al. 1997). Low levels of ROS have been described to be necessary for

sperm to obtain their fertilizing potential. In case of physiological imbalances, however, ROS

can react with biomolecules (membrane lipids, enzymes, chromatin), impairing their structure

and function (DE LAMIRANDE and GAGNON 1995 b).

In sperm, two ROS generating systems have been described (BALL et al. 2001 b).

NADPH-oxidase located at the inner side of the sperm plasma membrane is responsible for

generation of superoxide via a similar mechanism as described for phagocytic leukocytes

(AITKEN et al. 1997). In addition, ROS generation may follow from the action of a sperm-

specific NADH-dependent oxidoreductase (diaphorase) located in the sperm midpiece in

close proximity of the mitochondrial respiratory system (GAVELLA and LIPOVAC 1992,

GAVELLA et al. 1995) and/or sperm head (SABEUR and BALL 2006, 2007). In addition to

the two systems described above, electron leakage from the electron transport chain located in

the mitochondria may occur (BALL 2008). Morphologically abnormal sperm typically
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contain increased ROS levels, which has been associated with presence of a cytoplasmic

droplet in the sperm midpiece (GOMEZ et al. 1996, BALL et al. 2001 b). Presence of high

levels of (retained) cytoplasmic enzymes, like glucose-6-phosphate-dehydrogenase (G6PDH),

may result in generation of NADPH and increased ROS formation (AITKEN et al. 1994,

1997, 1998 a, b).

Small amounts of ROS induce sperm DNA condensation via stimulation of protamine

cross linking (AITKEN et al. 1998 b). Furthermore, low contents of extracellular superoxide

anion radicals and hydrogen peroxide play a role in inducing sperm hyperactivation and

capacitation (DE LAMIRANDE and GAGNON 1995 a), the acrosome reaction, zona

penetration and oocyte fusion (AITKEN et al. 1989, 1995). Also, oxygen concentrations in

the female reproductive tract increase at ovulation, thereby supporting sperm signaling

pathways (MAAS et al. 1976, DE LAMIRANDE et al. 1997). Sperm capacitation is regulated

by its redox status (LECLERC et al. 1997), and is associated with an increase in tyrosine

phosphorylation (BAUMBER et al. 2003 b). The cAMP-PKA-tyrosine-phosphorylation-

cascade is regulated via action of hydrogen peroxide (AITKEN et al. 1998 a). The acrosome

reaction occurs via calcium and/or lipid peroxidation (lysophospholipids) mediated activation

of phospholipase A2 (AITKEN and FISHER 1994). Lipid peroxidation, membrane

destabilization and changes in membrane fluidity enhance binding of sperm to the zona

pellucida (AITKEN et al. 1989, AITKEN and FISHER 1994, KODAMA et al. 1996).

During spermiogenesis, sperm undergo morphological changes and loose the majority

of their cytoplasma. As a consequence, sperm loose cytoplasmic defensive enzymes (e.g.

catalase, superoxide dismutase, glutathione peroxidase), which makes them especially

susceptible to oxidative damage (DE LAMIRANDE and GAGNON 1995 b). To compensate
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for this, seminal plasma (from prostatic secretions) possesses antioxidant capacity to control

ROS levels of sperm. Catalase, superoxide dismutase and glutathione peroxidase activities are

described for semen from different species including horses (BALL et al. 2000, BAUMBER

and BALL 2005). In addition, (low molecular weight) scavengers/antioxidants, such as

albumin, taurin, hypotaurin (ALVAREZ and STOREY 1983), vitamine E and C (MOSTAFA

et al. 2001), pyruvate (DE LAMIRANDE and GAGNON 1992 b), glutathione (ALVAREZ et

al. 1987, BAUMBER et al. 2000), urate and ascorbic acid (THIELE et al. 1995) are present in

seminal plasma.

2.2 Damage due to accumulation of non-physiological amounts of reactive oxygen
species

When ROS levels exceed physiological levels, they can react with biomolecules

including membrane phospholipids, enzymes and chromatin. Such reactions may

(irreversibly) alter biomolecular structures, and impair sperm function (BALL 2008). This is

referred to as oxidative stress. Hydrogen peroxide is the primary ROS responsible for

oxidative damage in sperm (AITKEN et al. 1993 b, BAUMBER et al. 2000).

Immediately upon formation, increased ROS levels negatively affect sperm motility

(LARDY and PHILLIPS 1941, MAC LEOD 1943). This is likely because of depletion of

ATP levels in the mitochondria, leading to decreased axonemal protein phosphorylation. ATP

depletion could result from impaired glyceraldehyde-3-phosphate-dehydrogenase function

(DE LAMIRANDE and GAGNON 1992 a, b) or inhibition of enzymes like G6PDH, which

are involved in controlling NADPH levels (AITKEN et al. 1997, AGARWAL et al. 2008).
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The sperm plasma membrane contains a high content of polyunsaturated fatty acids,

which makes them particularly susceptible to lipid peroxidation. Lipid peroxidation leads to

structural changes in the plasma membrane affecting membrane fluidity and integrity. This

finally may result in leakage of solutes (e.g. calcium). Production of lipid radicals is catalyzed

by presence of transition metals (e.g. iron) via Fenton or Haber-Weiss reactions, which in turn

initiates a peroxidation chain reaction (BALL and VO 2002). Membrane lipids are typically

the primary site of attack, followed by formation of cytotoxic aldehydes (e.g.

malondialdehyde) and damage of cellular proteins/enzymes (COMPORTI 1989, AITKEN and

FISHER 1994, AITKEN et al. 1995).

Sperm DNA is tightly packed around protamines, and therefore it is very stable and

less accessible for damaging reactions (COCUZZA et al. 2007). Nevertheless,

desoxyribonucleic acid bases and phosphodiester bonds are susceptible to peroxidation.

Oxidative DNA damage may affect the genomic integrity, which might affect fertilization and

development (SAID et al. 2005, AITKEN and IULIIS et al. 2007). Types of oxidative DNA

damage include chromatin cross-linking, base changes and single/double strand breaks

(HUGHES et al. 1996, TWIGG et al. 1998 a, b, c, AITKEN et al. 1998 b, DURU et al. 2000).

Programmed cell death is referred to as apoptosis. Oxidative stress may induce

apoptosis in sperm via release of cytochrome c from the mitochondria, and activation of

caspases leading to superoxide anion production from the mitochondrial electron transport

chain (BRUM et al. 2008, KOPPERS et al. 2011). Also, caspase-dependent apoptotic

mechanisms in the cytoplasmic droplet may play a role (WANG et al. 2003). Presence of

apoptotic sperm in an ejaculate may also be the result of so-called abortive apoptosis, in
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which defective germ cells are eliminated through a cleaning process taking place in the testis

(SAKKAS et al. 1999, BRUM et al. 2008).

2.3 Sperm osmotic responses

Osmosis is passive diffusion of water along a concentration gradient through the

plasma membrane of cells for maintaining equilibrium between the intra- and extracellular

solute concentration. Furthermore, water can pass the cellular membrane through channel

proteins called aquaporins. In addition to movement of water, there is active transport of ions

through specific ion channels (e.g. for sodium and potassium ions). When cells are exposed to

hypo- or hypertonic conditions, the cellular volume increases or decreases, because of influx

or efflux of water into or out of the cell, respectively (HOFFMANN et al. 2009).

The cell volume response upon exposure to anisotonic conditions can be plotted in a

Boyle-van ’t Hoff plot, in which the normalized cell volume is plotted versus the reciprocal of

the normalized osmolality of the medium. From such a plot the osmotic range can be derived

in which cells behave as so-called linear osmometers, as well as the osmotically inactive

volume by extrapolating data to infinite osmolality. Stallion sperm react like linear

osmometers in the 150−900 mOsm kg−1 osmotic range and have an osmotically inactive cell

volume of 70−80 % (POMMER et al. 2002, GLAZAR et al. 2009, OLDENHOF et al. 2011).

Sperm osmotic tolerance limits are defined as the osmotic range in which cellular membranes

remain intact and volume changes are not affecting sperm function upon return to isotonic

conditions (BALL and VO 2001, POMMER et al. 2002). Percentages of motile stallion sperm

drop below 50 % when exposed to media 100 mOsm kg−1 below or above isotonic conditions
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(300 mOsm kg−1), and less than 10 % motile sperm are found upon exposure to osmolalities

below 100 or above 500 mOsm kg−1 (BALL and VO 2001).

With exposure to hypotonic conditions and uptake of water, sperm will bend and roll

up of their flagella, because the flexible flagellum is forced to coil because of stress on the

plasma membrane. This can be studied microscopically and is referred to as the hypo-osmotic

swelling (HOS) test (DREVIUS and ERIKSSON 1966, JEYENDRAN et al. 1984). This

assay can be used to analyze the functional integrity of sperm membranes, since only

membrane intact/viable sperm will show this response. Moreover, it has been suggested that

percentages of sperm exhibiting tail curling/rolling as determined with the HOS test correlate

with fertility rates for different species (JEYENDRAN et al. 1992), including horses (NEILD

et al. 1999, NIE and WENZEL 2001).

Osmotic tolerance of sperm varies between species (SIEME et al. 2008). Moreover,

hypo-osmotic tolerance displays great inter-individual variation in case of stallion sperm

(OLDENHOF et al. 2015). Membrane osmotic resistance is predominantly dependent on the

membrane phospholipid composition. Especially the cholesterol-to-phospholipid ratio and

relative contents of polyunsaturated/saturated fatty acids determine membrane fluidity and

therewith resistance (i.e. membrane rigidity) towards osmotic stress (MOORE et al. 2005,

OLDENHOF et al. 2015, SIEME et al. 2015). High contents of polyunsaturated fatty acids in

cellular membranes, like present in sperm membranes (PARKS and LYNCH 1992), make

them vulnerable for oxidative attack, which in turn may damage membrane structure

(AITKEN et al. 1989) resulting in decreased osmotic resistance (BAUMBER et al. 2000).

Differences in membrane composition might have genetic origins (LOOMIS and GRAHAM

2008).
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2.4 Membrane phase behavior during cooling

Sperm plasma membranes are phospholipid bilayers composed of lipids (e.g.

glycerophospholipids and cholesterol) and proteins (PARKS and LYNCH 1992).

Phospholipids have hydrophilic headgroups and hydrophobic acyl chains located outside and

inside the bilayer, respectively. During cooling, membrane conformational disorder and

fluidity decreases and acyl chains come in close proximity of each other with increased van

der Waals interactions. During cooling at suprazero temperatures, the sperm plasma

membrane undergoes a membrane phase transition in the 30-10°C temperature range

(DROBNIS et al. 1993, RICKER et al. 2006, OLDENHOF et al. 2012). Under freezing

conditions that cause cellular dehydration (i.e. at ice nucleation), a sharp membrane phase

transition takes place and membranes enter the gel phase (OLDENHOF et al. 2010, 2012,

SIEME et al. 2015). Membrane phase transitions and concomitant reorganizations and phase

separations have been described to cause leakiness of cellular membranes (CROWE et al.

1989, PARKS and LYNCH 1992). Cold shock refers to the stress response of sperm as a

reaction to a decrease in temperature (AMANN and PICKETT 1987, PICKETT and AMANN

1987). Membrane composition and structure likely affect the ability of the plasma membrane

to withstand cold shock. Sperm of species that contain higher membrane cholesterol contents,

higher cholesterol versus phospholipids ratios or lower ratios of polyunsaturated versus

saturated fatty acids in their phospholipids, have been described to be less susceptible to cold

shock (DARIN-BENNETT and WHITE 1977, PARKS and LYNCH 1992).

The membrane cholesterol content and lipid composition can be artificially

manipulated/altered, e.g. via using (cholesterol-loaded) cyclodextrins (PURDY and
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GRAHAM 2004 a, b, MOORE et al. 2005) and liposomes (RÖPKE et al. 2011, PILLET et al.

2012). Such treatments affect the fluidity (i.e. rigidity) and permeability of the plasma

membrane making cells more or less resistant towards osmotic stresses (GLAZAR et al.

2009).

2.5 Diluting semen using extenders and refrigerated storage of stallion sperm

Use of preserved semen allows for artificial insemination of a mare irrespective of her

location and/or availability of the stallion. Currently most horse breeding associations

promote using cooled shipped semen within 36 h, because fertility rates are higher as when

using cryopreserved semen (WATSON 2000). Preparing preserved semen for transport at

~5°C involves: dilution of raw semen with an appropriate primary extender (at least at a 1:1

volume ratio) followed by centrifugation for removal of the seminal plasma (up to 95 %),

dilution to a defined concentration (typically ~25×106 progressively motile sperm mL−1), and

slow cooling (~0.1 °C min−1) to 5°C.

A variety of commercial extenders are available for preserving stallion sperm (e.g.

EquiPlus, Gent Equine Extender, Minitüb, Tiefenbach, Germany; Spervital Extenders,

Toldijk, Netherlands; INRA-96, IMV Technologies, L'Aigle, France). Furthermore, self-

prepared extenders can be used (e.g. INRA-82; VIDAMENT et al. 2000), which are typically

prepared using (ultra-heat-treated) skim milk, and can be supplemented with (clarified) egg

yolk. Extenders are buffered (pH 6.8−7.4), contain nutrients and protectants (salts, sugars,

proteins and lipids), and their osmolality is within the 300−330 mOsm kg−1 range.
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2.6 Cryopreservation of stallion sperm

Cryopreservation of sperm means storage at low subzero temperatures (in liquid

nitrogen; −196 °C) for prolonged periods (i.e. many years) while preserving sperm function

upon thawing. In 1949, POLGE, SMITH and PARKES published their paper in which is

described that spermatozoa survived freezing (−79°C) when glycerol was included in the

freezing medium (POLGE et al. 1949, SMITH and POLGE 1950). The first birth of a foal

from a mare which was inseminated using cryopreserved (epididymal) semen stored for 30

days at −79°C has been reported by BARKER and GANDIER (1957).

Recently, the use of cryopreserved sperm for artificial insemination has increased in

the horse breeding industry. Cryopreservation of semen allows for long time storage of

(valuable) genetic material, and secures future reproduction in cases in which treatments

induce sterility. Moreover, it allows for long distance shipping, and semen can be used

irrespective of the location and availability of the donor and recipient.

Semen collection for cryopreservation typically takes place during the non-breeding

season. After a time of sexual rest, repeated semen collections should be performed to clear

extragonadal sperm reserves and achieving a steady sperm quality (SIEME et al. 2008).

Semen for cryopreservation is processed as described above (p.18; 2.5 Diluting semen using

extenders and refrigerated storage of stallion sperm). After dilution in a primary extender and

centrifugation, sperm are diluted in a so-called freezing extender. The freezing extender

contains cryoprotective agents like glycerol and egg yolk to preserve sperm during freezing

and thawing. The freezing extender should be added slowly to minimize exposure to osmotic

stress (due to the high glycerol concentration). After slow cooling to 5°C, sperm samples are
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packaged in straws and frozen. For equine semen, typically 500 µL plastic straws are used.

Freezing is done using an optimal cooling rate of ~10-60°C min-1, whereas samples can be

plunged and stored in liquid nitrogen after reaching -80°C (SIEME and OLDENHOF 2015).

During cryopreservation, sperm are exposed to severe osmotic stresses, both during

the addition and removal of membrane (im-) permeable cryoprotective agents as well as

during freezing and thawing itself. Upon slow cooling and extracellular ice formation the

solute concentration in the unfrozen solute fraction around the sperm increases. Exposing

sperm to hypertonic conditions results in cellular dehydration (WATSON 2000, BALL and

VO 2001). Upon thawing the reverse process takes place and sperm are exposed to hypotonic

stress, resulting in swelling, which is more detrimental. At high cooling rates, there is

increased likelihood of (damaging) intracellular ice formation (MAZUR 1984,

HAMMERSTEDT et al. 1990). Intracellular ice formation in sperm, however, is a matter of

debate (MORRIS et al. 2007, 2012). Cells have an optimum cooling rate at which damage due

to freezing-induced dehydration and intracellular ice formation are minimal. This is referred

to as the two-factor hypothesis (MAZUR 1963, 1984).

2.7 Oxidative stress in sperm- damaging effects during processing and storage

Sperm are exposed to oxidative stress during processing and storage, which might be

the result of presence of cellular debris and the oxidative cell metabolism (BALL 2008).

Furthermore, centrifugation may pose cells to mechanical stresses. Cryopreservation and

exposure to osmotic stress have been described to induce ROS formation (BALL et al. 2001

b, BURNAUGH et al. 2010). Furthermore, apoptotic-like changes are described to be
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triggered upon cryopreservation (ORTEGA FERRUSOLA et al. 2008, PEÑA et al. 2011).

Repeated freezing and thawing of sperm results in increased formation of ROS and cellular

debris (damaged sperm).

Lipid peroxidation is increased after cryopreservation (BAUMBER et al. 2000,

NEILD et al. 2005). Also, DNA fragmentation has been described to be increased after

cryopreservation (BAUMBER et al. 2003 a, YESTE et al. 2015). Great inter-male variation

exists between stallions in ROS levels that are produced during cryopreservation and

associated cryosurvival (YESTE et al. 2015).

Oxidative damage has been associated with reduced sperm motility and viability, and

increased ROS levels may impair sperm function (BALL et al. 2001 b). Sperm motility is the

most sensitive indicator of oxidative stress during processing and storage (ARMSTRONG et

al. 1999, BAUMBER et al. 2000, NEILD et al. 2005). With removal of most of the seminal

plasma during processing also its antioxidant capacity is removed (BALL et al. 2000,

BAUMBER and BALL 2005, NEILD et al. 2005).

2.8 Approaches counteracting oxidative damage using clean-up processing

Centrifugation processing is done for removal of seminal plasma and cellular debris.

Such compounds might be sources for sperm damaging reactions resulting in accumulation of

ROS. Removal of cellular debris has been shown to improve sperm quality (i.e. sperm

motility, membrane integrity, chromatin integrity) during refrigerated storage (PICKETT et

al. 1975, BRINSKO et al. 2000) as well as after cryopreservation (VIDAMENT et al. 2000,
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2001). However, retention of 5−20 % seminal plasma seems necessary for maintaining sperm

quality during processing and storage (SIEME et al. 2008). The centrifugation time (10−15

min) and force (350−700×g) affect the number of sperm recovered after removal of the

supernatant and resuspension in fresh diluent. Sperm can be subjected to higher centrifugation

forces resulting in lower losses by making use of cushioned centrifugation. With this

procedure, cushion medium (e.g. OptiPrep or iodixanol) is layered underneath the diluted

semen after which sperm are collected as a layer on top of the cushion medium during high-

force-centrifugation (SIEME et al. 2005, WAITE et al. 2008, BLISS et al. 2012).

Density gradient centrifugation separates particles based on differences in their density

(MACPHERSON et al. 2002, MORRELL et al. 2009 a, b). In addition to separating sperm

from seminal plasma it can be used for selecting good quality sperm from damaged/abnormal

sperm and other cell types (with different densities). Solutions used for (single layer) density

centrifugation include silane-coated silica colloids and are commercially available (e.g.

AndroColl-Equine, Minitüb, Tiefenbach, Germany; EquiPure Nidacon International AB,

Mölndal, Sweden). Typically, diluted semen is layered on top of the density gradient solution,

and sperm are selected via centrifugation through this solution (MORRELL and

RODRIGUEZ-MARTINEZ 2009). Sperm samples subjected to density centrifugation have

been described to contain higher percentages of morphologically normal motile sperm with

intact plasma membranes and chromatin as compared to unselected sperm samples

(JOHANNISSON et al. 2009, MORRELL et al. 2009 a, b, BERGQVIST et al. 2011).

Moreover, pregnancy rates have been described to be higher when using sperm selected via

density centrifugation (MORRELL et al. 2014), and sperm fertilization potential is

maintained during cooled storage for up to 96 h (LINDAHL et al. 2012).
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It should be noted that centrifugation and packing of sperm in a pellet may cause

damage. For removal of seminal plasma and selection of sperm, alternative approaches can be

used, which make use of the ability of sperm to move (i.e. motility characteristics) or bind to

specific compounds (SIEME et al. 2003, ALVARENGA et al. 2012, RAMIRES NETO et al.

2013). Materials, which can be used for this, include: glass wool, hydrophilic membranes,

Leucosorb® (Leucocyte-adsorption-membrane-type-B; Pall Biosupport, Dreieich, Germany)

or Sephadex beads (Sephadex-G-15®-gel; Sigma, Deisenhofen, Germany).

2.9 Use of antioxidants in vitro or in vivo to prevent oxidative damage in sperm

With removal of seminal plasma also its antioxidant capacity is removed (BAUMBER

and BALL 2005). To protect sperm against oxidative stress caused by processing, different

approaches can be followed. First, animals can be given dietary supplements like vitamins,

polyunsaturated fatty acids or trace elements, to increase endogenous antioxidant levels

and/or change the sperm membrane lipid composition (AGARWAL et al. 2014).

Alternatively, antioxidants (as normally present in the seminal plasma) can be added to the

diluents used for semen processing and preservation.

For different species, it has been described that semen quality is improved after dietary

supplementation of antioxidants and/or polyunsaturated fatty acids (BLESBOIS et al. 1997,

STRZEZEK et al. 2004, ESKENAZI et al. 2005, AGARWAL et al. 2014), although reports

exist that did not find beneficial effects. For example, feeding stallions omega-3 fatty acids

(docosahexaenoic acid/DHA) led to an increase in semen DHA levels. Moreover, this

coincided with a higher sperm concentration and increased motility after refrigerated storage,
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as well as cryopreservation (BRINSKO et al. 2005). DEICHSEL et al. (2008) found that

treating stallions with an antioxidants containing diet (tocopherol 300 mg/day; ascorbic acid

300 mg/day; L-carnitin 4000 mg/day; folic acid 12 mg/day), did not affect semen quality.

CONTRI et al. (2011) found that dietary supplementation of organic selenium (2.5 mg/day),

vitamin E (1500 mg/day) and zinc (360 mg/day) increased the antioxidant capacity of seminal

plasma, had positive effects on sperm maturation, and improved sperm characteristics.

Addition of antioxidants to diluents used for semen processing and preservation

functions either by decreasing the incidence of ROS formation, or through scavenging activity

(AGARWAL et al. 2014). For counteracting oxidative damage, diluents have been

supplemented with the following enzymatic antioxidants: superoxide dismutase (SOD),

catalase (CAT), and the glutathione system, consisting of glutathione, glutathione peroxidase,

and glutathione reductase (FOOTE et al. 2002, BAUMBER and BALL 2005, TAVILANI et

al. 2008). Examples of non-enzymatic antioxidants or low molecular weight scavengers are:

vitamine B, C or E, selenium, zinc, melatonin, L-carnitine, pyruvate, xanthurenic acid, and

nucleophilic thiols (KOVALSKI et al. 1992, THIELE et al. 1995, SMITH et al. 1996).

Albumin, hypotaurine, taurine, pyruvate and lactate were shown to prevent motility loss and

inhibit lipid peroxidation in rabbit sperm (ALVAREZ and STOREY 1983), while

supplementing extenders with pyruvate had positive effects on motility and fertilizing

capability (i.e. embryo recovery rate) of stallion sperm during refrigerated storage

(BRUEMMER et al. 2002). SOD, Tempo and Tempol have been described to result in higher

motility and viability after cryopreservation in ram sperm (SANTIANI et al. 2014). Alpha-

tocopherol succinate has been found to be more effective than α-tocopherol in preventing

lipid peroxidation in equine sperm, although it suppresses sperm motility (ALMEIDA and
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BALL 2005). Nucleophilic scavengers like penicillamine (PEN) and N-acetylcysteine bind

electrophilic aldehydes resulting from lipid peroxidation, bind protein carbonyls and chelate

transition metals. Especially PEN seems effective in reducing oxidative damage in human,

equine and rat sperm in vitro (AITKEN et al. 2012). Whereas many positive effects are

described, also reports exist describing that addition of enzymatic scavengers or and/or

antioxidants (alone and in combinations) to extenders used for preserving stallion semen did

not improve sperm quality neither during refrigerated storage nor after thawing (AURICH et

al. 1997, BALL et al. 2001 a, BAUMBER et al. 2005, PAGL et al. 2006, BROGAN et al.

2015). Milk proteins and egg yolk present in extenders are suggested to interfere with

antioxidant activity, therewith explaining the lack of a response to antioxidant

supplementation and contradictory results (FOOTE et al. 2002, BROGAN et al. 2015).

2.10 Successful use of cooled and cryopreserved semen is related to intra species
variations

Stallions are reputed for their high level of individual variation in sperm quality,

during refrigerated storage as well as after cryopreservation, which can have intrinsic causes

or result from non-genetic origin (CURRY 2000). Individual Stallions are typically referred to

as ‘poor or good coolers or freezers’ (BRINSKO et al. 2000, LOOMIS and GRAHAM 2008).

Inter-male variation in sperm survival during refrigerated storage or cryopreservation,

respectively has been suggested to be the result of individual differences in membrane

composition and susceptibility to lipid peroxidation (ORTEGA FERRUSOLA et al. 2009)

and semen antioxidant capacity. Especially, relative contents of neutral and polar lipids
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(MACIAS GARCIA et al. 2011) and cholesterol content (MOORE et al. 2005, LOOMIS and

GRAHAM 2008) play a role.

Different approaches are followed for increasing sperm survival in individual cases.

These include increasing or decreasing the seminal plasma content in diluted semen

(BRINSKO et al. 2000, RIGBY et al. 2001), testing the use of various diluents/extenders

(AURICH et al. 2005) and addition of antioxidants to extenders (AGARWAL et al. 2014).

Also, membrane modification strategies have been used for enrichment of sperm membranes

with cholesterol (GLAZAR et al. 2009). Ordinary centrifugation may be used for removal of

seminal plasma (SIEME et al. 2003, HOOGEWIJS et al. 2010), whereas density

centrifugation may be employed for enrichment of a sample with good quality sperm or

removal of abnormal sperm (MORRELL and RODRIGUEZ-MARTINEZ 2009, MORRELL

et al. 2014). In case of reduced pregnancy rates when using stallion sperm that was stored in

ordinary skim milk extender under anaerobic conditions at 4°C, diluting sperm in INRA96

and aerobic storage at 15°C has been described to be beneficial (BATELLIER et al. 2001).

Particularly for sperm of ‘poor coolers or freezers’ using a slow cooling rate for cooling to

5°C (0.1−0.3°C min−1) has proven to be beneficial (DOUGLAS-HAMILTON et al. 1984). For

cryopreservation, small permeating cryoprotective agents, like dimethylformamide, have been

used for successfully freezing sperm of ‘poor freezers’ (ALVARENGA et al. 2005).
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2.11 Induction of reactive oxygen species in sperm using a xanthine/xanthine
oxidase (X/XO) reaction

The xanthine/xanthine oxidase (X/XO) system has been used for inducing reactive

oxygen species (ROS), and studying their effect on cellular functions in sperm (AITKEN et

al. 1993 b, BAUMBER et al. 2000, MARTÍNEZ-PASTOR et al. 2009, HAGEDORN et al.

2012). Xanthine oxidase catalyzes the oxidation of xanthine, which results in the formation of

uric acid as well as superoxide (∙O2
-) and hydrogen peroxide (H2O2) (MC CORD and

FRIDOVICH 1968, AITKEN et al. 1993 b, BAUMBER et al. 2000). In addition, with

preparations containing iron, the hydroxyl radical (∙OH) is generated from H2O2 (BRITIGAN

et al. 1990).

2.12 Different methods for detecting ROS

ROS are highly reactive, have a very short life span, and physiological concentrations

are low (CHEN et al. 2010). In addition, the time and location at which ROS are expressed

should be taken into account (WOOLLEY et al. 2013). Therefore, it is a challenge to detect

ROS. Oxidative damage in sperm can either be detected via direct assessment of products

(e.g. lysophospholipids, malondialdehyde) that accumulate as a result of ROS reacting with

biomolecules (AITKEN et al. 1993 a, FUCHS and SCHILLER 2009), or indirectly using dyes

(e.g. NBT, DHE, luminol) which react with ROS (AITKEN et al. 1993 b, 2013 a,

ESFANDIARI et al. 2003).



28

When nitroblue tetrazolium (NBT) reacts with ROS, such as the superoxide anion

radical, it forms a formazan derivate, which can be monitored spectrophotometrically or

microscopically as a blue precipitate (ESFANDIARI et al. 2003). The dye 2’,7’-

dichlorodihydrofluorescein diacetate (H2DCFDA) (BASS et al. 1983) forms a fluorescent

derivate when it reacts with H2O2, whereas dihydroethidium (DHE) does so when reacting

with ∙O2
− (CARTER et al. 1994). The fluoroprobes MitoSOX Red and/or Mito-HE can be

used for specific detection of mitochondrial superoxide generation (ROBINSON et al. 2006).

Fluorescence microscopy or flow cytometric analysis on sperm samples stained with such

dyes allows for detection of intracellular ROS accumulation. Agents like luminol and

lucigenin exhibit chemiluminescence (i.e. emit light) when reacting with ROS

(∙O2
−/H2O2/∙OH, respectively), which can be measured using a luminometer (ALLEN 1982,

AITKEN et al. 1992, AGARWAL et al. 2004, MAHFOUZ et al. 2009, AZIZ et al. 2010). It

should be noted, however, that both lucigenin and luminol radicals can spontaneously reduce

oxygen to ∙O2
−, interfering with detection of ROS generated in situ (AGARWAL et al. 2004,

GUTHRIE and WELCH 2006, MAHFOUZ et al. 2009).
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3 MATERIAL AND METHODS

3.1 Semen collection and processing

Semen was collected from 30 different warmblood stallions (2–23 years; average 11±6

years old) of the Hanoverian breed, held at the National Stud of Lower Saxony in Celle,

Germany. They were kept in stalls bedded with straw or shavings, were fed with oats and hay

three times a day and water was freely available. Semen was collected using a breeding

phantom and an artificial vagina (both model ‘Hannover’; Minitüb, Tiefenbach, Germany).

Prior to experiments, semen collections were performed for two weeks to reach a steady

quality of ejaculates. Ejaculates were filtered using non-woven filter pouches (Minitüb,

Tiefenbach, Germany) to remove the gel fraction. Directly after collection, the sperm

concentration was determined using a NucleoCounter SP-100 (ChemoMetec A/S, Allerod,

Denmark) and the ejaculate was diluted with at least an equal volume of skim milk extender

of 37°C (INRA-82; VIDAMENT et al. 2000). INRA-82 had a pH of 6.8−7.0 and osmolality

of 300−330 mOsm kg−1, and was prepared by mixing equal volumes of commercial 0.3 %

ultra-heat-treated skim milk and glucose saline solution (prepared by dissolving the following

components in 500 mL water: 25 g glucose monohydrate, 1.5 g lactose monohydrate, 1.5 g

raffinose pentahydrate, 0.25 g sodium citrate dihydrate, 0.41 g potassium citrate monohydrate,

4.76 g HEPES, 0.5 g penicillin, 0.5 g gentamycin). Diluted semen was subjected to

centrifugation (10 min, 600×g), after which the supernatant was removed and sperm pellet

resupended in INRA-82 at room temperature. The sperm concentration was determined using

a haemocytometer (Thoma; HLL Landgraf Laborsysteme, Langenhagen, Germany), and fresh
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INRA-82 was added for initial dilution to 100–200×106 sperm mL−1. Samples were further

diluted with INRA-82 without/with supplements as described in detail below.

3.2 Refrigerated storage and sperm cryopreservation

For experiments in which sperm characteristics were evaluated during refrigerated

storage, sperm samples (50×106 sperm mL−1 in INRA-82; non-treated or treated as described

below) were stored at 5°C for up to 72 h. In Figure 3.1 (p. 40) and 3.2 (p. 41), a schematic

presentation is shown illustrating treatments that were tested and time points at which sperm

characteristics were evaluated.

For cryopreservation, sperm samples (100×106 sperm mL−1 in INRA-82; non-treated

or treated as described below) were diluted with an equal volume of INRA-82 supplemented

with 5 % (v/v) clarified egg yolk and 5 % (v/v) glycerol (SIEME and OLDENHOF 2015). In

Figure 3.1 (p. 40) and 3.3 (p. 42), a schematic presentation is shown illustrating treatments

that were tested and time points at which sperm characteristics were evaluated. Five-hundred

µL INRA-82 supplemented with cryoprotective agents was added drop-wise to 500 µL sperm

sample resulting in: 1 mL 50×106 sperm mL−1, 2.5 % egg yolk, and 2.5 % glycerol. An

aliquot (250 µL) was taken for pre-freeze analysis. Then, sperm samples in freezing extender

were cooled at ~0.1 °C min−1 to 5°C by placing samples in a container with room temperature

water in the fridge for 2 h. Straws of 0.5 mL were filled while maintaining sperm samples at

5°C in a cooling cabinet, after which they were transferred to racks. In a polystyrene box,

straws were placed 1 cm above liquid nitrogen for freezing with a rate of ~60°C min−1 down
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to below –80°C within 5 min. Straws were plunged in liquid nitrogen and stored for at least

24 h. Thawing was done by placing straws in a water bath of 37°C for 30 s.

3.3 Induction of reactive oxygen species (ROS) using the xanthine/xanthine
oxidase (X/XO) reaction

To induce different levels of reactive oxygen species in sperm, hypoxanthine and

xanthine oxidase (both Sigma-Aldrich Chemie GmbH, Steinheim, Germany) were used as

described by BAUMBER et al. (2000) with minor modifications. Xanthine oxidase catalyzes

the oxidation of hypoxanthine to xanthine resulting in the formation of uric acid as well as the

reactive oxygen species (ROS), superoxide (O2-) and hydrogen peroxide (H2O2). Stock

solutions of 200 mM hypoxanthine (X) and 10 U mL−1 xanthine oxidase (XO) were prepared

in water and stored at 5°C until use. To 250 µL semen sample (100−200×106 sperm mL−1 in

INRA-82), 230 µL INRA-82 was added, and different amounts of X, XO, and water (20 µL in

total). This resulted in 500 µL semen sample containing 50−100×106 sperm mL−1 in INRA-82

supplemented with the following hypoxanthine and xanthine oxidase concentrations in mM

X/mU mL−1 XO: 0/0, 0.5/25, 1/50, 2/100, 3/150, and 4/200. After addition of X/XO, semen

samples were incubated for 30 min at 37°C to induce ROS formation, after which they were

equilibrated at room temperature for 30 min before further handling.
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3.4 Counteracting induced ROS characteristics by centrifugation processing or
use of antioxidants

Sperm samples were treated with X/XO for inducing ROS as described above, after

which they were either maintained in this solution or subjected to centrifugation processing.

After centrifugation (10 min, 1000×g, in Eppendorf tubes), the supernatant containing X/XO

was removed and the sperm pellet was resuspended in fresh INRA-82.

Alternatively, prior to cryopreservation, sperm were treated with X/XO in the presence

of the antioxidants catalase or vitamin E. Concentrations were tested as previously described

by BAUMBER et al. (2000) and HAGEDORN et al. (2012). Catalase from bovine liver was

used (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), and prepared as a 200000 U

mL−1 stock solution by diluting the supplied solution using water. Vitamin E or (±)-α-

tocopherol (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was prepared as a 200 mM

stock solution in ~100% (v/v) methanol. To 250 µL sperm sample (200×106 sperm mL−1 in

INRA-82), 230 µL INRA-82 was added, as well as different amounts of X, XO, catalase,

vitamin E and water (20 µL in total). This resulted in 100×106 sperm mL−1 in INRA-82 with

or without 2 mM X and 100 mU mL−1 XO, supplemented with or without 200 U mL−1

catalase or 200 µM vitamin E. Samples were incubated for 30 min at 37°C and equilibrated at

room temperature for 30 min prior to cryopreservation and analysis. In Figure 3.3 (p. 42), a

schematic presentation is shown illustrating treatments that were tested and time points at

which sperm characteristics were evaluated.
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3.5 Computer assisted analysis of sperm motility

For assessment of motility characteristics, computer assisted sperm analysis (CASA,

Spermvision; Minitüb, Tiefenbach, Germany) was used. The setup used includes a

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

motility analysis (60 frames per second). The software settings were according to the

instructions provided by the manufacturer. Motility parameters were calculated as mean

values from 8 microscopic fields. Sperm were classified as progressively motile when the

average path velocity was >40 µm s−1 and the straightness was >0.5 µm s−1. Motility

measurements were done after incubating sperm samples of 250−500 µL in Eppendorf tubes

in a heating block kept at 37°C for 5 min. Three-µL sperm sample was loaded into a chamber

of a Leja 20 micron four chamber slide (Leja Products BV, Nieuw Vennep, Netherlands), and

sperm motility assessments were done while maintaining samples at 37°C.

3.6 Flow cytometric analysis of plasma membrane integrity, mitochondrial
membrane potential and accumulation of reactive oxygen species

For flow cytometric analyses, a flow cytometer (Cell Lab Quanta SC MPL, Beckman-

Coulter, Fullerton, CA, USA) was used, equipped with a 488 nm argon ion laser of 22 mW

for excitation and a filter setup, which includes band pass filters of 525/30 and 590/30 nm,

and a long pass 670 nm filter for detecting green, orange and red fluorescence, respectively.

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

mM KH2PO4, pH 7.4) was used as sheath fluid in all cases. A sheath fluid rate of
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approximately 30 µL min−1 was used resulting in 200−500 counts per s. A minimum of 5000

sperm were measured, that were selected based on their side scatter and electronic volume

properties.

Sperm plasma membrane intactness was evaluated using a double staining with

propidium iodide (PI; Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and SYBR-14

(Molecular Probes, Inc., Eugene, OR, USA). Ten-µL sperm suspension (50×106 sperm mL−1)

was added to 487 µL HEPES buffered saline solution (HBS: 20 mM HEPES, 137 mM NaCl,

10 mM glucose, 2.5 mM KOH, pH 7.4, 300 mOsm kg-1 ) supplemented with 2 µL 0.75 mM

PI and 1 µL 0.5 µM SYBR-14 in DMSO. This resulted in 500 µL samples with 1×106 sperm

mL−1, 3 µM PI and 1 nM SYBR-14 and 0.2 % DMSO. Samples were incubated for 10 min at

room temperature, in darkness, after which flow cytometric analysis was performed. Sperm

with damaged plasma membranes exhibit red fluorescence of PI. Sperm that were both

SYBR-14-positive (exhibiting green fluorescence) and PI-negative were considered viable

with intact plasma membranes (see Figure 3.4 A, B; p. 43). The percentage of plasma

membrane intact sperm was determined by dividing the number of PI-negative/SYBR-

positive sperm by the total number of sperm (sum of PI-negative/SYBR-positive and PI-

positive/SYBR-negative sperm).

The sperm mitochondrial membrane potential was analyzed using 5,5’,6,6’-

tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Invitrogen, Paisley,

UK). Ten-µL sperm suspension (50×106 sperm mL−1) was added to 489 µL HBS

supplemented with 1 µL 135 µM JC-1 in DMSO. This resulted in 500 µL samples with 1×106

sperm mL−1, 0.27 µM JC1 and 0.2 % DMSO. Samples were incubated for 10 min at 37°C in

darkness and analyzed using flow cytometry. JC-1 staining results in orange and green
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fluorescence for sperm exhibiting a mitochondrial membrane, with higher orange

fluorescence intensities for sperm with high mitochondrial membrane potential (see Figure

3.4 C, D; p. 43). The number of sperm with a high or low mitochondrial membrane potential

were determined and their relative percentages were determined.

To analyze the accumulation of ROS in sperm, a double staining with propidium

iodide and 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA; Sigma-Aldrich Chemie

GmbH, Steinheim, Germany) was used. Upon cleavage of the acetate groups by intracellular

esterases, intracellular trapped non-fluorescent 2’,7’-dichlorofluorescein (DCF) can be

converted to a fluorescent derivate upon oxidation. Ten-µL sperm suspension (50×106 sperm

mL−1) was added to 486 µL HBS supplemented with 2 µL 0.75 mM PI and 2 µL 0.1 µM

H2DCFDA in DMSO. This resulted in 500 µL samples with 1×106 sperm mL−1, 3 µM PI and

0.4 µM H2DCFDA and 0.4 % DMSO. Samples were incubated at 37°C in darkness for 120

min, after which H2DCFDA-derived fluorescence intensities in PI-negative sperm were

determined (see Figure 3.4 E, F; p. 43).

3.7 Sperm characteristics in response to exposure to media with varying
osmolality or pH

Sperm membrane integrity and motility were determined after incubation in saline

solutions with varying osmolality or pH. Hypotonic saline solutions were prepared by diluting

isotonic HBS (300 mOsm kg−1, pH 7.4) with water, while hypertonic solutions were prepared

by addition of NaCl. The medium osmolality was checked using a freezing point depression

osmometer (Gonotec, Berlin, Germany). Saline solutions with different varying pH were
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prepared by adjusting the pH of HBS (300 mOsm kg−1) using HCl or NaOH. Medium pH was

measured using a Jenway 3510 pH-Meter (HLL Landgraf Laborsysteme, Langenhagen,

Germany).

One mL sperm sample (100×106 sperm mL-1 in INRA-82) was subjected to

centrifugation (10 min, 1000×g, in Eppendorf tubes), the supernatant was removed and the

sperm pellet was resuspended in 950 µL HBS of a specific osmolality (30−600 mOsm kg−1,

pH 7.4) or pH (4.0−9.0, 300 mOsm kg−1). Sperm samples were incubated for 10 min at 37°C,

and sperm motility and membrane integrity were determined as described above.

Alternatively, for determining sperm membrane integrity and motility after return to isotonic

conditions, samples were centrifuged once more (10 min, 1000×g), after which the sperm

pellet was resuspended in 950 µL HBS of 300 mOsm kg−1 prior to assessing sperm

characteristics. Plots were constructed in which the percentage of motile or membrane intact

sperm was plotted versus the osmolality or pH of the medium. In addition, normalized

percentages of membrane intact sperm in 120 mOsm kg−1 HBS were calculated to correct for

possible differences amongst individuals in the number of membrane intact sperm under

isotonic conditions.

3.8 Light and fluorescence microscopic analysis

For microscopic evaluations, a fluorescence microscope (Axioskop 50; Carl Zeiss

Microscopy GmbH, Göttingen, Germany) equipped with camera (Olympus DP 72; Olympus

Deutschland GmbH, Hamburg, Germany) and accompanying software (cell* Imaging
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Software for Life Sciences Microscopy; Soft Imaging System GmbH, Münster, Germany)

were used.

Microscopic evaluations were done on the sperm osmotic tail curling response and

membrane integrity after incubating sperm in hypotonic HBS (500 µL sample of 200×106

sperm mL−1 in 120 mOsm kg−1 HBS, for 10 min). Samples were centrifuged (10 min,

1000×g), most of the supernatant was removed, and a concentrated sample was prepared by

resuspending sperm in the remaining volume (~50 µL). Then, 1 µL 0.75 mM PI and 1 µL 10

µM SYBR-14 were added and after 5−10 min at 37 °C the sample was fixed by adding an

equal volume (50 µL) of buffered formal saline solution (~1.5 % formalin; DOTT and

FOSTER 1975). A small droplet (1−2 µL) was transferred to a microscope slide (Histo-Bond

slides; Paul Marienfeld GmbH & Co.KG, Lauda- Königshofen, Germany), covered with a

cover glass and sealed with nail polish. Specimens were examined using fluorescence and

DIC optics using a 400× magnification or 1000× magnification with oil immersion.

Microscopic assessments on localization of ROS accumulation in sperm were done

after incubating sperm with X/XO (100 µL sample of 100×106 sperm mL−1 in INRA-82

supplemented with 4 mM X and 200 mU mL−1 XO, for 30−60 min). After collecting sperm

via centrifugation (10 min, 1000×g) and resuspending in isotonic HBS, either a staining with

the fluorescent dye H2DCFDA was performed or nitroblue tetrazolium (NBT) was used for

light microscopic evaluations. For fluorescent detection of ROS, 1 µL 0.75 mM PI and 1 µL

0.1 mM H2DCFDA were added to 50 µL sperm sample (200×106 sperm mL-1 in HBS) and

samples were incubated at 37°C for 30 min. Sperm were collected via centrifugation and

resuspended in 10 µL HBS, after which an equal volume (10 µL) of buffered formal saline

solution was added. Hydrated specimens were prepared and evaluated as described above. For
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light microscopic detection of ROS, the NBT staining was performed like described in detail

by ESFANDIARI et al. (2003). In short, after X/XO treatment, sperm samples were washed

once using PBS, and to sperm resuspended in a small volume of PBS (10 µL) an equal

volume of freshly prepared 0.1 % (w/v) NBT solution in PBS was added. Samples were

incubated at 37°C for 30 min after which dried smears were prepared for light microscopic

analysis.

3.9 Flow cytometric analysis of chromatin stability

To evaluate chromatin integrity, the sperm chromatin structure assay (SCSA) was used

(EVENSON et al. 2002). Sperm samples were shock-frozen in liquid nitrogen and stored until

analysis. After thawing, by incubating samples in a 37°C water bath, samples were diluted in

TNE buffer (0.15 M NaCl, 0.01 M Tris-HCl, 1 mM EDTA, pH 7.4) at approximately 2×106

sperm mL-1. To 200 µL of this suspension 400 µL acid-detergent solution (0.08 N HCl, 0.15

M NaCl, 0.1 % Triton-X 100, pH 1.2) was added and samples were mixed for 30 s, after

which 1.2 mL staining solution (0.15 M NaCl, 0.037 M citric acid, 0.126 M Na2HPO4, 0.0011

M EDTA, pH 6.0) was added containing 6 µg mL-1 acridine orange (Polysciences,

Warrington, PA, USA). After incubation on ice for 3 min, flow cytometric analysis of 10.000

cells was performed. The flow cytometer used (FACScan; Becton- Dickinson, Heidelberg,

Germany) is equipped with a 488 nm argon ion laser of 15 mW for excitation, and band pass

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

When intercalating in sperm DNA, acridine orange shows green fluorescence with intact

double-stranded DNA, while denatured single-stranded DNA shows red fluorescence. The
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DNA fragmentation index (DFI) was calculated from cell fractions with single and double

stranded DNA according to EVENSON et al. (2002).

3.10 Statistical analysis

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

USA), according to advise given by a statistician at the Institute for Biometry and

Epidemiology of the University of Veterinary Medicine Hannover. For descriptive statistics,

the mean and standard deviation were calculated. Data were analyzed for differences in sperm

parameters between different X/XO-treatments as well as time points of analysis. Sperm

parameters included percentages of motile and membrane intact sperm, percentages of sperm

exhibiting a high mitochondrial membrane potential, sperm mean fluorescence intensities

representing intracellular reactive oxygen species levels, and DNA fragmentation values

indicating chromatin intactness of a sperm sample. Differences were tested using either one or

two way ‘ANOVA’ with repeated measurements. Pearson correlation coefficient analyses

were used to determine whether correlations were present between sperm motility and

mitochondrial membrane potential as well as sperm hypo-osmotic resistance pre-freeze and

cryosurvival. Differences and correlations were taken to be statistically significant when

p<0.05.
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Figure 3.1 Schematic presentation of study design used for studying effects of induced
reactive oxygen species (ROS) on sperm characteristics during refrigerated storage and
cryopreservation. Sperm samples in INRA-82 were treated with xanthine (X) and xanthine
oxidase (XO) for inducing different levels of ROS (for details see paragraph 3.3; p. 31).
Sperm samples were analyzed at the indicated time points using computer assisted sperm
motility analysis (CASA) and flow cytometry (FCM).
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Figure 3.2 Schematic presentation of study design used for studying effects of induced
reactive oxygen species (ROS) on sperm characteristics during refrigerated storage. Samples
treated with xanthine (X) and xanthine oxidase (XO), for inducing ROS (for details see
paragraphs 3.2 - 3.3; pp. 30-31). Samples were either not subjected to further processing or
samples were centrifuged and sperm were resuspended in fresh INRA-82 prior to refrigerated
storage. Sperm samples were analyzed at the indicated time points using computer assisted
sperm motility analysis (CASA) and flow cytometry (FCM).
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Figure 3.3 Schematic presentation of study design used for studying effects of induced
reactive oxygen species (ROS) on sperm characteristics before and after cryopreservation.
Samples were treated with xanthine (X) and xanthine oxidase (XO) for inducing ROS (for
details see paragraphs 3.2 - 3.4; pp. 30-32). Incubations were done in the absence and
presence of the antioxidants catalase (CAT) or vitamin E (vit. E). In addition, part of the
samples was centrifuged and sperm were resuspended in fresh INRA-82 prior to
cryopreservation. Sperm samples were analyzed using computer assisted sperm motility
analysis (CASA) and flow cytometry (FCM).
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Figure 3.4 Typical plots as obtained with flow cytometric analysis of stallion sperm. Panel
A−B illustrates a PI/SYBR14 double staining for evaluating plasma membrane integrity. It
can be seen that the number of plasma membrane intact sperm (PI negative/SYBR14 positive;
no red fluorescence, exhibiting green fluorescent) decreases upon exposure to hypotonic
conditions (A: isotonic, B: hypotonic HBS). Panel C−D illustrates a PI/ H2DCFDA double
staining. The H2DCFDA-derived (green) fluorescence intensity is increased for plasma
membrane intact (PI negative; no red fluorescence) sperm treated with xanthine/xanthine
oxidase for inducing ROS (C: non-treated, D: X/XO-treated). Panel E−F shows sperm stained
with JC-1, in the absence and presence of induced ROS (E: non-treated, F: X/XO-treated).
Sperm with high and low mitochondrial membrane potential can be discriminated (with
orange and green fluorescence), with sperm with high mitochondrial membrane potential
exhibiting higher orange fluorescence.
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4 RESULTS

4.1 Motility, membrane integrity and tail curling of stallion sperm in response to
exposure to anisotonic conditions

Percentages of progressively motile and membrane intact sperm were determined for

sperm exposed to anisotonic saline solutions. As shown in Figure 4.1 (p. 52), sperm motility

was found to decrease rapidly upon dilution in hypotonic or hypertonic saline solutions. With

dilution in saline solution with osmolalities below 240 and above 420 mOsm kg−1,

percentages of progressively motile sperm were decreased below 10 %, compared to 55 %

progressively motile sperm at isotonic conditions (300 mOsm kg−1). It was determined that

motility can be recovered when sperm are returned to isotonic conditions, after exposure to

osmolalities of 300±100 mOsm kg−1. Exposure to more severe anisotonic conditions resulted

in lower recovery of motility. Sperm membrane integrity was found to decrease with dilution

in hypotonic saline solution, whereas it was not affected with exposure to hypertonic

conditions. Upon return to isotonic conditions, however, sperm samples originally diluted in

saline solution with osmolalities greater than 420 mOsm kg−1, exhibited a decrease in the

percentage of membrane intact sperm. This is likely due to the hypotonic shock involved.

Sperm exhibit different types and intensities of tail rolling when exposed to hypotonic

conditions and uptake of water (Figure 4.2 A; p. 53). A double staining with PI/SYBR was

performed to discriminate between membrane damaged and intact sperm. As illustrated in

Figure 4.2 B (p. 53), plasma membrane intact green fluorescent sperm show swelling and tail

curling/rolling, while membrane damaged red fluorescent sperm do not.
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4.2 Effect of xanthine/xanthine oxidase induced reactive oxygen species on
stallion sperm characteristics

Stallion sperm were incubated with increasing concentrations of X/XO to induce

different levels of ROS. Exposure to different levels of induced oxidative stress resulted in

concentration-dependent effects on sperm motility and mitochondrial membrane potential. In

contrast, plasma membrane integrity was not negatively affected when incubations were done

with up to 150 mU mL−1 XO (Figure 4.3; p. 54). Sperm motility remained similar with

incubation in skim milk extender during 60 min at 37°C, whereas in the presence of X/XO

percentages of progressively motile sperm decreased significantly (Figure 4.3 A, B; p. 54)

from 48 % for non-treated samples down to 10 % after treating with 150 mU mL−1 XO. The

X/XO-concentration dependent decrease in percentages of motile sperm, after 60 min

incubation, correlated with percentages of sperm with high mitochondrial membrane potential

(Figure 4.3 C; p. 54). Sperm chromatin integrity was not affected with exposure to ROS

generated via X/XO at the conditions tested here (60 min in INRA-82 supplemented with up

to 200 mU mL−1 XO and 4 mM X) (Figure 4.4; p. 55).

4.3 Hypo-osmotic resistance and detection of reactive oxygen species in stallion
sperm after induced oxidative damage

It was determined whether induced ROS, generated via X/XO, affected hypo-osmotic

tolerance of stallion sperm membranes (Figure 4.5; p. 56). As also described above (Figure

4.1; p. 52), percentages of plasma membrane intact sperm decreased after exposure to saline

solutions with decreasing osmolality. Whereas percentages of membrane-intact sperm for
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isotonic conditions were similar (70−73 %), a larger decrease in survival was seen with

exposure to hypotonic stress for sperm treated with increasing X/XO concentrations. The

percentage of sperm surviving exposure to 120 mOsm kg−1 was calculated to illustrate

differences in hypotonic membrane resistance more clearly (Figure 4.5 B; p. 56). This was

done via normalization towards the percentage of membrane intact sperm in isotonic medium.

Whereas 57 % of the non-treated sperm survived exposure to 120 mOsm kg−1 only 29 %

survived when treated with 150 mU mL−1 XO.

Generation of intracellular ROS via the X/XO system was confirmed using

H2DCFDA. In Figure 4.6 A, B (p. 57), it can be seen that in membrane intact sperm

H2DCFDA-derived fluorescence due to reacting with ROS increased exponentially with

incubation at 37°C. Moreover, this increase was higher with more X/XO added to the

incubation. Also membrane damaged sperm showed an increase in fluorescence (data not

shown). Notably, H2DCFDA-derived fluorescence intensities indicative for ROS

accumulation did not differ among treatments when staining was performed for only 15 min

at 37°C. After 2 h incubation, however, fluorescence intensities were increased 1.3-fold for

non-treated samples while samples treated with 150 mU mL−1 XO showed a higher increase

of 1.8-fold. Microscopic specimens were prepared to study localization of ROS in sperm.

Both, staining with H2DCFDA (Figure 4.7 A, B; p. 58) and NBT (Figure 4.7 C, D; p. 58)

revealed accumulating of ROS in response to X/XO-treatment predominantly in the sperm

midpiece, as increased green fluorescence or a blue precipitate, respectively.
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4.4 Stallion sperm characteristics during refrigerated storage after induced
oxidative damage

It was tested whether different levels of induced oxidative stress affected sperm

characteristics during refrigerated storage (Figure 4.8; p. 59). Percentages of membrane intact

sperm remained 69±10 %, during storage at 5°C for up to 72 h. In contrast, percentages of

progressively motile sperm decreased more drastically during refrigerated storage, from 24 to

72 h, after ROS-induction via X/XO. Measurements at d 0 were performed after 30 min

treatment with X/XO at 37°C; whereas measurements after 24 h storage were done after 10

min at 37°C. This might explain why motility as determined at 24 h is higher as when

determined at d 0. Whereas non-treated sperm showed a decrease on only 4 % in the

percentage of progressively motile sperm at 72 h as compared to 24 h (from 45 down to 41

%), a larger decrease of 8 % (from 24 to 16 %) was found for samples treated with 50 mU

mL−1 XO. It was determined whether removal of the extender containing X/XO as used for

inducing ROS, and substituting with fresh skim milk extender, had a beneficial effect on

sperm characteristics during refrigerated storage. Indeed, progressive motility for samples

treated with 150 mU mL−1 XO could be recovered to some extent, from 1 % to 9 % (at 72 h)

when the solution used for X/XO-treatment was substituted with fresh skim milk extender.

In addition to effects of induced ROS on sperm motility and membrane integrity,

effects on sperm osmotic tolerance limits were studied. It was found that exposure to

increasing X/XO-concentrations and refrigerated storage resulted in decreased hypotonic

membrane resistance. For non-treated samples, survival in saline solution of 120 mOsm kg−1

decreased from 70 % at 24 h to 45 % after 72 h storage, whereas this was a decrease from 32

to 21 % for sperm samples treated with 150 mU mL−1 XO. Removal of X/XO through
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centrifugation and resuspension in fresh extender resulted in increased survival with

hypotonic stress (from 21 to 32 %, after 72 h).

ROS accumulation was determined via incubating samples for 2 h at 37°C with

H2DCFDA. As also shown above (Figure 4.6; p. 57), treatment with increasing X/XO

concentrations resulted in increased H2DCFDA-derived fluorescence intensities in membrane

intact sperm (Figure 4.8 C; p. 59). For non-treated samples as well as samples treated with 50

mU mL‒1 XO, H2DCFDA-derived fluorescence intensities did not further increase during 72

h of storage, whereas intensities increased 1.2-fold for samples treated with 150 mU mL−1

XO. It was determined that removal of X/XO from the sperm sample and resuspension in

fresh extender resulted in similar H2DCFDA-derived fluorescence intensities as determined

for non-treated samples. As shown in Figure 4.9 (p. 60), sperm chromatin integrity was not

affected by the conditions tested here.

4.5 Stallion sperm cryosurvival after induced oxidative damage

It was tested whether induced intracellular ROS levels that did not affect sperm

plasma membrane integrity, while resulting in a decreased hypotonic tolerance pre-freeze,

affected sperm cryosurvival. With using concentrations up to 100 mU mL-1 XO, percentages

of membrane intact sperm remained ~67 % pre-freeze, while sperm survival in 120 mOsm

kg−1 decreased from 38 % in non-treated samples down to 26 % after treating with 100 mU

mL−1 XO (Figure 4.10 A; p. 61). After freezing-and-thawing, the percentage of membrane

intact sperm was similar (~44 %) for samples treated with up to 50 mU mL−1 XO pre-freeze,

whereas treatment with higher X/XO concentrations resulted in lower percentages of
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membrane intact sperm post-thaw (37 % for samples treated with 100 mU mL−1 XO).

Percentages of progressively motile sperm pre-freeze showed a dose-dependent decrease after

treatment with increasing X/XO concentrations with 43 and 35 % progressively motile sperm

for non-treated samples and samples treated with 25 mU mL−1, respectively. After

cryopreservation, for non-treated samples as well as samples treated with 25 mU mL−1 XO,

motility decreased to 22 % post-thaw. Treatment with higher X/XO- concentrations, resulted

in lower progressive motility (12−2 %) after cryopreservation (Figure 4.10 B; p. 61). Sperm

chromatin integrity after cryopreservation was determined to be similar for sperm samples

treated with up to 150 mU mL−1 XO for inducing increased ROS levels pre-freeze (Figure

4.10 C; p. 61).

4.6 Reduction of the damaging effects of induced reactive oxygen species in
stallion sperm

It was tested whether either adding the antioxidants catalase or vitamine E, or

centrifugation processing (removal of X/XO) had a beneficial effect on cryosurvival after

inducing defined intracellular ROS levels pre-freeze via the X/XO-system (Figure 4.11; p.

62). After treatment with 100 mU mL−1 XO pre-freeze (in the absence or presence of 200 U

mL−1 catalase, 200 µM vitamin E or subjection to centrifugation processing and removal of

X/XO), percentages of plasma membrane intact sperm were slightly increased (3−8 %) as

compared to non-treated samples. Hypotonic membrane resistance in 120 mOsm kg−1 was

decreased (5−8 %) after treatment with XO, and H2DCFDA-derived fluorescence indicative

of intracellular ROS accumulation was increased (1.4−1.5-fold). Addition of catalase or
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vitamine E did not prevent the decrease in sperm osmotic membrane resistance after treatment

with XO, nor increase in H2DCFDA-derived fluorescence pre-freeze. Percentages of plasma

membrane intact sperm were decreased down to 35−40 % after cryopreservation, both for

non-treated samples as well as samples treated with 100 mU mL−1 XO prior to

cryopreservation. Addition of catalase or vitamin E, or centrifugation and removal of X/XO

and resuspension in fresh skim milk extender, did not result in significantly

different/increased percentages of membrane intact sperm post-thaw.

When inspecting effects on motile sperm, pre-freeze as well as post-thaw, it was found

that motility was not affected by adding 200 U mL−1 catalase nor 200 µM vitamin E to non-

treated samples. Treatment with 100 U mL−1 XO resulted in a decrease in the percentage of

motile sperm from 58 % down to 46 %. This decrease, however, was less with addition of

catalase (54 % motile sperm) or subjection of samples to centrifugation processing (50 %

motile sperm). Also after cryopreservation, the presence of catalase or centrifugation

processing resulted in higher percentages of motile sperm for samples with induced ROS

(treated with 100 mU mL−1 XO prior to cryopreservation). Percentages of motile sperm were

24 % as compared to 20 % for samples that were treated with XO without further

additions/processing (Figure 4.11 C; p. 62). Addition of vitamin E did not show a beneficial

effect for sperm samples with induced oxidative damage. Percentages of motile sperm, pre-

freeze (33 %) as well as post-thaw (11 %), were even lower as compared to samples that were

treated with XO without further additions.
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4.7 Stallion sperm motility and membrane integrity in response to exposure to
media with varying pH

We hypothesized that the X/XO-system used for formation of ROS and reactions

involved could result of an increase in the medium-pH, therewith affecting sperm motility and

membrane integrity. As shown in Figure 4.12 (p. 63), percentages of progressively motile and

membrane intact sperm are clearly affected by the medium pH, whereas percentages of

membrane intact sperm increase slightly with alkanization of the medium from pH 7 to 8.

This coincides with a drastic decrease in sperm motility.
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Figure 4.1. Percentages of plasma membrane intact (PMI; green squares)
and progressively motile (PMS; red circles) sperm after dilution in
anisotonic HBS solutions with osmolalities ranging from 30-600 mOsm
kg−1 (solid lines), as well as subsequent return to isotonic HBS of 300
mOsm kg−1 (PMI-R; PMS-R; dashed lines). Data points represent mean
values ± standard deviations, as determined from 6 ejaculates from 6
different stallions.
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A

B C

Figure 4.2. Microscopic images of sperm incubated in hypotonic HBS of 120 mOsm
kg-1. Panel A shows light microscopic images illustrating tail curling and rolling. Panels
B and C show both fluorescence and brightfield images, respectively, of sperm in
hypotonic HBS while stained with PI/SYBR14. Green arrows indicate membrane intact
(SYBR14-positive) sperm whereas red arrows indicate membrane damaged (PI-
positive) sperm.



Figure 4.3. In panel A, the percentage of motile sperm is plotted versus the incubation time at 37°C; for samples supplemented with increasing
concentrations of xanthine (X) and xanthine oxidase (XO) for inducing reactive oxygen species (blue symbols: 0 mU mL-1 XO; red symbols: 25
mU mL-1 XO; green symbols: 50 mU mL-1 XO; purple symbols: 100 mU mL-1 XO; cyan symbols: 150 mU mL-1 XO; orange symbols: 200 mU
mL-1 XO). In panels B-D, the percentage of progressively motile sperm (B), sperm with high mitochondrial membrane potential (C) and plasma
membrane intact sperm (D) after 60 min incubation are shown. Mean values ± standard deviations are presented, as determined from 6 ejaculates
from 6 different stallions. Values with different superscript letters differ significantly between X/XO treatment and untreated control (p<0.05).
Values marked with * show a significant correlation between percentage of progressively motile sperm and sperm with high mitochondrial
membrane potential (p<0.05).
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Figure 4.4. Chromatin integrity of stallion sperm, from samples exposed to
xanthine/xanthine oxidase (X/XO) for inducing reactive oxygen species. Samples were
incubated with X/XO for 60 min at 37°C (blue bar: 0 mU mL-1 XO; red bar: 25 mU mL-1

XO; green bar: 50 mU mL-1 XO; purple bar: 100 mU mL-1 XO; cyan bar: 150 mU mL-1

XO; orange bar: 200 mU mL-1 XO). DNA fragmentation index (DFI) values were
determined as a measure for chromatin integrity, using the ‘sperm chromatin structure
assay’ (SCSA). Data points represent mean values ± standard deviations, as determined
from 6 ejaculates from 6 different stallions. Values with different superscript letters differ
significantly between X/XO treatment and untreated control (p<0.05).
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Figure 4.5. In panel A, sperm membrane integrity after 10 min exposure to hypotonic
HBS solutions with osmolalities ranging from 6-300 mOsm kg−1 is shown; for sperm
samples that were treated with increasing concentrations of xanthine/xanthine oxidase
(X/XO) for inducing reactive oxygen species (blue symbols: 0 mU mL-1 XO; green
symbols: 50 mU mL-1 XO; purple symbols: 100 mU mL-1 XO; cyan symbols: 150 mU
mL-1 XO). In panel B, normalized percentages of plasma membrane intact sperm in
120 mOsm kg-1 HBS are shown, which were calculated to correct for differences
amongst individuals in the number of membrane intact sperm under isotonic
conditions. Mean values ± standard deviations are presented as determined from 8
ejaculates from 8 different stallions. Values with different superscript letters differ
significantly between X/XO treatment and untreated control (p<0.05).
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Figure 4.6. In panel A, accumulation of reactive oxygen species (ROS) in sperm is
plotted versus the incubation time at 37°C for sperm samples that were treated with
increasing concentrations of xanthine (X) and xanthine oxidase (XO); (blue symbols:
0 mU mL-1 XO; green symbols: 50 mU mL-1 XO; purple symbols: 100 mU mL-1 XO;
cyan symbols: 150 mU mL-1 XO). ROS accumulation was determined flow
cytometrically by following H2DCFDA-derived fluorescence intensities in membrane
intact sperm. In panel B, H2DCFDA-derived fluorescence intensities are shown after
30 min incubation for visualizing differences amongst treatments more clearly. Mean
values ± standard deviations are presented as determined from 8 ejaculates from 8
different stallions. Values with different superscript letters differ significantly
between X/XO treatment and untreated control (p<0.05).
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Figure 4.7. Microscopic images showing accumulation of reactive oxygen species
(ROS) in non-treated sperm (A,C) and sperm exposed to xanthine/xanthine oxidase
(X/XO) for 30 min at 37°C. ROS accumulation was visualized as green fluorescence
with PI/H2DCFDA staining (A,B), and blue precipitate with nitroblue tetrazolium
chloride (NBT) staining and light microscopic observation (C,D).



Figure 4.8. Sperm samples were treated with xanthine and xanthine oxidase (X/XO) for inducing different levels of reactive oxygen species
(ROS) prior to storage at 5°C for up to 72 h (blue symbols: 0 mU mL-1 XO; green symbols: 50 mU mL-1 XO; cyan symbols: 150 mU mL-1 XO).
During refrigerated storage, percentages of progressively motile (circles) and membrane intact (squares) sperm were determined (A), as well as
hypotonic membrane resistance (B) and ROS accumulation (C, triangles). After X/XO-treatment, during refrigerated storage, samples were
either maintained in the solution in which this incubation was done (solid lines), or the solution was removed and sperm were resuspended in
fresh INRA-82 (dotted lines). Hypotonic membrane resistance was determined as the normalized percentage of plasma membrane intact sperm
in 120 mOsm kg-1 HBS as compared to isotonic HBS. ROS accumulation was determined as H2DCFDA-derived fluorescence intensities in
membrane intact sperm. Mean values ± standard deviations are presented as determined from 9 ejaculates from 9 different stallions.



Figure 4.9. Chromatin integrity of stallion sperm after refrigerated storage for 2 d at 5°C, for
samples exposed to xanthine/xanthine oxidase (X/XO) for inducing different levels of
reactive oxygen species prior to storage (blue bar: 0 mU mL-1 XO; green bar: 50 mU mL-1

XO; cyan bar: 150 mU mL-1 XO). For sperm samples that were treated with 150 mU mL-1

XO, samples were either maintained in the solution in which this incubation was done (filled
bars) or the solution was removed and sperm were resuspended in fresh INRA-82 (bar with
diagonal lines) prior to storage. DNA fragmentation index (DFI) values were determined as a
measure for chromatin integrity using SCSA. Data points represent mean values ± standard
deviations as determined from 3 ejaculates from 3 different stallions. Values with different
superscript letters differ significantly between X/XO treatments (p<0.05).
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Figure 4.10. Sperm were treated with xanthine and xanthine oxidase (X/XO) for inducing different levels of reactive oxygen
species prior to cryopreservation (blue bars: 0 mU mL-1 XO; red bars: 25 mU mL-1 XO; green bars: 50 mU mL-1 XO; purple bars:
100 mU mL-1 XO; cyan bars: 150 mU mL-1 XO). Percentages of membrane intact sperm were determined pre-freeze and post-thaw
(A), as well as percentages of progressively motile sperm (B) and chromatin intact of sperm (C). Percentages of membrane intact
sperm were determined after dilution in isotonic HBS, whereas motility assessments were done using samples in freezing extender.
In addition, pre-freeze assessments were done on membrane integrity after exposure to hypotonic HBS of 120 mOsm kg-1 (A). DNA
fragmentation index (DFI) values were determined as a measure for chromatin integrity using SCSA. Data points represent mean
values ± standard deviations as determined from 7 ejaculates from 7 different stallions. Values with different superscript letters
differ significantly between X/XO treatment and untreated control (p<0.05). Values with different numbers added as superscript
differ significantly between pre-freeze and post-thaw analysis (p<0.05). Values marked with * show a significant correlation
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Figure 4.12. Effect of medium-pH on sperm plasma membrane
integrity (PMI; green squares) and progressive motility (PMS; red
circles). Sperm samples were centrifuged and diluted in isotonic HBS
with pH values ranging from 4 to 9, after which percentages of
membrane intact and motile sperm were determined. Mean values ±
standard deviations are presented, as determined from 4 ejaculates
from 4 different stallions.
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5 DISCUSSION AND CONCLUSIONS

5.1 The use of the X/XO-system to induce defined levels of ROS in stallion sperm
and their impact on sperm characteristics

ROS accumulate in response to mechanical stresses as occur e.g. during centrifugation

and osmotic stresses with addition of diluents and cryoprotective agents and exposure to

freezing and thawing (BALL 2008). Also, presence of increased contents of cellular debris

and numbers of damaged sperm are sources for ROS (BALL et al. 2001 b, BURNAUGH et

al. 2010). Insights in effects of ROS on sperm quality during semen processing and storage

may prove useful for increasing success rates in equine breeding. The aim of the studies

described in the first part of this thesis was to use the X/XO-system to induce defined levels

of oxidative stress in stallion sperm, to validate presence of intracellular ROS accumulation,

and examine effects of sub-lethal ROS levels on sperm motility parameters, membrane and

chromatin integrity, and tolerance towards hypo-osmotic stress.

It was confirmed that treatment with increasing X/XO-concentrations resulted in

defined and increasing levels of ROS accumulation, as evident from H2DCFDA-derived

fluorescence intensities in membrane intact sperm. This is in agreement with reports of others

(MARTÍNEZ-PASTOR et al. 2009, GUTHRIE and WELCH 2012, HAGEDORN et al.

2012). Furthermore, it was found that X/XO-treatment resulted in a dose-dependent decrease

in sperm motility and sperm with high mitochondrial membrane potential. It might be that the

ROS-dependent decrease in sperm mitochondrial membrane potential explains the observed

negative effects on sperm motility. The negative effect of oxidative stress on sperm motility
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was as expected (DE LAMIRANDE and GAGNON 1992 a, b). For the conditions used in the

present studies, membrane and chromatin integrity were not affected with using up to 150 mU

mL-1 XO, indicating that the induced oxidative stress was sub-lethal. BAUMBER et al. (2000)

did not find an effect of X/XO-treatment on the sperm mitochondrial membrane potential and

ATP generation, even though motility was affected. This could be explained by how X/XO-

treatments and analyses of JC-1-stained sperm were done. Furthermore, it has been reported

that the ROS-dependent decrease in motility may result directly from axonemal damage or

inhibited activity of protein kinases (DE LAMIRANDE and GAGNON 1992 a, b, GUTHRIE

and WELCH 2012) or other enzymes via action of lipid peroxidation products (AITKEN et

al. 1989, 1993 a, b). The microscopic observations on accumulation of ROS (i.e. dyes reacting

with them) in the sperm midpiece, however, make it plausible to expect that effects on

mitochondrial functioning may have a role in the loss of sperm motility in response to

oxidative stress.

Oxidative damage in sperm can be detected using specific dyes, which form

(fluorescent) derivates, when reacting with ROS that can be quantified (AITKEN et al. 1993

b, 2013 a, ESFANDIARI et al. 2003). It should be noted that such dyes ‘compete’ for reacting

with ROS with biomolecules (i.e. membrane lipids, proteins, chromatin), whereas also

extender components like milk components, egg yolk and antioxidants may react with ROS.

Also, the dynamics of ROS production (e.g. exponential increase with time), effects of

localization in cellular compartments, reversibility and specific properties of the dyes used

have great effects (CHEN et al. 2010, WOOLLEY et al. 2013). Comparisons on fluorescent

intensity measurements, with respect to ROS detection, thus are difficult among different

experimental setups. Recent developments for better detection of intracellular ROS include
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genetically encoded ROS reporters, nanoparticle delivery systems and nanotube ROS probes

(WOOLLEY et al. 2013).

It should be noted that also the medium-pH affects sperm motility and membrane

integrity. Percentages of membrane intact sperm were found to be slightly higher with

alkalization of the medium from pH 7 to 8, while coinciding with a decreased sperm motility

(GRIGGERS et al. 2001), similary as it was found after X/XO-treatment. The X/XO-system

generates hydrogen peroxide and hydroxyl ions, which likely affect the medium-pH and may

explain the observed effects of X/XO-treatment on sperm membrane integrity and motility.

Effects of the pH on sperm capacitation including hyperactivated motility (LOUX et al. 2013)

and protein tyrosine phosphorylation (GONZÁLEZ-FERNÁNDEZ et al. 2012) are well

known.

Sperm motility was also found to decrease rapidly with exposure to hypo- and

hypertonic conditions, whereas membrane integrity decreases especially with exposure to

hypotonic conditions. About 57 % of the sperm population survived dilution in saline solution

of 120 mOsm. These findings are in agreement with findings reported before (BALL and VO

2001, POMMER et al. 2002, OLDENHOF et al 2015). BURNAUGH et al. (2010) showed

that equine sperm exposed to hypo- and hypertonic conditions exhibit increased protein

tyrosine phosphorylation and increased ROS levels. In the present studies it was found that

after X/XO-treatment for inducing increased levels of ROS prior to exposing sperm to

osmotic stress, the sperm membrane hypo-osmotic resistance decreased in a dose-dependent

manner. It is postulated that ROS induced lipid peroxidation leads to structural changes in the

plasma membrane, affecting membrane fluidity and integrity (COMPORTI 1989, AITKEN



67

and FISHER 1994, DE LA HABA et al. 2013), which in turn might result in decreased sperm

osmotic resistance.

5.2 Effects of induced oxidative stress during refrigerated storage and
cryopreservation on stallion sperm viability

During processing, storage and cryopreservation sperm are exposed to oxidative stress,

which affects sperm motility as well as membrane and chromatin integrity (BALL 2008). The

aim of the studies described in the second part of this thesis was to examine effects of induced

defined levels of ROS on sperm quality during refrigerated storage and cryopreservation.

Furthermore, it was determined whether hypo-osmotic tolerance pre-freeze correlates with

sperm cryosurvival.

As described above, sperm motility and hypo-osmotic resistance decreased with

exposure to increasing X/XO-concentrations and higher levels of oxidative stress. Non-treated

sperm typically show a decrease in sperm characteristics including motility during storage at

5°C (PICKETT and AMANN 1987, GUTHRIE and WELCH 2012). It was determined that

the decrease in motility and hypo-osmotic membrane resistance during refrigerated storage

was more pronounced after X/XO-treatment at the highest concentration tested indicating that

presence of higher ROS levels has a negative effect on sperm longevity. Interestingly, for

non-treated samples and those treated with the lowest X/XO-concentrations, it was found that

percentages of motile and membrane intact sperm after dilution in hypotonic saline solution

were slightly higher after 24 h of refrigerated storage as compared to day of processing. This

could be explained by recovery of sperm (i.e. after 30 min incubation at 37°C in the absence

or presence of X/XO) via the action of extender components including nutrients and milk
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compounds (BATELLIER et al. 2001, VIDAMENT et al. 2001). For the conditions used in

the present studies, sperm membrane and chromatin integrity did not show a drastic decline

during storage at 5°C after X/XO-treatment, indicating that the induced oxidative stress was

sub-lethal. Also after cryopreservation, sperm chromatin integrity was similar for sperm

samples treated with up to 150 mU mL−1 XO pre-freeze. It often has been suggested that

chromatin is very susceptible for oxidative damage (AITKEN et al. 1998 b, TWIGG et al.

1998 a). However, sperm DNA is tightly packed around protamines, and therefore it is very

stable and less accessible for damaging reactions (COCUZZA et al. 2007). During

refrigerated storage, drastic increases in the intracellular ROS accumulation were not found,

measured as H2DCFDA-derived fluorescence intensities in membrane intact sperm. As stated

above, this is likely because H2DCFDA-derived fluorescence only forms upon reacting with

newly formed free ROS and does not detect oxidation-products that are already formed.

It was found that removal of X/XO containing solution via centrifugation and

substitution with fresh extender had a positive effect on sperm motility parameters and hypo-

osmotic membrane resistance. Moreover, after X/XO-removal, H2DCFDA-derived

fluorescence intensities in membrane intact sperm were similar as control levels. This

indicates that ROS accumulation as detected via H2DCFDA likely results from newly

generated ROS via the X/XO-system upon incubation at 37°C prior to analyses.

Stallion sperm motility and membrane integrity typically are drastically reduced after

cryopreservation (AMANN and PICKETT 1987, WATSON 2000, SIEME et al. 2008). The

cellular damage during cryopreservation is caused predominantly because of the osmotic

stresses cells are exposed to (BALL and VO 2001, BALL 2008), but also intracellular or

extracellular ice formation (MAZUR 1963, 1984, HAMMERSTEDT et al. 1990, MORRIS et
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al. 2007, 2012) and cold shock (AMANN and PICKETT 1987, PICKETT and AMANN

1987) play a role. With the highest X/XO concentration used, the number of plasma

membrane intact sperm post-thaw was significantly decreased compared to untreated sperm,

indicating a negative effect of induced ROS on cryosurvival. This could be due to ROS-

induced lipid peroxidation (DE LA HABA et al. 2013), altering membrane components (e.g.

lipids, functional proteins) and fluidity (AITKEN et al. 1989, COMPORTI 1989). The sperm

plasma membrane composition and membrane fluidity are known to affect sperm osmotic

resistance (GLAZAR et al. 2009, OLDENHOF et al. 2015) as well as cryosurvival (MOORE

et al. 2005). In the present studies sperm hypo-osmotic tolerance pre-freeze was decreased

significantly with exposure to higher X/XO-concentrations and ROS levels. It was determined

that there was a weak correlation between hypo-osmotic tolerance pre-freeze and sperm

cryosurvival. Such a correlation has been studied before using sperm from different individual

stallions exhibiting differences in cryosurvival (OLDENHOF et al 2015, VIDAMENT et al.

1998). For determining sperm osmotic tolerance, in addition to looking at membrane

intactness (i.e. exclusion of a membrane-impermeable dye) upon exposure to hypotonic

conditions, the hypo-osmotic-swelling (HOS)-test is often used. However, these tests measure

different cellular properties, which might explain discrepancies between findings. With the

HOS-test the ability of sperm to swell under hypotonic conditions is determined

microscopically, which only can occur in case of an intact plasma membrane.
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5.3 Counteracting induced ROS using antioxidants and centrifugation

Finally, in addition to inducing defined levels of ROS using the X/XO-system, it was

tested whether antioxidant supplementation (α-tocopherol/vitamin E, catalase) or

centrifugation clean-up were beneficial for counteracting oxidative damage and increasing

cryosurvival.

In the present studies, addition of catalase or vitamin E did not significantly improve

percentages of membrane intact and motile sperm after induced oxidative stress pre-freeze

and after cryopreservation. Numerous reports exist on possible beneficial effects of

antioxidants for improving stallion sperm quality during liquid and frozen storage with

contradicting results (AURICH et al. 1997, BALL et al. 2001 a, BAUMBER et al. 2000,

ALMEIDA and BALL 2005). FOOTE et al. (2002) tested multiple antioxidants alone and in

several combinations and found that addition of antioxidants was generally not beneficial.

They suggested that interactions between extender components and antioxidants and ROS

scavenging capacity of compounds in the extender may be responsible for such observations.

In the present studies it should be noted that the incubations were done in a skim milk

extender, supplemented with egg yolk for cryopreservation. It may will be that addition of

catalase or vitamin E at the concentration tested did not overcome the ROS binding/buffering

capacity of the used extenders. In agreement with this an increase in the level of ROS-

accumulation detected as H2DCFDA-derived fluorescence in membrane intact sperm could

not be detected, not after freezing and thawing, nor after addition of catalase or vitamin E.

Others have reported that cryodamage increases ROS production (BALL et al. 2001 b). As

indicated above, the absence of ROS accumulation post-thaw could be due to the presence of



71

egg yolk (FOOTE et al. 2002, RÖPKE et al. 2011). Also, the levels of ROS due to

cryopreservation-induced damage may be relatively low compared to X/XO induced ROS

(CHEN et al. 2010).
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5.4 Conclusions

Taken together, the present studies showed that incubation of stallion sperm with

different concentrations of X/XO can be used to induce defined levels of ROS resulting in

sub-lethal oxidative stress. Oxidative stress was referred to as being sub-lethal, since plasma

membrane and DNA integrity were not affected, whereas sperm motility and the

mitochondrial membrane potential were reduced in a dose dependent manner. ROS

accumulation in sperm can be detected using specific dyes like H2DCFDA, but only newly

formed ROS that react with such dyes are visualized. ROS accumulation was predominantly

detected in the sperm midpiece where the mitochondria are located. Sperm with increased

levels of intracellular ROS exhibited a more rapid decrease in sperm motility and membrane

intactness during refrigerated storage and after cryopreservation. Furthermore it was

determined that increased intracellular ROS levels resulted in decreased survival (i.e.

membrane intact sperm) upon dilution in hypotonic saline solution. Moreover, reduced

tolerance of sperm towards hypotonic stress pre-freeze correlated with decreased sperm

cryosurvival. In the experimental setup used in the present studies addition of antioxidants did

not significantly improve sperm motility and hypo-osmotic membrane resistance after

exposure to induced oxidative stress and cryopreservation. Centrifugation for removal of

X/XO seemed to result in reduced ROS levels and negative effects. Anyways, use of the

X/XO-system for inducing defined ROS levels in sperm might be a useful tool for further

studies on oxidative damage in sperm and effects of extenders supplements on sperm quality.
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6 SUMMARY

Franziska Ertmer (2016):

Induced oxidative stress in stallion sperm: effects on osmotic resistance and cryosurvival

Reactive oxygen species (ROS), like the superoxide anion radical (∙O2
-), hydrogen

peroxide (H2O2) and the hydroxyl radical (∙OH), are products of the physiological oxidative

metabolism of sperm. In addition, when sperm samples are subjected to processing and

storage, degenerative reactions may occur that give rise to formation of ROS. When

imbalances between production and removal of ROS exist, ROS can accumulate and react

with biomolecules, including membrane phospholipids, altering their structure and function.

This is referred to as oxidative stress, and is described to affect sperm motility as well as

membrane and chromatin integrity.

The first aim of the studies described in this thesis was to use xanthine (X) and

xanthine oxidase (XO) to induce defined levels of ROS and oxidative stress in stallion sperm,

to validate presence of intracellular ROS accumulation, and examine effects of sub-lethal

oxidative stress on sperm motility parameters, membrane and chromatin integrity, and

tolerance towards hypo-osmotic stress. Sperm in extender supplemented with X/XO were

incubated for 30 min at 37°C, after which samples were analyzed or used for refrigerated

storage or cryopreservation. Sperm motility was analyzed using computer assisted sperm
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analysis, whereas sperm mitochondrial membrane potential and plasma membrane intactness

were evaluated by flow cytometric analysis of JC1- and SYBR/PI-stained samples,

respectively. Chromatin intactness was evaluated using the sperm chromatin structure assay.

ROS accumulation was measured using flow cytometry as H2DCFDA-derived fluorescence in

membrane intact sperm. It was confirmed that treatment with increasing X/XO-concentrations

resulted in defined increasing levels of ROS accumulation. Microscopic observations revealed

that accumulation of ROS (i.e. dyes reacting with them) occurred predominantly in the sperm

midpiece. It was found that X/XO-treatment resulted in a dose-dependent decrease in sperm

motility and sperm with high mitochondrial membrane potential. For the conditions used in

the present studies, membrane and chromatin integrity were not affected by using up to 150

mU mL-1 XO, indicating that the induced oxidative stress was sub-lethal. Tolerance of sperm

towards osmotic stress was determined by comparing membrane intactness after dilution in

hypotonic saline solution. It was found that sperm membrane hypo-osmotic resistance

decreased with increasing levels of sub-lethal ROS induced.

In the second part of this thesis, effects of different levels of induced ROS on sperm

quality during refrigerated storage and cryopreservation were examined. Furthermore, it was

determined whether hypo-osmotic tolerance pre-freeze correlated with sperm cryosurvival. It

was found that during cooled storage sperm motility and osmotic resistance decreased, which

occurred more rapidly after X/XO-treatment and higher intracellular ROS levels. Removal of

X/XO from solution via centrifugation and replacement with fresh extender did result in

decreased H2DCFDA-derived fluorescence intensities in membrane intact sperm to similar

levels as detected in untreated samples. For the conditions used in the present studies, sperm

membrane and chromatin integrity did not show drastic decreases during refrigerated storage,
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indicating that the induced ROS levels were sub-lethal. Also in case of cryopreservation, the

decrease in membrane intact and motile sperm was more pronounced after X/XO-treatment.

Using X/XO to induce defined levels of oxidative stress prior to cryopreservation, a

correlation was found between sperm hypo-osmotic tolerance pre-freeze and cryosurvival.

The aim of the last part described in this thesis was to test whether antioxidant

supplementation (α-tocopherol/vitamin E, catalase) or centrifugation clean-up are beneficial

for counteracting induced oxidative damage and increasing cryosurvival. Using the present

setup, addition of catalase or vitamin E did not significantly improve percentages of

membrane intact and motile sperm after induced oxidative stress pre-freeze and after

cryopreservation. Removal of X/XO from solution via centrifugation and replacement with

fresh extender did result in similar H2DCFDA-derived fluorescence intensities in membrane

intact sperm as control levels.

Taken together, incubation of stallion sperm with X/XO can be used to induce defined

levels of reactive oxygen species. Stallion sperm motility and hypo-osmotic resistance are

negatively affected by exposure to sub-lethal levels of oxidative stress. Using X/XO to induce

oxidative stress might be a useful tool for further studies on oxidative damage in sperm during

processing and storage and testing effects of extenders supplements on sperm quality.
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7 ZUSAMMENFASSUNG

Franziska Ertmer (2016)

Untersuchungen zur Induktion von oxidativem Stress und dessen Auswirkungen auf die

osmotische Resistenz und Tiefgefrierfähigkeit von Hengstspermien

Reaktive Sauerstoffspezies (reactive oxygen species = ROS), wie das Superoxidanion

(∙O2
-), Wasserstoffperoxid (H2O2) und das Hydroxylradikal (∙OH), sind Produkte des

physiologischen, oxidativen Metabolismus von Spermien. Zusätzlich können bei der

Aufbereitung und Lagerung von Spermienproben schädigende Reaktionen auftreten, die zur

Entstehung von ROS führen können. ROS können bei einer Imbalanz zwischen Produktion

und Abbau akkumulieren und mit Biomolekülen, insbesondere Phospholipiden der

Plasmamembran, reagieren und diese in ihrer Struktur und Funktion beeinträchtigen. Dieses

Phänomen wird auch als oxidativer Stress bezeichnet, der die Spermienmotilität, sowie die

Plasmamembran- und Chromatinintegrität beeinträchtigen kann.

Das Ziel des ersten Teils dieser Dissertation war es mittels Xanthin (X) und

Xanthinoxidase (XO) definierte Mengen von ROS und oxidativem Stress in Hengstspermien

zu induzieren, das Vorkommen von intrazellulärer ROS- Akkumulation zu überprüfen und

Effekte von sublethalem, oxidativem Stress auf die Motilitätsparameter, die Plasmamembran-

und Chromatinintegrität sowie auf die Toleranz von Hengstspermien gegenüber
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hypoosmotischem Stress zu untersuchen. Die Spermienproben wurden in mit X/XO

versetzten Verdünner für 30 Minuten bei 37°C inkubiert und anschließend entweder

analysiert oder der gekühlten Lagerung oder Kryokonservierung zugeführt. Die

Spemienmotilität wurde durch computer- assistierte Spermienanalyse ermittelt, wohingegen

das mitochondriale Membranpotential und die Plasmamembranintegrität mittels

flowzytometrischer Analyse von jeweils JC1- und SYBR/PI- gefärbten Spermienproben

untersucht wurden. Die Chromatinintegrität wurde mit dem Spermien-Chromatin-Struktur-

Assay (SCSA) ermittelt. Die Akkumulation von ROS wurde flowzytometrisch als

H2DCFDA-abgeleitete Fluoreszenz in membranintakten Spermien bestimmt. Es wurde

bestätigt, dass die Behandlung mit steigenden X/XO- Konzentrationen in definiert

ansteigenden Mengen von ROS- Akkumulation resultiert. Die mikroskopischen

Untersuchungen zeigten eine Akkumulation von ROS (bzw. den mit ROS reagierten

Farbstoffen) überwiegend im Mittelstück der Spermien. Es wurde zudem festgestellt, dass

eine Behandlung mit X/XO zu einer dosisabhängigen Verminderung der Anzahl motiler

Spermien und Spermien mit einem hohen mitochondrialen Membranpotential führt. Unter den

in dieser Studie verwendeten Bedingungen blieben die Plasmamembran- und

Chromatinintegrität unbeeinflusst bei Verwendung von bis zu 150 mU mL-1 XO. Dies deutet

darauf hin, dass der induzierte oxidative Stress subletal ist. Die Toleranz von Spermien

gegenüber hypotonem Stress wurde durch den Vergleich der Membranintaktheit nach

Verdünnung mit hypotoner Kochsalzlösung bestimmt. Es konnte eine Verminderung der

hypoosmotischen Resistenz der Spermien mit steigenden, subletalen Konzentrationen

induzierter ROS festgestellt werden.
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Im zweiten Teil dieser Dissertation wurden Effekte von verschiedenen induzierten

ROS- Konzentrationen auf die Spermienqualität während gekühlter Lagerung und

Kryokonservierung untersucht. Des Weiteren wurde die Korrelation zwischen der

hypoosmotischen Toleranz der Spermien vor dem Einfrieren und deren Überlebensrate nach

dem Auftauen bestimmt. Während gekühlter Lagerung zeigten die Spermienmotilität und die

hypoosmotische Resistenz eine deutlichere Verminderung nach X/XO- Behandlung und mit

steigenden intrazellulären ROS- Konzentrationen. Die Entfernung von X/XO aus der Lösung

durch Zentrifugation und Ersatz mit frischem Verdünner, führte zu einem Abfall der

H2DCFDA-abgeleiteten Fluoreszenzintensitäten in membranintakten Spermien auf ähnliche

Niveaus wie in den unbehandelten Proben. Die Membran- und Chromatinintegrität zeigten

unter den verwendeten Bedingungen keinen deutlichen Abfall während gekühlter Lagerung

und mit steigenden X/XO- Konzentrationen. Daraus folgt, dass die induzierten ROS-Mengen

als subletal bewertet werden können. Auch nach Kryokonservierung war die Reduktion von

membranintakten und motilen Spermien deutlicher nach X/XO- Behandlung. Wenn definierte

Mengen von oxidativem Stress mittels X/XO vor der Kryokonservierung induziert wurden,

konnte eine Korrelation zwischen der hypoosmotischen Toleranz vor dem Einfrieren und der

Überlebensrate der Spermien nach dem Auftauen festgestellt werden.

Das Ziel des letzten Teiles dieser Dissertation war es zu testen, ob die

Supplementation von Antioxidantien (α-Tocopherol/Vitamin E, Katalase) oder eine

Aufbereitung mittels Zentrifugation geeignet sind, um der induzierten, oxidativen Schädigung

entgegen zu wirken und die Überlebensrate der Spermien nach dem Auftauen zu erhöhen. Mit

dem hier verwendeten Versuchsaufbau konnte durch Zugabe von Katalase oder Vitamin E

nach induziertem oxidativem Stress, der Anteil membranintakter und motiler Spermien vor
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dem Einfrieren und nach Kryokonservierung nicht signifikant erhöht werden. Die Entfernung

von X/XO aus der Lösung mittels Zentrifugation und Ersatz mit frischem Verdünner

resultierte in ähnlichen Niveaus von H2DCFDA-abgeleiteten Fluoreszenzintensitäten in

membranintakten Spermien, wie in unbehandelten Proben.

Zusammenfassend kann die Inkubation von Hengstspermien mit X/XO benutzt

werden, um definierte Mengen reaktiver Sauerstoffspezies zu induzieren. Die Motilität und

hypoosmotische Resistenz von Hengstspermien werden durch subletale Mengen von

oxidativem Stress negativ beeinflusst. Die Verwendung von X/XO zur Induktion von

oxidativem Stress kann eine geeignete Methode für weiterführende Studien von oxidativer

Spermienschädigung während Aufbereitung und Lagerung, sowie für die Prüfung von

Effekten von Verdünnerzusätzen auf die Spermienqualität, darstellen.
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9 APPENDIX

9.1 Additional data tables

progressively motile sperm (%)
XO (mU mL−1): 15 min 30 min 60 min

0 48.36 ± 12.27a 50.72 ± 13.97a 48.45 ± 12.10a*

25 43.14 ± 14.97a,1 40.30 ± 11.80b,1 29.41 ± 9.01b,2

50 33.58 ± 15.72b,1 27.48 ± 12.94b,1 17.64 ± 8.61b,2

100 20.52 ± 14.12b,1 15.69 ± 9.55b 13.25 ± 7.66b,2

150 11.94 ± 7.15b 10.44 ± 6.38b 10.11 ± 7.73b

200 5.36 ± 3.84b 5.31 ± 3.44b 5.71 ± 4.69b

motile sperm (%)
XO (mU mL−1): 15 min 30 min 60 min

0 66.33 ± 11.06a 67.69 ± 12.81a 65.17 ± 11.17a*

25 62.60 ± 12.95a,1 59.93 ± 13.08b,1 52.27 ± 12.24b,2

50 57.54 ± 13.91b,1 53.56 ± 13.84b,1 39.80 ± 15.25b,2

100 48.83 ± 16.61b,1 40.74 ± 11.56b 33.48 ± 11.38b,2

150 39.91 ± 13.27b,1 35.08 ± 12.95b,1 29.14 ± 12.40b,2

200 28.83 ± 12.71b,1 25.02 ± 10.27b,2 18.61 ± 11.54b,3

Table 1 and 2 Percentages of progressively motile and motile sperm after incubation at
37°C for different durations (15−60 min), in extender supplemented with increasing
concentrations of xanthine (X) and xanthine oxidase (XO) for inducing reactive oxygen
species (0−200 mU mL−1 XO). Mean values ± standard deviations are presented, as
determined from 6 ejaculates from 6 different stallions. Values with different superscript
letters differ significantly between X/XO treatment and untreated control (p<0.05). Values
with different numbers added as superscript differ significantly between incubation times
(p<0.05). Values marked with * show a significant correlation between percentage of
(progressively) motile sperm and sperm with high mitochondrial membrane potential
(p<0.05).
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H2DCFDA-der. fluorescence (a.u.)
XO (mU mL−1): 60 min 90 min 120 min

0 3.56 ± 0.29a,1 3.58 ± 0.13a,1 3.79 ± 0.14a,2

50 3.66 ± 0.17a,1 4.18 ± 0.23b,2 4.69 ± 0.38b,3

100 3.84 ± 0.15b,1 4.50 ± 0.28b,2 5.27 ± 0.43b,3

150 4.04 ± 0.20b,1 4.82 ± 0.32b,2 5.71 ± 0.42b,3

Table 3 Accumulation of reactive oxygen species (ROS) in sperm after incubation at 37°C
for different durations (60−120 min), in extender supplemented with increasing
concentrations of xanthine (X) and xanthine oxidase (XO) for inducing reactive oxygen
species (0−150 mU mL−1 XO). ROS accumulation was determined flow cytometry, by
following H2DCFDA-derived fluorescence intensities in membrane intact sperm. Mean
values ± standard deviations are presented, as determined from 8 ejaculates from 8 different
stallions. Values with different superscript letters differ significantly between X/XO
treatment and untreated control (p<0.05). Values with different numbers added as
superscript differ significantly between incubation times (p<0.05).



115

table 4
progessively motile sperm (%)
XO (mU mL−1): 24 h 48 h 72 h

0 44.69 ± 15.26a 42.62 ± 13.00a 40.75 ± 11.11a

50 24.49 ± 11.40b,d,1 21.52 ± 11.34b,1 15.91 ± 7.69b,2

150 1.59 ± 2.14c 1.57 ± 1.93c 0.86 ± 1.00c

0 sln removed 37.30 ± 17.63a,b 35.76 ± 15.01a 31.86 ± 12.54a

50 sln removed 24.27 ± 17.93b,d,1 22.23 ± 17.65b 17.22 ± 15.40b,2

150 sln removed 12.66 ± 15.01c,d,1 10.98 ± 12.85b,c 9.36 ± 11.13b,c,2

table 5
motile sperm (%)
XO (mU mL−1): 24 h 48 h 72 h

0 64.78 ± 10.19a,1 63.52 ± 9.20a,1 56.38 ± 10.09a,2

50 48.75 ± 14.09b,d,1 40.64 ± 14.85b,2 30.64 ± 11.35b,3

150 10.29 ± 12.94c 9.98 ± 9.43c 7.07 ± 5.97c

0 sln removed 62.50 ± 12.43a,b,1 56.25 ± 12.81a 54.01 ± 13.11a,2

50 sln removed 46.82 ± 18.32d,1 38.78 ± 24.21b 31.64 ± 19.89b,2

150 sln removed 26.16 ± 22.87e,1 22.94 ± 20.54c 19.77 ± 17.47b,c,2

Table 4−8 Sperm samples were treated with xanthine and xanthine oxidase (X/XO) for
inducing different levels of reactive oxygen species (ROS) prior to storage at 5°C for up to
72 h (0−150 mU mL−1 XO). During refrigerated storage, percentages of progressively motile
(table 4), motile (table 5) and membrane intact (table 6) sperm were determined, as well as
hypotonic membrane resistance (table 7) and ROS accumulation (table 8). After X/XO-
treatment, during refrigerated storage, samples were either maintained in the solution in
which this incubation was done, or the solution was removed and sperm were resuspended in
fresh INRA-82 (sln removed). Hypotonic membrane resistance was determined as the
normalized percentage of plasma membrane intact sperm in 120 mOsm kg−1 HBS, as
compared to isotonic HBS. ROS accumulation was determined as H2DCFDA-derived
fluorescence intensities in membrane intact sperm. Mean values ± standard deviations are
presented, as determined from 9 ejaculates from 9 different stallions. Values with different
superscript letters differ significantly between X/XO treatments (p<0.05). Values with
different numbers added as superscript differ significantly between duration of refrigerated
storage (p<0.05).
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table 6
plasma membrane intact sperm (%)
XO (mU mL−1): 24 h 48 h 72 h

0 72.28 ± 6.50a 71.23 ± 6.22a 69.82 ± 5.78a

50 72.60 ± 8.63a,1 66.97 ± 9.82a,b,2 63.96 ± 10.50a,b,c,2

150 71.54 ± 10.13a,1 70.67 ± 9.33a,1 66.92 ± 9.56a,b,2

0 sln removed 71.86 ± 5.21a 71.06 ± 7.93a 69.86 ± 5.26a

50 sln removed 68.56 ± 11.19a,1 65.40 ± 11.16a,b 62.26 ± 10.28b,c,2

150 sln removed 62.21 ± 9.41b,1 60.93 ± 8.78b 59.15 ± 9.13c,2

table 7
survival after 10' in HBS of 120 mOsm/kg; hypo-osmotic resistance (norm-%)
XO (mU mL−1): 24 h 48 h 72 h

0 69.63 ± 10.43a,1 55.64 ± 14.34a,2 44.68 ± 17.23a,3

50 58.49 ± 15.68a,c,1 45.75 ± 17.48b,2 30.35 ± 16.41b,3

150 32.14 ± 15.40b,d,1 28.45 ± 17.08c,1 20.62 ± 14.35c,2

0 sln removed 63.13 ± 16.18a,c,1 48.70 ± 15.20a,b,2 39.33 ± 15.07a,d,3

50 sln removed 54.90 ± 19.24c,1 43.24 ± 18.67b,d,2 34.63 ± 19.19b,d,2

150 sln removed 39.48 ± 22.89d,1 34.44 ± 19.89c,d,2 32.11 ± 19.50b,d,2

table 8
ROS: 120' at 37 °C in HBS with dye; H2DCFDA-der. Fluorescence (a.u.)
XO (mU mL−1): 24 h 48 h 72 h

0 5.17 ± 2.21a 5.83 ± 3.54a 5.76 ± 3.50a

50 8.25 ± 5.44a,b 8.50 ± 5.85a 8.82 ± 6.90a,b

150 10.98 ± 9.21b 13.39 ± 11.92b 13.35 ± 12.72b

0 sln removed 5.71 ± 2.82a 6.27 ± 3.57a 6.27 ± 4.01a

50 sln removed 5.53 ± 2.68a 6.31 ± 3.90a 6.04 ± 3.50a

150 sln removed 5.84 ± 3.06a 6.54 ± 4.12a 6.77 ± 4.70a
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DFI (%) after 48h at 5 C°
XO (mU mL−1): 48h

0 14.05 ± 2.45a

50 12.37 ± 2.99a,b

150 12.45 ± 4.70a,b

0 sln removed 13.77 ± 4.05a,b

50 sln removed 11.55 ± 4.28b

150 sln removed 12.16 ± 3.90a,b

progessively motile sperm (%)
pre-freeze post-thaw

non-treated 35.99 ± 12.56a,1 18.04 ± 5.94a,2

XXO-treated 23.81 ± 14.91b,c,1 8.22 ± 3.78b,c,2

non-treated + cat. 36.84 ± 11.72a,1 18.88 ± 7.74a,2

XXO-treated + cat. 29.05 ± 14.06a,b,1 10.35 ± 2.99b,2

non-treated + vit.E 35.69 ± 10.08a,1 17.95 ± 4.92a,2

XXO-treated + vit.E 16.89 ± 12.24c,1 3.78 ± 3.40c,2

non-treated, centr. 37.49 ± 12.67a,1 15.95 ± 6.02a,d,2

XXO-treated, centr. 31.85 ± 14.05a,b,1 11.98 ± 5.04b,d,2

Table 9 Chromatin integrity of stallion sperm after refrigerated storage for 2 d at 5°C, for
samples exposed to xanthine/xanthine oxidase (X/XO) for inducing different levels of
reactive oxygen species prior to storage (0−150 mU mL−1). Samples were either maintained
in the solution in which this incubation was done or the solution was removed and sperm
were resuspended in fresh INRA-82 (sln removed) prior to storage. DNA fragmentation
index (DFI) values were determined as a measure for chromatin integrity, using SCSA. Data
points represent mean values ± standard deviations, as determined from 3 ejaculates from 3
different stallions. Values with different superscript letters differ significantly between
X/XO treatments (p<0.05).

Table 10 Sperm were treated with xanthine (X; 2 mM) and xanthine oxidase (XO; 100 mU
mL−1) for inducing reactive oxygen species (ROS) prior to subjecting to cryopreservation.
Incubations without or with X/XO were performed in the absence of further supplements or
in the presence of 200 U mL−1 catalase (cat.) or 200 µM vitamin E (vit.E). In addition, after
incubation without or with X/XO, samples were centrifuged, the supernatant was removed
and sperm were resuspended in fresh INRA-82 (centr.). Before and after cryopreservation,
percentages of progressively motile sperm were determined. Data points represent mean
values ± standard deviations, as determined from 6 ejaculates from 6 different stallions.
Values with different superscript letters differ significantly between X/XO treatments
(p<0.05). Values with different numbers added as superscript differ significantly between
pre-freeze and post-thaw analysis (p<0.05).
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isotonic conditions.

Fig. 4.2 Microscopic images of sperm incubated in hypotonic HBS of 120 mOsm kg-1.
Fig. 4.3 Sperm characteristics for samples supplemented with increasing concentrations of

X/XO for inducing ROS.
Fig. 4.4 Chromatin integrity of stallion sperm for samples exposed to X/XO for inducing

ROS.
Fig. 4.5 Sperm membrane integrity after exposure to hypotonic HBS (6-300 mOsm kg−1)

for sperm samples that were treated with increasing concentrations of X/XO for
inducing ROS.

Fig. 4.6 Accumulation of ROS in sperm is plotted versus the incubation time at 37°C for
sperm samples that were treated with increasing concentrations of X/XO.

Fig. 4.7 Microscopic images showing accumulation of ROS in non-treated sperm and
sperm exposed to X/XO for 30 min at 37°C.

Fig. 4.8 Sperm characteristics during refrigerated storage at 5°C for up to 72 h for samples
treated with X/XO for inducing ROS.

Fig. 4.9 Chromatin integrity of stallion sperm after refrigerated storage for 2 d at 5°C for
samples exposed to X/XO for inducing ROS prior to storage.

Fig. 4.10 Sperm characteristics before and after cryopreservation for samples treated with
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Fig. 4.11 Sperm characteristics before and after cryopreservation for samples treated with
X/XO for inducing ROS and addition of antioxidants.

Fig. 4.12 Effect of medium-pH on sperm plasma membrane integrity and progressive
motility.
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