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GENERAL INTRODUCTION 

1 GENERAL INTRODUCTION, AIMS AND OUTLINE 

1.1 General introduction, problem statement 

In the horse breeding industry, there is a growing demand for semen that can be used 

for artificial insemination independent of location and availability of stallions. The use of 

cryopreserved sperm is one way to face this dilemma, but sperm from some stallions exhibits 

dissatisfying post-thaw survival and fertility rates (LOOMIS and GRAHAM 2008; 

VIDAMENT et al. 1997). In order to improve cryosurvival, fundamental research on the 

events that induce and prevent cryodamage is essential. 

During freezing, cells are exposed to cold shock, ice crystal formation, cellular 

dehydration, and accumulating reactive oxygen species, which all can cause irreversible 

damage (reviewed by AMANN and PICKETT 1987; WATSON 2000; SIEME et al. 2008; 

PEÑA et al. 2011). Cryopreservation exposes sperm to severe osmotic stress during addition 

and removal of cryoprotectants as well as during freezing and thawing processes itself. Cells 

respond to osmotic stress by changing their cell volume, due to water transport across cellular 

membranes that occurs in order to obtain similar intra- and extracellular solute concentrations. 

Sperm, however, can only survive exposure to a certain range of anisotonic conditions (BALL 

and VO 2001; POMMER et al. 2002; OLDENHOF et al. 2011). Freezing results in both 

temperature-dependent and dehydration-induced membrane phase transitions. Passages 

through such phase transitions are thought to be damaging since they result in lateral phase 

separation of membrane components and therewith leakage of intracellular solutes to the 

extracellular environment (CROWE et al. 1989; DROBNIS et al. 1993). It has been found 

that cryoprotectants can modulate freezing-induced cellular dehydration and membrane phase 

behavior (OLDENHOF et al. 2010; RICKER et al. 2006). This modified osmotic response 

likely results in an increased ability to withstand damage. 

Cryopreservation protocols have evolved predominantly empirical (VIDAMENT et al. 

2002; SQUIRES et al. 2004; reviewed by WATSON 1995; VIDAMENT 2005). Models, 

however, have been developed to predict optimal cooling rates. The optimal cooling rate takes 

into account damage due to intracellular ice formation as well as damage due to dehydration. 

The water transport model of MAZUR (1984) describes how the cell volume decreases during 

freezing, dependent on the cooling rate and intrinsic cellular properties. The intrinsic cellular 
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parameters, needed as input for this model, need to be determined experimentally and include 

the isotonic cell volume (V0) and area for water transport, the volume after maximum cellular 

dehydration (Vb) and the parameters that describe the rate of water transport across the 

cellular membrane dependent on the temperature. These parameters include the hydraulic 

membrane permeability at 0 °C (Lpg) and the activation energy for this process (ELp). 

 

1.2 Aims and outline 

The studies described in this thesis were done to test the effects of increasing 

concentrations of various cryoprotective agents (CPAs) on cryosurvival as well as freezing-

induced membrane phase behavior. The cryoprotectants that were tested differed in their 

osmotic properties, and included: glycerol and ethylene glycol that can both permeate the 

cellular membrane but with different rates, and sucrose and HES for which the cellular 

membrane is impermeable. In contrast to sucrose, HES is osmotic inactive and thus does not 

expose cells to osmotic stress. The experiments described in chapter 4-1 were done to 

determine effects on cryosurvival. Pre- and post-thaw motility and viability, in freezing 

extender as well after return to isotonic conditions were determined using computer assisted 

sperm analyses (CASA) and flow cytometry (FCM). It was found that all permeating 

cryoprotectants that were tested exhibited an optimum concentration for post-thaw sperm 

survival. The non-permeating cryoprotectants sucrose and HES exhibited increased post-thaw 

viability when maintained in freezing extender, which was lost upon return to isotonic buffer 

for sucrose, but not for HES. In chapter 4-2, freezing-induced membrane phase behavior in 

the presence of the described cryoprotectants was determined using Fourier transform infrared 

spectroscopy (FTIR). It was found that freezing-induced membrane dehydration cannot be 

prevented for any of the cryoprotectants tested, but dehydration occurs more gradual over a 

wider temperature range. Increasing the cryoprotectant concentration makes this effect 

stronger. This is also reflected in the hydraulic membrane permeability parameters that were 

derived from these data. They are reduced in the presence for all cryoprotectants tested.  

Taken together, freezing-induced membrane phase transitions and cellular dehydration 

cannot be avoided, but their detrimental effect can be attenuated by use of cryoprotectants. 

For that, the optimal concentration should be taken into account, as well as the osmotic 

activity and membrane permeability of the cryoprotectant. 
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2 LITERATURE SURVEY 

2.1 Freezing of stallion sperm 

Cryopreservation allows long-term storage of cells for later use. In order to preserve 

biological functions of cells during storage, the metabolism has to be reduced to a minimum 

(MAZUR 1984, 1988). Lowering the temperature slows down chemical reactions. Storage at 

subzero temperatures is preferred, but cooling and freezing in the absence of protectants 

(WATSON 2000) is detrimental to most cells including sperm. 

The discovery of glycerol for cryopreservation of fowl spermatozoa by POLGE et al. 

(1949) has been an important finding for use in artificial reproduction. Their protocol, 

however, could not easily be applied to other cell types. Developments in cryopreservation 

protocols were initially based on empirical optimization of: various types (SQUIRES et al. 

2004; RICKER et al. 2006) and concentrations of cryoprotectants (HOFFMANN et al. 2011), 

the temperature at which cryoprotectants were added (FERNÁNDEZ-SANTOS et al. 2005) 

and the cooling, freezing and thawing rates (MORAN et al. 1992; BEDNARCZYK 2011). 

Later studies revealed the underlying mechanisms of cryodamage and cryosurvival, 

which allowed for the rational design of cryopreservation protocols (reviewed in MAZUR et 

al. 2008). Cell death following freezing injury has been attributed to: solution effects injury 

(MAZUR et al. 1972), damage due to intracellular ice formation (MAZUR and KOSHIMO 

2002; MORRIS et al. 2007), osmotically induced cell damage due to addition and removal of 

cryoprotective agents (BALL and VO 2001; POMMER et al. 2002; BALL 2008; MAZUR 

2010; OLDENHOF et al. 2011). The cooling and warming rate determine to what extent these 

damaging events take place (MOORE et al. 2006; MORRIS et al. 2007). 

 

2.1.1 Effects of cooling and warming rates on solution effects and intracellular ice 

formation 

The “two-factor hypothesis of freezing injury” (MAZUR et al. 1972) attributes 

cryodamage to cellular dehydration and intracellular ice formation in response to slow or 

rapid cooling rates, respectively. At slow freezing rates, ice crystal formation takes place in 

the extracellular environment, which results in an increase in the extracellular solute 

concentration. The cells decrease in cell volume due to transport of water to the extracellular 
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environment until the intracellular and extracellular solute concentrations are in equilibrium. 

Upon thawing, the reverse process takes place and cells are exposed to a hypotonic 

environment that results in water influx and swelling. When cell shrink and swell beyond 

certain limits this results in cellular disruption. Cryoinjury as a result of exposure to increased 

solute concentrations due to slow freezing rates has been described by LOVELOCK (1953) 

and MORAN et al. (1992), and is referred to as “solution effects injury” (MAZUR 1970). 

High cooling rates result in supercooling below the ice nucleation temperature. In this case, 

water will not be able to leave the cells resulting in intracellular ice formation. Large 

intracellular ice crystals are generally believed to cause cell death. Small intracellular ice 

crystals are less damaging but bear the risk of re-crystallization to large ice crystals during 

(slow) thawing (MAZUR et al. 1972; WOODS et al. 2004). When cell survival after freezing 

and thawing is plotted versus the cooling rate, this gives an inverted “U” curve. The optimal 

cooling rate is when damage due to dehydration and intracellular ice damage is minimal and 

cell survival after thawing is maximal (MAZUR et al. 1972). Optimal cooling and thawing 

rates depend on the type of cell as well as composition of the solution in which cells are 

cryopreserved. 

 

2.1.2 Cryoinjury of cellular membranes 

Cellular membranes are one of the primary sites of freeze-thaw damage. Such damage 

includes peroxidation of membrane lipids due to accumulation of reactive oxygen species 

(MacLEOD 1943; BURNAUGH et al. 2009). In addition, freezing affects the physical state of 

membrane lipids due to temperature-dependent (thermotropic) and dehydration-induced 

(lyotropic) phase changes (reviewed in AMANN and PICKETT 1987; PARKS and 

GRAHAM 1992). Thermotropic and lyotropic changes can result in lipid phase separation, 

membrane reorganization, and leakage of solutes (WOLKERS et al. 2007; 

BALASUBRAMANIAN et al. 2009; OLDENHOF et al. 2010). Thermotropic membrane 

phase transitions may occur upon cooling or warming of cells. Phospholipids generally have a 

defined membrane phase transition temperature (Tm), which is dependent on the chemical 

properties of the lipid. Above the Tm, membranes are in a fluid phase, whereas below the Tm 

they are in a more ordered gel phase in which the bilayer is tightly packed. Cellular 

membranes contain a variety of lipids and other components, resulting in a complex 
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membrane phase behavior. Phase separation may occur when different types of lipids, that are 

present in cellular membranes, enter the gel phase or remain in the liquid crystalline phase 

and reorganize into larger domains (DROBNIS et al. 1993). Cellular dehydration during 

freezing also results in water removal from the phospholipid head groups, which in turn 

increases van der Waals interactions between the -CH groups resulting in a stronger packing 

of the acyl chains. Slow freezing rates and high nucleation temperatures cause cellular 

membranes to undergo a lyotropic phase transition from a liquid crystalline to a highly 

ordered gel phase. OLDENHOF et al. (2010) postulated that there is a critical membrane 

hydration level, below which irreversible damage occurs. 

 

2.1.3 Osmotically induced cell volume responses 

Osmotic cell volume changes beyond the limits that cells can tolerate is a major source 

of damage during cryopreservation (reviewed in WATSON 1995). Osmosis involves the 

movement of water through the cellular membrane, from a compartment with a lower solute 

concentration towards a compartment with a higher solute concentration until the intra- and 

extracellular solute concentrations are equal. Thus, sperm exposed to hypertonic saline 

solutions shrink as water leaves through the plasma membrane whereas in hypotonic 

environment they swell due to water movement into the cell. Cell volume changes in 

anisotonic media can be quantified by the Boyle van ´t Hoff equation which describes the 

correlation between the normalized cell volume (V) and the reciprocal of the normalized 

osmotic pressure respective osmolality (M) of the external medium (modified after NOBEL 

1969): 

(1) 
o

biso

o

b

o V

V

M

M

V

V

V

V









 1  

where V is the cell volume at osmolality M, V0 the volume at isotonic conditions (Miso: 

300 mOsm kg
-1

), and Vb the osmotically inactive volume, the part of the cell volume which 

consists of solids and residual water which cannot leave the cell. The cell volume changes 

show linear behavior within narrow osmotic ranges: stallion sperm, for example, behave as 

ideal osmometers in an osmolality ranging from 150-900 mOsm kg
-1

 (POMMER et al. 2002). 

This means, the volume of osmotically available water in the cell is inversely related to the 

osmolality of non-permeable solutes in the extender. Vb can be derived from a Boyle van ´t 
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Hoff plot by extrapolation of the data to infinite osmolality, which corresponds to the 

interception point of the extrapolated line with the y-axis in the plot. 

Whether or not molecules can pass through cellular membranes depends on their 

polarity, size and charge. The amphiphilic nature of biological lipid membranes facilitates 

transport of small, uncharged polar molecules by simple diffusion whereas for charged or 

larger molecules it behaves as a barrier. Certain molecules can pass the membrane by 

facilitated diffusion with the help of transport channels or proteins, or through active 

transport. Hyperosmolarity after addition of non-permeating compounds can only be 

compensated for by water movement out of the cell. In contrast, if a permeating 

cryoprotectant is added to a cell suspension, the chemical potentials of both water and the 

cryoprotectant become equal in order to reach equilibrium between the intracellular and the 

extracellular milieu. Cell volume changes upon addition and removal of permeating solutes 

have been described by MAZUR (2010). In order to equilibrate the internal and external 

concentration, first the highly permeable water leaves the cell, resulting in an initial decrease 

in cell volume. The cryoprotectant enters the cell more gradually, and the subsequent increase 

of the total internal osmolality causes water influx, which results in an increase in cell 

volume. The transport of cryoprotective agent and water through the cell membranes 

continues until equilibrium is attained. Conversely, removal of the cryoprotective agent after 

thawing induces swelling of the cell, which can be detrimental if the volume limit is exceeded 

(GILMORE et al. 1995). 

 

2.2 Cryoprotective agents 

(Skim-) milk, egg yolk and glycerol are generally used cryoprotectants for 

cryopreservation of stallion sperm. Glycerol does not fulfill all demands of AMANN and 

PICKETT (1987) of an “ideal cryoprotectant”, including good water solubility, good 

permeating properties, and non-toxicity: it is permeating slowly, and it is toxic. Alternative 

cryoprotectants such as other alcohols and low-molecular weight amides have higher 

permeability coefficients than glycerol (determined by GLAZAR et al. 2009) and can 

permeate the cell membrane more quickly (SQUIRES et al. 2004). Many cryoprotectants, 

however, are toxic if exposure and concentration are not optimized. Glycerol, for example, 

may cause protein denaturation, alteration of the cytoskeleton and changes in cytoplasmic 
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events as well as direct alteration of the plasma membrane and the glycocalix (reviewed in 

ALVARENGA et al. 2005). 

Besides permeating cryoprotectants, sugars, polymers, and amphipathic compounds 

have been identified as cryoprotective agents. CROWE et al. (1990) showed that 

(disaccharide) sugars stabilize membranes under dehydrating conditions during freezing or 

drying by hydrogen bonding with polar head groups of phospholipids. High molecular weight 

colloids such as HES (hydroxyethyl starch) are good glass formers and increase the viscosity 

of the freeze-concentrated solution. In addition, they may also inactivate ice nuclei in the 

extracellular medium decreasing the amount of ice that is formed (reviewed in FULLER 

2004). 

 

2.3 Membrane permeability parameters, determined for the water transport model 

The water transport model describes cell volume changes during freezing as a function 

of cell dimension and membrane permeability parameters. The water transport model allows 

estimation of the optimal cooling rate for cryopreservation of cells based on cellular 

dehydration profiles obtained at different cooling rates. At the optimal cooling rate cell 

volume decreases to 5-15 % of the original cell volume at -30 °C. In this case, the remaining 

water cannot form intracellular ice (MAZUR 1984). The velocity of cell volume changes 

depends on the membrane permeability to water (Lp). Hydraulic conductivity is a property 

that is unique to a particular cell type. Furthermore cell permeability to water is affected by 

cryoprotective agents. 

Membrane permeability parameters can be determined by cryomicroscopy, electronic 

Coulter counter measurements (GILMORE et al. 1995) or flow cytometric measurements. 

Cryomicroscopy cannot be used for measurements of small or non-spherical cells such as 

sperm, and Coulter counter and flow cytometry cannot be used for volume measurements in 

the presence of ice. Subzero water transport parameters can be studied by differential 

scanning calorimetry (DSC). DSC measurements rely on the difference in heat release of ice 

formation during freezing between osmotically active and inactive (dead) cells 

(DEVIREDDY et al. 1998, 2002 a, b). OLDENHOF et al. (2010, 2012) used Fourier 

transform infrared spectroscopy (FTIR) to determine membrane phase behavior during 
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freezing of stallion sperm. Changes in membrane conformational disorder during the water-

to-ice-phase change can be studied directly.  

GLAZAR et al. (2009) determined Lp for stallion semen supplemented with 

cryoprotectants at suprazero temperatures, using Coulter counter measurements. Relatively 

little is known about Lp at subzero membrane temperatures. 

The hydraulic permeability displays Arrhenius behavior. The activation energy for 

water transport through membranes, ELp, can be calculated using the Arrhenius equation: 

(2) 

















R

Lp
pgp

TTR

E
LL

11
exp  

Lp is the membrane hydraulic permeability, Lpg the reference membrane hydraulic 

permeability at the reference temperature TR (0 °C), and R is the universal gas constant. 

 

2.4 Semen analysis 

2.4.1 Standard assessment 

Semen analysis is performed to assess the quality of an ejaculate, before it will be used 

for artificial insemination. Standard macroscopic evaluation includes determination of the gel-

free volume, color and consistency of native semen, as well as the concentration and the total 

number of sperm (BLANCHARD and VARNER 1996). Standard light microscopic 

spermatological characterization includes estimation of percentages of morphological 

abnormal sperm and motility. Furthermore, tests on sperm functions as summarized in 

BUSCH and HOLZMANN (2001) can be performed. Standard spermatological 

characterization in terms of motility does not necessary give information on sperm function. 

The predictive value of such parameters for fertility is controversial (reviewed by 

COLENBRANDER et al. 2003).  

A multitude of fluorescent dyes are available for analysis of plasma, acrosomal and 

mitochondrial membrane integrity (MOCÉ and GRAHAM 2008). A double staining with 

SYBR14 and propidium iodide (PI) allows for evaluation of plasma membrane integrity of 

the sperm head. SYBR14 can move across intact plasma membranes and fluoresces green 

upon binding of DNA, whereas PI only can penetrate cells with damaged membranes and 

fluoresces red upon DNA binding (GARNER et al. 1994; MERKIES et al. 2000). 
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2.4.2 Flow cytometric measurements 

Flow cytometry (FCM) allows for detection of fluorescent properties of single 

(fluorescently labelled) cells. For flow cytometric analysis, single particles in a sample 

separately pass through one or more light beams of a particular excitation wavelength 

(RAHMAN 2009), after which light scattering and fluorescence of the single particle are 

detected and counted. Band pass and long pass filters allow for selection of particular 

emission wavelengths. Forward and side scatter properties, which give information on cell 

size and granularity, are used to distinguished cells from debris. Using FCM, percentages of 

cells that are labelled with (several) specific fluorescent dyes as well as their fluorescence 

intensities can be determined, for large numbers of cells and samples within a very short time 

(GRAHAM 2001). 

 

2.4.3 Computer assisted sperm analysis 

Computer assisted sperm analysis (CASA) uses specialized software to recognize 

sperm that was recorded using a microscope equipped with a camera. It draws a digitized 

picture of each individual cell, records its movements over a particular time period, and 

calculates motility parameters including velocity and path. 

CASA applications are reviewed in VERSTEGEN et al. (2002); they include 

determination of sperm concentration, assessment of morphological aberrations and a variety 

of motility parameters. Motility parameters include total and progressive motility, as well as 

velocity and path characteristics (reviewed by MORTIMER 2000). Furthermore, CASA 

systems can be equipped with fluorescence microscopic parts. Using such a setup allows 

parallel assessment of motility and plasma membrane integrity when samples are stained 

using PI and SYBR14 as described above (SCHÄFER-SOMI and AURICH 2007).  

The guidelines concerning semen preparation, calibration and technical settings have 

been reviewed in MORTIMER (2000). 
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2.5 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is one of the few techniques to study 

freezing-induced changes in structure and conformation of sperm plasma membranes that 

does not require labeling (WOLKERS et al. 2007). It is a technique based upon the 

interactions between electromagnetic waves and molecular structures. Molecular bonds 

vibrate at various -in each case specific- frequencies, depending on the mass of the atoms and 

the type of bonds. According to quantum mechanics, molecular vibrations can only take place 

at discrete energy levels. Transition to a higher or a lower energy level occurs by absorbing or 

emitting energy (SCHWEDT 1997). 

The mid IR region ranges from 400 to 4000 cm
-1

. When the frequency of the IR 

radiation is the same as the vibrational frequency of a bond, the bond will be excited into a 

higher energy level coinciding with absorption. Examination of the transmitted light reveals 

how much energy was absorbed at each frequency. Nowadays, infrared spectra are mostly 

recorded using Fourier transformation techniques. The “Fourier transformation”, a 

mathematical algorithm, is used to convert the raw data of the measured interferogram into 

the desired spectrum. This spectrum represents the molecular absorption or transmission, 

creating a molecular fingerprint of the sample. No two unique molecular structures produce 

the same infrared spectrum. Any given absorption peak in the spectrum corresponds to a 

characteristic chemical bond in the sample. Certain absorption bands can be assigned to 

defined parts of the molecule which simplify the interpretation of spectra. A molecular group 

in a molecule can vibrate in different ways (vibrational modes). Figure 2.1 shows the six 

possible vibrational modes of –CH2, the most abundantly present functional group in 

phospholipid membranes: symmetric and asymmetric stretching, scissoring, rocking, wagging 

and twisting. 

The CH2 stretching vibration, for example, has been used to detect phase transitions in 

lipids (CHAPMAN et al. 1967), isolated biological membranes (CASAL and MANTSCH 

1984) and cells (CROWE et al. 1989; WOLKERS et al. 2007; OLDENHOF et al. 2010), 

whereas bands arising from H2O molecules can be used to determine the water to ice phase 

change during cooling. 
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Fig. 2.1 Schematic illustration of the possible vibrational modes of the atoms in the –CH2 group: symmetric and 

asymmetric stretching, scissoring, rocking, wagging and twisting. The C-atoms are pictured yellow, the H-atoms 

blue. The C-H bonds are signed as balks. Movements of the H-atoms are indicated by arrows (first moving: solid 

line; second moving: dashed line), the present recoils of the C-atoms are not indicated because they are much 

smaller. Dimensions of the atoms are not given in scale. 

 

2.5.1 Examination of membrane properties 

The temperature dependence of the symmetric CH2 stretching vibrations arising from 

the lipid acyl chains of sperm membranes can be used to study membrane phase behavior 

during cooling. Changing the temperature and / or the hydration level will alter the 

intermolecular van der Waals forces and thus the energy (wavenumber position) of the CH2 

vibrations which is displayed in the acquired FTIR spectra: WOLKERS et al. (2007), 

BALASUBRAMANIAN et al. (2009) and OLDENHOF et al. (2010) recently showed that ice 

formation causes membranes to undergo a fluid to gel phase transition. Acquiring spectra 

during freezing of stallion sperm thus provides information about membrane phase state at 
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low subzero temperatures. Likewise, kinetics of ice formation and water permeability (Lp) 

can be studied. Complementary to these, the present study examines the membrane phase 

behavior of stallion sperm in the absence and presence of various cryoprotectants with 

different permeability properties. Glycerol and ethylene glycol as well as sucrose and HES 

were studied. Ethylene glycol, a low molecular weight cryoprotectant permeates through the 

plasma membrane more rapidly than glycerol (Lp(EG): 1.19 µm min
-1

 atm
-1

 versus Lp(GLY): 

0.74 µm min
-1

 atm
-1

; at 22 °C, determined by GLAZAR et al. 2009) whereas sucrose, a 

disaccharide, and HES, a polymer, cannot permeate cellular membranes at all. Sucrose is 

osmotically active, whereas HES is not. 

The used cryoprotectants affect water transport across cellular membranes in different 

ways (GLAZAR et al. 2009). The membrane hydraulic permeability, Lp, and corresponding 

activation energy, ELp, have been determined by FTIR spectroscopy for every cryoprotectant 

and for different concentrations. The subzero hydraulic conductivity of cellular membranes is 

one of the key parameters determining the cooling rate needed for successful cryopreservation 

(LEVIN et al. 1976). 
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3 MATERIALS AND METHODS 

3.1 Semen collection, processing and cryopreservation 

Semen used for the experiments described in this study, was collected from stallions of 

the Hanoverian warmblood breed which were held at the Unit for Reproductive Medicine of 

the University of Veterinary Medicine Hannover and at the National Stud of Lower Saxony, 

Celle, Germany. For freezing experiments, two ejaculates from each of six stallions were 

used. Stallions were kept in box stalls bedded with straw, were fed oats and hay three times a 

day, and water was freely available. Semen was collected from October to February, during 

the non-breeding season. A breeding phantom was used, and an artificial vagina (model 

“Hannover”; Minitube, Tiefenbach, Germany). Each ejaculate was filtered to remove the gel 

portion. After evaluating the concentration using a photometer (SpermCue; Minitube, 

Tiefenbach, Germany), semen was diluted directly with pre-warmed INRA82 at 50 x 10
6
 

spermatozoa mL
-1

. INRA82 was prepared as described in VIDAMENT et al. (2000) by 

mixing equal parts ultra-heat treated skim milk and glucose-saline solution, resulting in: 

0.15 % skim milk, 25 g L
-1

 glucose monohydrate, 1.5 g L
-1

 lactose monohydrate, 1.5 g L
-1

 

raffinose pentahydrate, 0.4 g L
-1

 potassium citrate monohydrate, 0.25 g L
-1

 sodium citrate 

dihydrate, 4.76 g HEPES, 500 mg L
-1

 penicillin, 500 mg L
-1

 gentamicin. 

In order to remove seminal plasma, extended semen was centrifuged at 1000 x g for 12 

min, using conical tubes with 1 mL cushion fluid (OptiPrep; Axis-shield, Oslo, Norway) 

according to SIEME et al. 2006. After centrifugation, the layer of cushion fluid and the 

supernatant existing of extender and seminal plasma were removed. The sperm pellet was 

resuspended and the concentration was determined using a NucleoCounter SP-100 

(ChemoMetec A/S, Allerød, Denmark). After that, the resuspended sperm were diluted with 

fresh INRA82 at 100 x 10
6
 cells per mL. 

For cryopreservation various concentrations of glycerol, ethylene glycol, sucrose 

(GLY, EG, SUC; Sigma-Aldrich, St. Louis, MO, USA) and hydroxyethyl starch of 70 kDa 

(HES; Leopold, Graz, Austria) were tested as cryoprotective agents. The osmotic active, 

permeating cryoprotectants glycerol and ethylene glycol were used at concentrations of 

75 mM, 150 mM, 343 mM, 550 mM, 700 mM and 1300 mM. A 2.5 % (v/v) concentration 

glycerol, which is used in standard freezing protocols, corresponds to 343 mM. The osmotic 
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active, but non-permeating sugar sucrose was tested at concentrations of 20 mM, 37.5 mM, 

75 mM, 150 mM, 343 mM and 550 mM. HES is osmotic inactive and was used at weight 

concentrations of 1 %, 2.5 %, 5 %, 7.5 % and 10 %. 

INRA82 supplemented with two times the desired final concentration of 

cryoprotective agent was prepared. Osmolalities were measured after dilution with an equal 

amount of INRA82 using a freezing point depression osmometer (Osmomat 030; Gonotec 

GmbH, Berlin, Germany). Aliquots of 2 mL were prepared and frozen for use for experiments 

that were performed at separate days, to ensure similar cryoprotectant concentrations amongst 

experiments. All concentrations of all cryoprotective agents were tested on the same ejaculate. 

One ejaculate of one stallion was tested per day. 

For dilution in freezing extender, 1.2 mL of the solution described above was added 

slowly to an equal volume of diluted semen that was centrifuged and resuspended in INRA82 

(100 x 10
6 

cells mL
-1

) as described above. This resulted in 2.4 mL sample, with 50 x 10
6 

cells 

mL
-1

 and the specified concentrations of cryprotective agents. These samples were cooled 

down to 5 °C in a water bath, and hold there for 1 h. Three 0.5 mL straws were filled from 

each sample. These were cooled down to -140 °C at 60 °C min
-1

, using a controlled rate 

freezer (Mini-Digitcool; IMV-Technologies, L’Aigle, France) and stored in liquid nitrogen. 

The remaining volume was kept at 5 °C and used for pre-freeze measurements, which were 

performed within 4 h. Post-freeze analysis was done after storage for at least for one day in 

liquid nitrogen. Thawing was done in a water bath of 37 °C for 30 s. 

 

3.2 Assessment of sperm motility and viability using computer assisted sperm analysis 

(CASA) in various freezing extenders 

The percentages of total and progressive motile spermatozoa, as well as viability were 

evaluated using the computer assisted sperm analysis (CASA) system SpermVision 

professional (Minitube, Tiefenbach, Germany). 

The CASA setup included an Olympus BX41 fluorescence microscope and a DALSA 

PT-40-04 M60 camera for motility and a BASLER A641fc camera for viability 

measurements. The video mode of the BASLER camera was set to 1280 x 960 pixels, YUV 

(4:2:2) color code, and 7.5 frames per second. The DALSA camera was set to 900 x 900 

pixels, mono code, and 60 frames per second. 
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The following CASA software settings were used. For cell recognition for motility 

measurements, the minimum cell size was set to 7 μm
2
 and the maximum cell size to 90 μm

2
. 

For cell path smoothing, 7 points were used. Average path velocity (VAP) cut-off for total 

motile cells was set to 20 μm s
-1

, VAP cut-off for progressive motile cells to 50 μm s
-1

, and no 

additional particle filtering was used. Data were collected for 6 fields or 6000 cells. For 

viability measurements green areas between 15 μm
2
 to 600 μm

2
 were identified as viable 

cells, with a maximum single cell area of 260 μm
2
. Red areas between 10 μm

2
 and 1200 μm

2
 

were identified as non-viable cells, with a maximum single cell area of 400 μm
2
. Viability 

data were collected for 6 fields or 2500 cells. Motility and viability were determined as 

averages from six fields. 

Fifty μL extended semen (50 x 10
6
 cells mL

-1
 in freezing extender; before freezing as 

well as after freezing and thawing) was stained with 1 μL 187.5 μM propidium iodide (PI; 

Sigma-Aldrich, St. Louis, MO, USA) and 0.65 μL 10 μM SYBR14 in DMSO (LIVE/DEAD 

sperm viability kit; Molecular probes, Eugene, OR, USA). This resulted in final 

concentrations of 3.75 μM PI
 
and 130 nM SYBR14. All cell membranes are permeable for 

SYBR14, which fluoresces green upon binding to DNA. PI can only enter cells with damaged 

plasma membranes. If it is able to permeate the cell, it replaces SYBR14 and fluoresces red 

upon binding of DNA. As a consequence, plasma membrane damaged cells fluoresce red 

(Fig. 3.1, A), and cells with intact plasma membranes fluoresce green (Fig. 3.1, B). Cells that 

are both PI negative and SYBR14 positive are considered viable. After 10 min incubation in 

darkness (5 min at room temperature, followed by 5 min at 37 °C) chambers of a Leja 20 

micron four chamber slide (Leja Products B.V.; GN Nieuw Vennep, Netherlands) were 

loaded with a 2.9 μL drop, maintained at 37 °C, and motility and viability measurements were 

performed with the settings described above. 
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Fig. 3.1 Excitation (ex) and emission (em) spectra of the PI-DNA complex in membrane damaged sperm which 

fluoresces red (A) and the SYBR14-DNA complex in membrane intact sperm which fluoresces green (B). 

 

3.3 Assessment of viability using flow cytometric measurements after return to isotonic 

medium 

Viability was also determined using a flow cytometer (FCM; Cell Lab Quanta SC 

MPL, Beckman-Coulter, Fullerton, CA, USA). In contrast to CASA measurements which 

were performed in (hypertonic) freezing extender, FCM measurements were done after 

dilution in isotonic medium. The flow cytometer is equipped with a 488 nm argon ion laser of 

22 mw for excitation and a filter setup which includes band pass (BP) 525/30 nm and long 

pass (LP) 670 nm filters for detecting green and red fluorescence, respectively (Fig. 3.1). 

HEPES-buffered saline (HBS) solution of 300 mOsm kg
-1

 (20 mM HEPES, 137 mM NaCl, 

10 mM glucose, 2.5 mM KOH; pH 7.4) was used as incubation medium as well as sheath 

fluid. Similar as for CASA viabiltiy measurements, sperm were stained with PI and SYBR14. 

Therefore, 5 μL of sperm sample (50 x 10
6
 cells mL

-1
) was diluted in 492 μL HBS and then 

2 μL 0.75 μM PI and 1 μL 0.5 μM SYBR14 were added, resulting in final concentrations of 

0.5 x 10
6
 cells mL

-1
, 3 μM PI and 1 nM SYBR14. Incubations were performed in darkness, 

for 10 min at room temperature. A minimum of 5000 cells were measured, that were selected 

on the basis of electronic volume and side scatter properties. A sheath fluid rate of 

approximately 30 μL min
-1

 was used, resulting in 200-500 counts per second. 
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3.4 Fourier transform infrared spectroscopy (FTIR) measurements 

3.4.1 Semen processing for FTIR studies 

For FTIR measurements, semen was diluted with INRA82 at 200 x 10
6
 cells per mL

 

directly after collection. Then an equal volume of INRA82 supplemented with two times the 

desired final concentration of cryoprotective agent was added. Concentrations of 343 mM and 

700 mM of osmotic active cryoprotectiva were tested. This corresponds to 2.5 % and 

5.0 % (v/v) glycerol, 1.9 % and 3.8 % (v/v) ethylene glycol, 7.5% and 15.0% (v/v) sucrose. 

The osmotic inactive HES was used at a concentration of 7.5 % (w/v).  

For FTIR studies, extended semen (prepared as described above) was kept at room 

temperature and transported in a polystyrene box to the Institute of Multiphase Processes at 

the Leibniz Universität Hannover, where FTIR measurements were performed within 2-8 h 

from the time of semen collection. Prior to measurements, 3 mL sample (50 x 10
6 

cells mL
-1

) 

was centrifuged for 5 min at 2000 x g, the supernatant was removed and approximately       

10-20 μL of the hydrated pellet was sandwiched between two CaF2 windows. 

 

3.4.2 FTIR measurements 

Infrared absorption measurements were done using a Perkin-Elmer 100 Fourier 

transform infrared spectrometer (Perkin-Elmer, Norwalk, CT, USA), equipped with a narrow 

band Mercury/Cadmium/Telluride (MCT) liquid nitrogen cooled IR-detector. The optical 

bench was continuously purged with dry air from an FTIR-purge gas generator (Whatman 

Clifton, NJ, USA). The acquisition parameters were 4 cm
-1

 resolution, eight co-added 

interferograms and 4000-900 cm
-1 

wavenumber range. A variable temperature FTIR sample 

holder was used, that was connected with a heater device (Harrick Scientific Products, 

Pleasantville, NY, USA) and a Linkam pump system for using liquid nitrogen as a coolant 

(Linkam Scientific Instruments, Tadworth, Surrey, UK). The sample temperature was 

monitored using a thermocouple that was located close to the sample. Cooling scans were 

performed in which the temperature was decreased from 20 °C to -40 °C at 1 °C min
-1

. 

Spectra were acquired every 20 s. Generally, stochastic ice nucleation occurred around           

-15 °C. Higher nucleation temperatures were induced by touching the sample edge using a 

liquid nitrogen cooled copper wire. 
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Spectra analysis and display were carried out using Perkin-Elmer software (Perkin-

Elmer, Norwalk, CT, USA) and Omnic software (Thermo-Nicolet, Madison, WI, USA). Data 

analysis of membrane phase behavior and ice formation during freezing was done as 

previously described (OLDENHOF et al. 2010; AKHOONDI et al. 2011). Second derivative 

spectra were obtained using a 13 point smoothing factor. Membrane conformational disorder 

was monitored by observing the position of the CH2 symmetric stretching band at 

approximately 2850 cm
-1

 (CH2). Wavenumber versus temperature plots were constructed for 

different ice nucleation conditions and the effect of ice formation on membrane 

conformational disorder was determined. The slope (dCH2/dT) at the freezing-induced 

membrane phase transition was calculated using first derivative analysis and used as a 

measure for the membrane dehydration rate. Ice formation was monitored by following the 

position and area (A) of the H2O-libration and -bending band at approximately 2200 cm
-1

 

(A(H2O)). Ice nucleation temperatures (Tn) were determined from A(H2O) versus 

temperature plots, as the onset-point at which the H2O band area sharply increased.  

 

3.4.3 Water transport model during freezing 

The reduction in cellular volume that occurs during freezing has been described by the 

water transport model (MAZUR 1963, 1984; LEVIN et al. 1976; TONER et al. 1990). To 

incorporate the effects of cryoprotectants on the volume response it has been modified 

(KARLSSON et al. 1993; DEVIREDDY et al. 2002) as described by the following equation: 

(3) 
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Parameters and variables for equation (3) and (2) are summarized in Table 3.1. The 

permeability of the plasma membrane to water (Lp; m s
-1

 Pa 
-1

) is defined by an Arrhenius 

relationship: 
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Lpg is the membrane hydraulic permeability at 0 °C, and ELp is the apparent activation 

energy for water transport through the membranes during freezing (in J mol
-1

). Dimensions of 

stallion sperm were taken from DEVIREDDY et al. (2002). 
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3.4.4 Membrane permeability parameters 

Methods to derive membrane permeability parameters (Lp, ELp, Lpg) from freezing 

induced membrane phase behavior data determined by FTIR has been described in detail 

elsewhere (OLDENHOF et al. 2010; AKHOONDI et al. 2011). It is assumed that the freezing 

induced shift in CH2 is proportional to the reduction in cellular volume that occurs due to 

water transport out of the cell in response to freezing. 

For different ice nucleation temperatures, CH2 wavenumber position versus 

temperature plots were constructed. To correct for the thermotropic decrease in CH2 with 

decreasing temperature, prior to normalization a baseline correction was performed. Then the 

shift in CH2 was scaled such that the normalized volume was 1 just before freezing-induced 

dehydration, and the maximum shift in CH2, as obtained at the highest nucleation 

temperature, corresponds to maximum cellular dehydration (Vb, equals 0.6V0). Partial 

dehydration, as obtained at lower nucleation temperatures, was scaled relative to this. This 

results in the V/V0 versus temperature plots for different nucleation conditions. The slope at 

nucleation was determined from these plots, and was multiplied with V0 to obtain dV/dT, 

which in turn was used to calculate the membrane hydraulic permeability (Lp) using equation 

(3). The natural logarithm of Lp was plotted as a function of the inverse of the nucleation 

temperature in an Arrhenius plot, which was used to derive the activation energy (ELp) and the 

membrane hydraulic permeability at 0 °C (Lpg). 
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Table 3.1 Water transport model parameters and variables used in equations (1), (2) and (3). Dimensions of 

stallion sperm were taken from DEVIREDDY et al. (2002). 

PARAMETER or VARIABLE VALUE UNIT VALUE SI UNIT 

T temperature (variable) K (variable) K 

TR reference temperature 273.15 K 273.15 K 

V cell volume (variable) µm3 (variable) m3 

V0 isotonic cell volume 50 µm3 50 x 1018 m3 

Vb osmotic inactive cell volume 30  a µm3 30 x 1018 m3 

Lp membrane hydraulic permeability (variable) µm min-1 atm-1 (variable) m s-1 Pa-1 

Lpg reference membrane hydraulic permeability 

at TR 

(parameter) µm min-1 atm-1 (parameter) m s-1 Pa-1 

ELp activation energy for the permeation process (parameter) kcal mol-1 (parameter) J mol-1 

A membrane surface area of the cell 150 a µm2 150 x 10-12 m2 

R universal gas constant 8.206 x 1013 

1.986 x 10-3 

µm3 atm K-1 mol-1 

kcal K-1 mol-1 

8.314 J K-1 mol-1 

B cooling rate 1 K min-1 0.0167 K s-1 

vw molar volume of water 18 x 1012 µm3 mol-1 18 x 10-6 m3 mol-1 

vs dissociation constant of salt 2 - 2 - 

ns number of moles of solutes in the cell 5.694 x 10-15 mol 5.694 x 10-15 mol 

∆Hf heat of fusion of water 1.44 kcal mol-1 6011 J mol-1 

 

3.5 Statistical analysis 

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

USA), according to advise given at the Institute for Biometry and Epidemiology of the 

University of Veterinary Medicine Hannover. Data were tested for normal distribution, after 

which differences between effects of different cryoprotectants and concentrations of a 

particular cryoprotectant were analyzed using variance analysis according to Friedman. 

Differences were taken to be statistically significant when p < 0.05. Data are presented as 

arithmetic mean ± standard deviation, unless otherwise stated. 
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4 RESULTS 

4-1 Cryoprotectants and their effect on motility and viability of stallion sperm before 

and after cryopreservation 

4-1.1 Use of cryoprotectants with various permeability properties 

The effects of cryoprotectants with various permeability properties have been 

determined on pre- and post-freeze motility and viability (Fig. 4-1.1; Table 4-1.1). The 

cryoprotectants that were tested included the permeable cryoprotectants glycerol (GLY) and 

ethylene glycol (EG). In addition, the non-permeable cryoprotectant sucrose (SUC) was 

tested. Cryoprotectant concentrations and measured osmolalities of the extenders that were 

used are listed in Table 3-1.1. Pre- and post-freeze percentages of motile and viable stallion 

sperm in freezing extender were determined using computer assisted sperm analysis (CASA). 

In addition, viability was determined using flow cytometric analysis (FCM) for samples 

diluted in isotonic HBS, which could be considered as survival after return to isotonic 

conditions. 

Before freezing, for semen that was diluted in INRA82 without cryoprotectants, total 

motility (66.5 ± 9.3 %) and viability in freezing extender (68.1 ± 10.1 %) as well as after 

dilution in isotonic HBS (75.0 ± 9.8 %) were higher as compared to motility and viability 

after dilution in extender supplemented with cryoprotective agent. No clear differences in 

percentages of plasma membrane intact cells in freezing extender were observed with 

increasing concentrations of GLY and EG (Fig. 4-1.1, B), whereas total motility decreased 

down to round 45 % when using 1300 mM GLY or EG. Flow cytometric measurements 

showed a decrease in viable cells when using concentrations higher than 700 mM. Sperm that 

was diluted using INRA82 supplemented with 1300 mM GLY showed a lower viability after 

dilution in isotonic buffer as compared to samples supplemented with a similar concentration 

of EG (35.6 ± 10.5 % versus 51.4 ± 8.4 %). When semen was diluted in INRA82 

supplemented with SUC, this resulted in a decreased motility when concentrations higher than 

75 mM were used, whereas viability in freezing extender did not decrease for SUC 

concentrations up to 343 mM. Flow cytometric measurements after dilution in isotonic HBS 

already resulted in a decreased viability when semen was extended using SUC concentrations 

higher than 150 mM. 
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Fig. 4-1.1 Percentages of motile and plasma membrane intact PI/SYBR14 stained stallion sperm in extender of a given osmolality, as determined using CASA (A, B, D, E) and as determined 

after return to isotonic conditions using FCM (C, F), before (A-C) and after (D-F) freezing and thawing. Semen was diluted and frozen in INRA82 supplemented with increasing concentrations 

of glycerol (GLY), ethylene glycol (EG) or sucrose (SUC). Motility and viability (plasma membrane intact: PI negative / SYBR14 positive sperm) are plotted as a function of the cryoprotective 

agent concentration as indicated in molarity. Data represent means ± standard deviations of six stallions, two ejaculates each. 
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The highest post-thaw motility (Fig. 4-1.1, D) and viability in freezing extender 

(Fig. 4-1.1, E) were found when 550 mM GLY or EG were used. Sperm extended using EG, 

however, showed slightly lower motility as compared to semen that was diluted with extender 

supplemented with GLY. When using SUC as a cryoprotective agent, the highest percentage 

of motile sperm after thawing (Fig. 4-1.1, D) was observed when 75 mM was added. Viability 

in freezing extender, however, did not decrease for concentrations up to 550 mM (Fig. 4-1.1, 

E). Whereas no differences in pre-freeze viability after dilution in isotonic buffer were seen 

for sperm extended using GLY or EG concentrations up to 700 mM, post-thaw viability 

showed an optimum when using extenders supplemented with 343 mM GLY or 550 mM EG 

(Fig. 4-1.1, F). When using SUC as a supplement, the highest percentage of membrane intact 

sperm after dilution in isotonic buffer was found between 37.5 and 75 mM. This coincided 

with the highest post-thaw motility. Samples that were diluted with higher concentrations 

showed decreased viability upon dilution into isotonic HBS, before as well as after 

cryopreservation. 

 

4-1.2 Use of cryoprotectants with different osmotic activity 

Similar as described above the effects of cryoprotective agents with different osmotic 

activity on pre- and post-freeze motility and viability were determined (Fig. 4-1.2,       

Table 4-1.1). Therefore, the effects of SUC which is osmotic active were compared with those 

of the osmotic inactive protectant HES (hydroxyethyl starch). Both are non-permeable 

protectants, which means that they cannot move across cellular membranes. Concentrations of 

SUC and HES that were used and measured extender osmolalities are listed in Table 3-1.1. 

Addition of increasing concentrations of SUC or HES to INRA82 resulted in a 

decrease of the total motility (Fig. 4-1.2, A). No motile cells were detected for SUC 

concentrations higher than 7.5 %, whereas the use of 10 % HES only resulted in a decrease of 

motility of about 20 % as compared to INRA82 without supplements. When using HES up to 

concentrations of 10 %, viability did not decrease, neither in freezing extender (Fig. 4-1.2, B) 

nor after dilution into isotonic HBS (Fig. 4-1.2, C). Where an optimum SUC concentration of 

round 2.6 % was determined for post-thaw motility and viability after dilution in isotonic 

buffer, post-thaw motility (Fig. 4-1.2, D) and viability in freezing extender (Fig. 4-1.2, E) as 

well as after dilution in HBS (Fig. 4-1.2, F) increased with increasing HES concentrations. 
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Fig. 4-1.2 Percentages of motile and plasma membrane intact PI/SYBR14 stained stallion sperm in extender of a given osmolality, as determined using CASA (A, B, D, E) and determined after 

return to isotonic conditions using FCM (C, F), before (A-C) and after (D-F) freezing and thawing. Semen was diluted and frozen in INRA82 supplemented with increasing concentrations of 

sucrose (SUC) and hydroxyethyl starch (HES). Motility and viability (plasma membrane intact: PI negative / SYBR14 positive sperm) are plotted as a function of the cryoprotective agent 

concentration as indicated in weight percentages. Data represent means ± standard deviations of six stallions, two ejaculates each. 
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Table 4-1.1 Pre- and post-freeze characteristics for stallion sperm diluted and frozen in INRA82 supplemented with various cryoprotectants (CPAs). Concentrations of GLY and EG are 

indicated in v/v-%, SUC ad HES concentrations in w/v-%, as well as extender osmolalities. Motility was determined using computer assisted sperm analysis (CASA). Viability as membrane 

integrity was determined as (im)permeability of cells for Sybr14/PI (viable: Sybr14 positive and PI negative cells), both in extender using CASA and after dilution in isotonic buffer using flow 

cytometry (FCM). Means ± standard deviations were calculated for six stallions, two ejaculates each. Values with different letter combinations abc differ significantly within a concentration series 

of a particular CPA. Values with different number combinations 123 differ significantly within different CPAs used at the same concentration (p < 0.05). 

    PRE-FREEZE   POST-FREEZE  

CPA concentration extender 

osmolality 

 CASA                                             

motile cells                   viable cells 

FCM              

viable cells 
 CASA                                             

motile cells                  viable cells 

FCM             

viable cells 

 (mM) (%) (mOsmkg-1)  (%) (%) (%)  (%) (%) (%) 

GLY 0 0 312  66.46±9.28 c 68.07±10.08c 74.86±9.84 b  14.71±6.98 a 16.02±6.80 a 17.78±9.77 bc 

 75 0.55 388  58.77±11.22 bc 67.10±9.69 ac 73.51±11.40 b  20.81±7.50 ab 12 26.62±12.74 ab 12 17.09±6.68 b 

 150 1.09 465  59.67±11.75 c 62.84±13.90 a 73.42±11.60 b  21.96±11.02 ab 26.20±16.10 ab 12 21.56±6.83 bc 

 343 2.50 672  58.53±7.12 c 62.23±10.91 a 74.17±10.61 b 1  24.40±9.40 b 13 30.49±10.23 b 12 27.31±10.60 c 2 

 550 4.01 910  57.21±10.34 c 2 64.33±17.65 ac 73.04±11.10 b 12  25.26±8.20 b 33.04±11.23 b 12 25.30±6.85 bc 

 700 5.11 1091  48.45±9.11 ab 2 62.40±9.83 a 71.70±11.09 b 2  22.39±13.83 ab 2 28.04±13.28 b 1 21.32±8.21 bc 12 

 1300 9.49 1916  44.34±9.64 a 2 63.14±10.16 ac 35.60±10.48 a 1  21.89±10.13 ab 3 27.81±16.96 ab 12 10.68±2.16 a 2 

EG 0 0 312  66.46±9.28 b 68.07±10.08 b 74.86±9.84 b  14.71±6.98 b 16.02±6.80 ab 17.78±9.77 bc 

 75 0.42 387  60.16±8.79 a 67.45±5.27 ab 74.48±12.40 b  18.08±4.28 abc 12 28.13±10.51 c 12 14.94±5.05 b 

 150 0.84 464  57.77±8.26 a 67.42±9.68 ab 73.68±11.85 b  16.33±3.83 abc 26.21±5.42 a 1 18.46±5.22 bc 

 343 1.91 669  56.87±11.17 a 64.86±9.22 ab 74.71±11.64 b 12  15.65±6.84 abc 1 24.66±9.97 a 1 15.79±5.75 bc 1 

 550 3.07 898  53.15±10.99 a 2  64.51±7.71 ab 72.43±9.85 b 12  21.86±7.85 c 31.24±10.64 c 1 23.88±8.43  bc 

 700 3.90 1071  59.74±5.90 a 3 62.20±12.30 a 74.62±9.71 b 2  20.79±10.84 bc 2 26.68±12.38 bc 1 19.07±8.14 c 12 

 1300 7.25 1832  47.58±12.15 a 2 62.04±14.35 ab 51.42±8.37 a 2  9.68±5.96 a 2 12.86±9.75 a 1   4.45±2.07 a 1 

SUC 0 0 312  66.46±9.28 c 68.07±10.08 b 74.86±9.84 c  14.71±6.98 b 16.02±6.80 a 17.78±9.77 ac 

 20 0.68 337  61.35±8.23 c 65.69±13.62 b 72.69±11.58 bc  23.59±10.73 b 2 29.68±18.08 ab 2 17.38±11.08 ac 

 37.5 1.28 364  61.45±13.41 c 68.99±9.49 b 72.30±12.08 bc  22.98±7.59 b 35.32±14.91 b 2 25.13±10.88 c 

 75 2.57 408  56.01±10.34 c 2 67.57±11.61b  74.23±9.22 c 12  27.41±9.61 b 3 40.38±15.54 b 2 25.57±11.70 c 2 

 150 5.13 502  31.43±9.29 b 1 71.83±11.12 b 64.60±13.65 b 1  16.95±11.17 b 43.32±15.69 b 2 18.96±7.51 bc 

 343 11.74 866  4.96±1.88 a 1 67.52±13.56 b 43.63±12.41a 1  4.43±3.62 a 1 42.67±14.28 b 2 15.90±6.98 ab 1 

 550 18.83 1195  2.47±2.02 a 1 41.08±20.29 a 30.08±13.47 a 1  3.69±1.91 a 1 36.26±12.71 b 2 12.19±9.58 a 12 

HES  0 312  66.46±9.28 c   68.07±10.08    74.86±9.84   14.71±6.98 ab 16.02±6.80 a 17.78±9.77 abc 

  1.0 319  59.66±7.25 bc 67.43±6.12  75.11±9.53   12.16±6.75 a 1 15.89±9.65 ab 1   8.98±3.53 a 

  2.5 321  54.64±7.92 bc 64.61±10.08  74.33±9.87   14.49±7.45 ab 21.29±9.34 ab 1 14.39±4.54 ab 

  5.0 335  48.80±7.11 a 66.19±9.75  76.48±8.65 2  16.06±4.12 ab 2 29.13±8.66 bc 1 18.22±8.77 bc 1 

  7.5 359  54.81±13.13 ac 2 68.97±15.94  76.53±9.93 2  19.15±4.67 b  33.18±7.87 c 12 23.83±5.37 bc  

  10.0 368  43.47±7.91 a 2 63.74±13.81  78.21±9.51 2  17.21±5.98 b 2 32.83±13.25 c 1 29.07±8.83 c 2 
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4-2 Freezing-induced membrane phase behavior in the absence and presence of various 

cryoprotective agents 

4-2.1 FTIR spectra of stallion sperm during freezing 

FTIR was used to study membrane phase behavior of sperm during freezing. In  

Fig. 4-2.1 A, in situ FTIR absorption spectra are shown of stallion sperm in INRA82. Spectra 

were collected during cooling from 20 °C to -40 °C at 1 °C min
-1

 while ice nucleation was 

induced at -2 °C. In this figure the H2O-libration and -bending combination band at 2200 cm
-1

 

is indicated (red box, dashed line) which arises from water, and the symmetric membrane 

lipid CH2 stretching vibration band at 2852 cm
-1

 (red box, solid line) which arises from 

membrane lipids. In panel B, the area under the H2O-libration and -bending combination band 

(A(H2O)) and CH2 band position (CH2) are plotted as a function of the sample temperature. 

The ice nucleation temperature (Tn) is determined as the onset-point at which A(H2O) 

sharply increases (right axis, blue triangles). Changes in membrane fluidity are evident as a 

change of CH2 to a lower wavenumber position during cooling (left axis, black circles). At 

suprazero temperatures, stallion sperm membranes are in the fluid phase. Upon ice nucleation 

they undergo a phase transition and form a highly ordered gel phase. 

 

Fig. 4-2.1 Stallion sperm pellet in INRA82 was cooled from 20 °C to -40 °C at 1 °C min
-1

 and nucleated at -2 °C 

(Tn, indicated with an arrow). Panel A shows FTIR absorption spectra as a function of the temperature. Indicated 

are the symmetric membrane lipid CH2 stretching vibration band at 2852 cm
-1

 arising from membrane lipids, and 

the H2O-libration and -bending combination band at 2200 cm
-1

 arising from water. In panel B, the CH2 band 

position and H2O band area are plotted as a function of the sample temperature, illustrating membrane phase 

behavior (left axis, black circles) and ice formation (right axis, blue triangles) during cooling. 
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4-2.2 Nucleation temperature and extender composition affect membrane phase behavior 

Fig. 4-2.2 illustrates membrane phase behavior during cooling for decreasing 

nucleation temperatures (panel A) as well as for freezing of sperm in solutions with different 

protectants (panel B). The data points reflect the CH2 wavenumber shift (∆CH2) from 0 °C 

to -30 °C, which visualizes the extent of membrane dehydration. Freezing-induced membrane 

dehydration (dCH2/dT in cm
-1

 °C
-1

) was determined as the slope at the onset of nucleation 

from CH2 versus temperature plots.  

Panel A shows that the extent of membrane dehydration and temperature range during 

which membrane dehydration takes place are dependent on the ice nucleation temperature Tn. 

At low nucleation temperatures that result in supercooling, membranes remain relatively fluid 

and a small amount of dehydration occurs relatively gradual. Increasing the nucleation 

temperature, results in an increased membrane dehydration that takes place during a smaller 

temperature range. At the highest tested nucleation temperature the membranes undergo the 

most profound membrane phase transition. 

 

Fig. 4-2.2 Membrane phase behavior of stallion sperm pellet cooled from 20 °C to -40 °C at 1 °C min
-1

, with ice 

nucleation induced at various temperatures (A). Nucleation temperatures (Tn) are indicated with arrows. Panel B 

shows membrane phase behavior during cooling for sperm frozen in different solutions: saline solution (HBS; 

open circles), skim milk extender (INRA82; closed circles), and skim milk extender supplemented with glycerol 

(5% GLY; yellow circles). The data points reflect the relative shift in band position of the symmetric CH2 

stretching band (∆CH2) from 0 °C to -30 °C. The lines (slopes) at ice nucleation indicate the freezing-induced 

membrane dehydration (dCH2/dT). 
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Panel B shows that extent and rate of freezing-induced membrane dehydration is 

affected by the solution in which sperm are frozen. Sperm frozen in INRA82 show a greater 

extent of membrane dehydration as compared to sperm frozen in isotonic saline solution. This 

is likely due to the non-permeable components in the INRA82. These cause an increased 

hypertonic solute concentration in the unfrozen fraction upon extracellular ice formation. 

Addition of 2.5 % GLY to INRA82 also results in a higher extent of membrane dehydration 

as compared to isotonic buffer or INRA82 alone. The presence of GLY results in a more 

gradual freezing-induced membrane dehydration (Fig. 4-2.2, B). 

 

4-2.3 Effects of various cryoprotective agents on freezing-induced membrane dehydration 

Fig. 4-2.3 illustrates effects of increasing concentrations of GLY, and effects of 

protectants with different permeabilities and osmotic activities on freezing-induced membrane 

dehydration. 

 

4-2.4 Effects of various cryoprotective agents on membrane hydraulic permeability 

Membrane phase behavior data were used to estimate membrane hydraulic 

permeability values (Lp) during freezing. In Fig. 4-2.4 Arrhenius plots are shown to illustrate 

the nucleation temperature dependence of Lp. Figure is shown on page 38. The activation 

energy of water transport (ELp) is determined from these data, summarized in Table 4-2.1. 

Fig. 4-2.4 A compares subzero water transport for sperm frozen in skim milk extender 

(INRA82) and skim milk extender supplemented with 2.5 % as well as 5 % GLY. Freezing in 

the presence of increasing concentrations of GLY lowers the ELp. No large differences in ELp 

values were found for INRA82 and INRA82 supplemented with 2.5 % GLY. The use of EG 

and GLY at percentages that give a similar extender osmolality resulted in a similar activation 

energy for water transport (Fig. 4-2.4, B). The activation energy of water transport across the 

membranes for sperm frozen in the presence of 7.5 % SUC or HES was found to be similar 

(Fig. 4-2.4, C). 
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Fig. 4-2.3 Membrane phase behavior of stallion sperm cooled from 20 °C to -40 °C at 1 °C min
-1

 in the presence of various cryoprotective agents, and nucleated at the highest 

possible subzero temperatures (Tn). The data points reflect the relative shift in band position of the symmetric CH2 stretching vibration absorption band (∆CH2), freezing 

induced membrane dehydration (dCH2/dT) is indicated with a line for each curve. Panel A shows the effects of increasing amounts of glycerol (2.5% GLY: light yellow, 5% 

GLY: dark yellow). Panel B illustrates the effects of cryoprotective agents of different permeability (5% GLY: dark yellow, 3.8% EG: green). Panel C compares sucrose 

(7.5% SUC: red circles) and HES (7.5% HES: blue circles) that are osmotic active and inactive, respectively. For comparison, freezing induced membrane phase behavior in 

the presence of skim milk extender is indicated in all panels (INRA82: black circles). 
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Fig. 4-2.4 Arrhenius plots of the subzero membrane hydraulic permeability (Lp) as a function of the nucleation temperature (Tn), for stallion sperm frozen in the presence of 

cryoprotective agents. Panels A-C illustrate comparison of cryoprotective agent concentration (A; 0% GLY: black circles, 2.5% GLY: light yellow triangles, 5% GLY: dark 

yellow rhombs), permeability (B; 5% GLY: dark yellow rhombs, 3.8% EG: green squares) and osmotic activity (C; 7.5% SUC: red triangles, 7.5% HES: blue rhombs). The 

activation energy for the permeation process (ELp) is indicated for each plot. 



RESULTS 

 

39 

 

Table 4-2.1 Temperature dependence of membrane dehydration or hydraulic permeability (Ea, ELp) and 

permeability of the membrane to water at 0 °C (Lpg), for stallion sperm frozen in isotonic saline buffer solution 

(HBS), skim milk extender (INRA82), and skim milk extender supplemented with different cryoprotective 

agents; glycerol (GLY), ethylene glycol (EG) and sucrose (SUC) concentrations are indicated as volume 

percentages, hydroxyethyl starch (HES) concentration is indicated as weight percentage. Volume scaling for 

determining Lp values was performed for the lipid band (CH2) as well as the water band (A(H2O)). Parameters 

were derived from Arrhenius plots in which the natural logarithm of the freezing-induced membrane dehydration 

rate (dCH2/dt) or ln(Lp) was plotted as a function of the inverse of the nucleation temperature. Ln(A) represents 

the intercept at 0 K in the ln(dCH2/dT) versus 1/Tn plot, ∆max is the shift in CH2 from 0 °C to -30 °C, for the 

maximum effect attained. 

 ln(dCH2/dT)versus 1/Tn plot  ln(Lp) versus 1/Tn plot 

     CH2 data analysis  A(H2O) data analysis 

 Ea 

(kcal mol-1) 

ln(A) ∆max 

(cm-1) 

 
ELp 

(kcal mol-1) 

Lpg 

(µm min-1 atm-1) 

 
ELp 

(kcal mol-1) 

Lpg 

(µm min-1 atm-1) 

> HBS 13.6 84.5 0.84  45.8 0.0032  65.1 0.0029 

INRA82 12.6 75.9 1.44  31.4 0.0011  60.0 0.0055 

2.5 % GLY 12.7 80.9 1.58  32.7 0.0013  62.9 0.0044 

5.0 % GLY 4.7 47.8 1.60  13.9 0.0006  44.9 0.0045 

1.9 % EG  13.0 67.9 1.79  31.6 0.0013  56.0 0.0033 

3.8 % EG  6.6 22.4 1.41  12.7 0.0004  32.0 0.0010 

7.5 % SUC 13.2 36.9 1.62  36.3 0.0014  58.7 0.0038 

15 % SUC 2.22 53.9 1.57  10.1 0.0005  48.1 0.0055 

7.5 % HES 12.2 80.1 1.37  31.1 0.0014  62.8 0.0023 
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5 DISCUSSION AND CONCLUSIONS 

In this study, we tested skim milk-based freezing extenders supplemented with various 

cryoprotectants. The cryoprotectants that were tested exhibited differences in membrane 

permeability and osmotic activity. Effects of these cryoprotectants on osmotic tolerance, 

freezing-induced membrane dehydration and cryosurvival of stallion sperm were determined. 

Freezing extenders without egg yolk were used, because lipoproteins and egg yolk particles 

interfere with membrane lipid band analysis using FTIR. 

Glycerol is the most commonly used cryoprotectant for freezing of stallion sperm. 

Substances with a lower molecular weight and higher membrane permeability as glycerol 

have been implicated to be more effective for cryopreservation. Ethylene glycol is an alcohol 

whose permeability is 1.5-2 times higher as that of glycerol at room temperature (GLAZAR et 

al. 2009). In addition to glycerol and ethylene glycol, the sugar sucrose, for which membranes 

are non-permeable, was used for cryopreservation of stallion sperm. Furthermore, HES 

(hydroxyethyl starch) was used as a non-permeating cryoprotectant which is not osmotic 

active. 

The concentration of cryoprotectants that are commonly used in freezing protocols 

varies (for review: VIDAMENT 2005; HOFFMANN 2007). Often concentrations are 

indicated that are present in the freezing extender prior to addition to the semen pellet which 

leaves unclarities about the final concentration used during freezing (VIDAMENT 2005). In 

the current study, we tested various cryoprotectant concentrations which are indicated as final 

percentages and molarities (Table 4-1.1). 

 

5.1 Effect of cryoprotectants on sperm motility and viability before and after freezing 

Freezing extenders supplemented with glycerol, ethylene glycol, sucrose, or HES 

resulted in similar numbers of motile and viable sperm when used at optimal concentrations. 

After cryopreservation, the highest percentages of plasma membrane intact sperm upon return 

in isotonic medium were found when using 343-550 mM glycerol or ethylene glycol or 

75 mM sucrose, or 7.5-10 % HES. Post-thaw motility -in freezing extender- also showed an 

optimum when using these concentrations.  
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Stallion sperm can tolerate dilution in solutions with high concentrations of permeable 

cryoprotectants, whereas they become damaged when exposed to hypotonic stress upon 

dilution back into isotonic medium. This is particularly damaging for cryopreserved samples. 

Prior to cryopreservation, osmotic stress is determined by the amount of osmotic active 

components in the freezing extender. The addition of non-permeating agents result in water 

transport out of the cell and cell shrinkage, whereas addition of permeating cryoprotectants 

causes an initial shrinking that is followed by swelling until the intracellular and extracellular 

solute concentrations reach equilibrium. Freezing and thawing itself induce further osmotic 

stress: upon formation of extracellular ice the solute concentration in the unfrozen fraction 

increases, whereas during thawing, sperm are exposed to hypotonic conditions.  

Sperm frozen in freezing extenders supplemented with glycerol or ethylene glycol 

showed the highest percentages of post-thaw motility and viability when used at a 

concentration of 550 mM. In the case of glycerol, return to isotonic conditions results in a 

decrease of membrane intact cells when using a concentration higher than 343 mM. 

Generally, use of 2-3 % glycerol in skim milk extender results in maximum post-thaw 

motility (reviewed in VIDAMENT 2005; HOFFMANN et al. 2011). For ethylene glycol, use 

of 550 mM resulted in the highest post-thaw viability for samples diluted in isotonic medium. 

This is in good agreement with previous findings (HOFFMANN et al. 2011). The lower 

extent of membrane damage after return to isotonic conditions for ethylene glycol compared 

to glycerol for high concentrations can be explained by the higher permeability of membranes 

for ethylene glycol and therewith faster equilibration between extracellular and intracellular 

concentrations. After freezing and thawing, however, use of ethylene glycol resulted in 

slightly lower numbers of motile and viable sperm as compared to glycerol.  

When using sucrose concentrations higher than 150 mM, the percentages of motile 

cells after freezing and thawing completely dropped whereas membrane integrity was 

maintained. This corresponds with observations of GAO et al. (1995, bull sperm), LIU and 

FOOTE (1998, human sperm) and BALL and VO (2001, stallion sperm). Sucrose, which is 

osmotic active, may cause a decrease in motility due to cell shrinking which in turn might 

result in increased friction in the sperm tail (WOELDERS et al. 1997). When 75 mM sucrose 

was used, post-thaw motility and viability were similar compared to those using an optimum 

concentration of glycerol (343 mM), ethylene glycol (550 mM) or HES (7.5-10 %). Sucrose 
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can form hydrogen bonds with the phosphate head groups of phospholipids upon dehydration 

and form a glassy state (CROWE et al. 1990). In contrast, our FTIR-studies show that the 

freezing-induced membrane phase change is not prevented in the presence of sucrose, 

indicating that it does not replace water molecules in the frozen state. Further studies are 

necessary to reveal the protective action of sucrose. 

Addition of increasing concentrations of HES does not affect the extender osmolality, 

since it is an osmotic inactive compound. Thus, dilution of sperm samples supplemented with 

HES in isotonic HBS does not affect motility and plasma membrane integrity. Post-thaw 

motility and viability increase with increasing amounts of HES, indicating that higher 

concentrations protect against cryodamage. It should be noted that high HES concentrations 

result in an increased viscosity of the extender solution, which interferes with sperm 

movement. HES may act by changing the properties of the solution in which sperm are 

frozen; it may serve as bulking substance or matrix that prevents packing of cells. The 

presence of HES may affect the pattern of ice crystallization, the shape and width of the 

channels of unfrozen solution, and the mechanical properties of the frozen medium. 

Protectants like sucrose and HES form an increasingly viscous or vitrified state during 

dehydration or freezing and affect the properties of the vitrified state that is formed upon 

freezing (NICOLAJSEN and HVIDT 1994; WOELDERS et al. 1997). The use of high 

concentrations of sucrose is limited due to its osmotic activity and negative effects on 

motility, whereas this is not a restriction when using HES to improve cryosurvival. 

GOODRICH et al. (1992) and CROWE et al. (1997) stabilized dried membranes by mixtures 

of HES and glucose, where HES served for improving glass properties in the dried state, and 

glucose could replace hydrogen bonding interactions with phospholipid head groups upon 

removal of water. Freezing and drying, however, are different stress factors. In contrast with 

freezing, drying also involves removal of the non-freezable water that surrounds biomolecules 

(CROWE et al. 1990). Nevertheless, for improving cryopreservation formulations, an 

approach were combinations of protectants that serve different goals are used may prove 

success.  
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5.2 Freezing-induced membrane phase behavior 

Fourier transform infrared spectroscopy was performed during freezing of stallion 

sperm in the absence and presence of increasing concentrations of (non-)permeable osmotic 

(in-)active cryoprotectants. Membranes undergo a fast and sharp phase transition upon ice 

nucleation. When frozen in the presence of cryoprotectants, this freezing-induced fluid-to-gel 

membrane phase transition occurs more gradual and over a wider temperature range.  

The temperature at which ice nucleation takes place affects the extent of freezing-

induced membrane dehydration. Ice nucleation generally occurs by chance and requires 

supercooling of the system, but it also can be induced artificially. Increasing concentrations of 

cryoprotective agents result in depression of the freezing-point. Freezing-induced membrane 

dehydration was found to be more severe for sperm frozen in skim milk extender (without 

cryoprotectants), as compared to sperm samples frozen in isotonic saline solution (HBS). This 

can be explained by the non-permeable components that are present in skim milk extender. 

Solutes, which cannot permeate into the cells, cause an increased extracellular solute 

concentration in the unfrozen fraction upon extracellular ice formation, which in turn results 

in a greater extent of membrane dehydration. The rate at which dehydration occurs is 

drastically affected when skim milk extender is supplemented with increasing concentrations 

of cryoprotectants. Supplementation with non-permeable solutes (700 mM glycerol, ethylene 

glycol or sucrose) decreases the hydraulic permeability at 0 °C (Lpg) from 0.0011 to 0.0004-

0.0006 µm min
-1

 atm
-1

. ELp also is decreased in presence of cryoprotectants. This trend is 

consistent with previous studies on sperm as well as other cell types (GILMORE et al. 1995, 

human sperm; SMITH et al. 1998, rat hepatocytes; DEVIREDDY et al. 2002 a, equine 

sperm). In contrast, MAZUR et al. (1984) stated that ELp remained unaltered with increasing 

concentrations of permeating or non-permeating solutes. 

The extent of membrane dehydration is also affected by the solutes concentration and 

the ability of solutes to move across the sperm membrane. For each cryoprotectant, the 

maximum extent of membrane dehydration was obtained at the highest possible subzero 

nucleation temperature. Ethylene glycol can equilibrate more quickly than glycerol, which is 

reflected by a lower extent of membrane dehydration for ethylene glycol as compared with 

glycerol at -30 °C. Since sucrose cannot permeate cellular membranes, it subjects cells to 

more severe hypertonic conditions upon extracellular ice than cryoprotectants which move 
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across cellular membranes. Low concentrations (343 mM) of glycerol or ethylene glycol did 

not affect the activation energy for membrane hydraulic permeability (ELp), whereas higher 

concentrations (700 mM) clearly decreased ELp. The comparison of the non-permeating 

cryoprotectants sucrose and HES reveals that they affect the sperm membrane during freezing 

in different ways: the osmotic inactive HES does not affect membrane phase behavior (ELp 

and Lpg) at the concentration tested, compared as when skim milk extender alone was used. 

In contrast, sucrose, which is osmotic active, increases the extent of membrane dehydration 

and lowers the activation energy. 

Suprazero water transport across cellular membranes of stallion sperm is faster in the 

presence of ethylene glycol than for glycerol (GLAZAR et al. 2009, determined via Coulter 

counter measurements). As we show in the current study, Lp values determined at subzero 

temperatures are lower than those determined at suprazero temperatures. This is likely due to 

reduced water movement at lower temperatures when lipid packing is tighter, making it more 

difficult for the water molecules to move across the membrane. Membrane hydraulic 

permeability at 0 °C (Lpg), as extrapolated from suprazero data is higher as when 

extrapolated from subzero data (AKHOONDI et al. 2011). ELp at subzero temperatures is 

increased compared to ELp at suprazero temperatures. The differences in membrane hydraulic 

permeability at supra- and subzero temperatures may be associated with changes in the sperm 

plasma membrane during cooling. Furthermore, the presence of extracellular ice alters the cell 

membrane transport properties (DEVIREDDY et al. 1999, 2000, 2002 a).  

It is difficult to directly compare post-thaw motility and viability values obtained from 

the cryopreservation studies with freezing-induced membrane phase behavior derived and 

subzero hydraulic permeability parameters determined using FTIR. The cryoprotectant versus 

cell ratios used in the FTIR studies are very different from those during cryopreservation. For 

the cryopreservation studies, a cooling rate of 60 °C min
-1

 was used, whereas for the FTIR 

studies a cooling rate of 1 °C min
-1

 was used. 
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5.3 Conclusions 

In conclusion, the present studies demonstrate that sucrose, HES and ethylene glycol 

can protect stallion sperm from cryodamage as effectively as glycerol when used at their 

optimal concentration. For choice of cryoprotectant and concentration, the loss in cell 

viability and motility due to osmotic stress during addition and removal as well as during 

freezing and thawing should be taken in account as well as toxicity, cryoprotective properties 

and effect on freezing-induced membrane dehydration. These different characteristics of 

ethylene glycol, sucrose or HES may provide an alternative for cryopreservation of sperm 

which exhibit poor post-thaw motility when frozen with glycerol.  

None of the cryoprotectants tested prevent freezing-induced membrane dehydration, 

but all decrease water transport across cellular membranes during freezing-induced 

dehydration. Thus, membrane dehydration takes place over a broader temperature range and 

subzero water transport through cellular membranes occurs more gradual in the presence of 

cryoprotectants, which might explain their protective effects.  
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6 SUMMARY 

Marina Gojowsky (2012): 

Fourier transform infrared spectroscopy (FTIR) studies on freezing-induced membrane 

phase behavior of stallion sperm in the presence of cryoprotective agents 

Cryopreserved stallion sperm displays a high degree of variation in survival after 

freezing and thawing. Insight in the mode of action of cryoprotectants may help improve 

cryopreservation protocols. The aim of the current studies was to determine the effect of 

various cryoprotective agents on cryosurvival as well as membrane phase behavior of stallion 

sperm during freezing. Freezing-induced membrane changes were studied to obtain insights in 

subzero water transport parameters. The used cryoprotectants differ in their membrane 

permeating properties and osmotic activity and included increasing concentrations of 

glycerol, ethylene glycol, sucrose or HES (hydroxyethyl starch).  

Motility and viability were determined upon addition of increasing concentrations of 

cryoprotective agents as well as upon return to isotonic conditions, in order to evaluate 

survival upon osmotic stress for these conditions. To evaluate the protective properties of the 

cryoprotectants for cryopreservation, survival was determined prior and after freezing and 

thawing. Viability was considered as (im)permeability of sperm to PI/SYBR14 fluorescence 

dies and was determined directly in freezing extender, using CASA equipped with 

fluorescence microscopy, as well as after dilution in isotonic buffer, using flow cytometry. 

Similar percentages of post-thaw motile and membrane intact sperm were obtained 

when using 343 mM glycerol, 550 mM ethylene glycol, 75 mM sucrose or 7.5-10 % HES. For 

glycerol, ethylene glycol and sucrose an optimum concentration for cryopreservation was 

found, due to increasing toxicity and osmotic stress when used at high concentrations. In 

contrast, use of increasing concentrations of the osmotic inactive HES resulted in increased 

cryosurvival. In order to determine effects of cryoprotectants on the freezing-induced 

membrane phase transition, Fourier transform infrared spectroscopy was used. In addition, 

subzero membrane hydraulic permeability parameters were derived from these data, which 

express water transport across cellular membranes during freezing and can be used to predict 

freezing-induced cellular dehydration in response to the cooling rate.  
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None of the cryoprotectants tested did prevent freezing-induced membrane phase changes. 

Freezing-induced membrane dehydration in the presence of cryoprotectants, however, 

occurred more gradually and over a wider temperature range. This is reflected in the lower 

ELp values in the presence of cryoprotectants as compared to absence of cryoprotectants. 

Water transport parameters did not exhibit large differences for sperm frozen in the presence 

of the osmotic active cryoprotectants with different membrane permeability coefficients 

which were tested. Higher concentration had a more severe effect. For similar percentages of 

non-permeating sucrose and HES it was found that the extent of membrane dehydration was 

larger for sucrose as for the osmotic inactive HES. Maximum freezing-induced membrane 

dehydration for stallion sperm frozen in INRA82 supplemented with HES was similar as for 

INRA82 alone. Taken together, glycerol, ethylene glycol, sucrose or HES can be used for 

cryopreservation of stallion sperm. Similar percentages of post-thaw motile and viable sperm 

directly in freezing extender as well as after return to isotonic conditions can be obtained, 

when taken into account: osmotic stress during cryoprotectant addition and upon dilution into 

isotonic solution, as well as toxicity and cryoprotective properties of the cryoprotectant, and 

cryoprotectant effect on membrane phase behavior. We postulate that cryoprotectants do not 

prevent freezing-induced membrane dehydration but their role seems to slow down the 

dehydration rate. 
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7 ZUSAMMENFASSUNG 

Marina Gojowsky (2012): 

Fourier-Transformations-Infrarot-Spektroskopie (FTIR) zur Untersuchung des 

Einflusses verschiedener Kryoprotektiva auf das Membranphasenverhalten von 

Hengstspermien während des Tiefgefrierens 

Immer noch ist es nicht möglich, von allen Hengsten Tiefgefriersamen konstanter 

Qualität zu produzieren. Um dies zu erreichen, ist weitere Forschung an Kryoprotektiva und 

ihrer Wirkungsweise an der Zellmembran nötig. Die durchgeführten Studien hatten das Ziel, 

den Einfluss verschiedener Kryoprotektiva auf die Spermaqualität vor und nach dem 

Einfrieren und den Einfluss auf die biophysikalischen Zellmembranparameter (ELp und Lpg) 

der Hengstspermien zu bestimmen. Die Membranphasen-Messungen während des 

Gefriervorganges dienten der Gewinnung von Erkenntnissen über den zellulären 

Wassertransport bei Minustemperaturen unter verschiedenen Bedingungen. Glycerol, 

Ethylenglycol, Sucrose und HES (Hydroxyethylstärke) unterscheiden sich sowohl in ihrer 

Membranpermeabilität als auch in ihrer osmotischen Aktivität voneinander und wurden 

jeweils in einer Konzentrationsreihe getestet. 

Um den durch die Kryoprotektiva induzierten osmotischen Stress und dessen Einfluss 

auf Motilität und Viabilität zu bestimmen, wurden diese Parameter sowohl an den Spermien 

in dem jeweiligen Verdünner als auch nach Verdünnung in isotonischem HBS gemessen. 

Motilität und Viabilität wurden vor und nach dem Einfrieren gemessen um das kryoprotektive 

Potential von Glycerol, Ethylenglycol, Sucrose und HES zu beurteilen. Als „vital“ wurden 

diejenigen Spermien betrachtet, deren Membran von dem Fluoreszenzfarbstoff SYBR14, 

nicht jedoch von Propidium Iodid überwunden werden konnte. Die Fluoreszenzfärbung der 

Spermien im jeweiligen Verdünner wurde durch ein Fluoreszenzmikroskop gekoppeltes 

CASA-System detektiert, während die Messung nach Verdünnung der Spermien in 

isotonischem HBS mittels Flowzytometer erfolgte. 

Die Verwendung von 343 mM Glycerol, 550 mM Ethylenglycol, 75 mM Sucrose oder 

7.5-10 % HES führte nach dem Auftauen zu ähnlichen Werten in der Motilität und Viabilität. 

Die protektive Wirkung von Glycerol, Ethylenglycol und Sucrose wird mit 
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steigender Konzentration durch die zunehmende Toxizität und osmotisch induzierte 

Schädigung aufgehoben, weshalb jeweils ein Optimum für die Konzentration bestimmt 

werden konnte. Im Gegensatz dazu führt die Erhöhung der Konzentration von HES zu einer 

kontinuierlichen Verbesserung der Motilität und Viabilität nach dem Auftauen. Der Einfluss 

der Kryoprotektiva auf die kälteinduzierte Membranphasenübergänge wurde durch FTIR-

Spektroskopie während des Einfrierens ermittelt. Davon abgeleitet wurde die hydraulische 

Leitfähigkeit der Membran, die verwendet werden kann, um die einfrierinduzierte 

Dehydratation in Abhängigkeit von der Einfriergeschwindigkeit zu bestimmen. Dabei wurde 

festgestellt, dass keine der als Kryoprotektivum verwendete Substanz die 

Membranphasenveränderungen während des Einfrierens verhindert, aber deren Anwesenheit 

dazu führt, dass die Austrocknung der Zellmembran gradueller und insgesamt über einen 

größeren Temperaturbereich erfolgt. Dies wird auch durch die niedrigeren ELp-Werte in 

Medien mit Kryoprotektiva deutlich. Bezüglich der hydraulischen Leitfähigkeit der Membran 

wurden keine großen Unterschiede zwischen den einzelnen osmotisch aktiven Kryoprotektiva 

mit unterschiedlicher Membranpermeabilität festgestellt. Die Verwendung höherer 

Konzentrationen führte bei allen osmotisch aktiven Kryoprotektiva zu einem stärkeren Effekt. 

Werden die Membran-impermeablen Kryoprotektiva Sucrose und HES in ähnlicher 

Konzentration zugesetzt, so wird die Membran in Anwesenheit der osmotisch aktiven Sucrose 

stärker ausgetrocknet als bei der Verwendung des osmotisch inaktiven HES. Die stärkste 

durch den Gefriervorgang induzierbare Membranaustrocknung, erzielt durch Nukleation nahe 

0 °C, erreichte bei Hengstspermien in HES-haltigem INRA82 ein ähnliches Ausmaß wie für 

Spermien in reinem INRA82. Insgesamt lässt sich sagen, dass sich prinzipiell sowohl 

Glycerol, Ethylenglycol, Sucrose als auch HES für die TG-Spermaherstellung eignen. Wenn 

der osmotische Stress, verursacht durch die Zugabe des Kryoprotektivums und die 

Überführung in isotonisches Milieu, die Toxizität und die schützende Wirkung des 

Kryoprotektivums und dessen Einfluss auf das Membranphasenverhalten berücksichtigt 

werden, lassen sich nach dem Auftauen ähnliche Motilitäts- und Viabilitätswerte sowohl vor 

als auch nach Überführung aus dem Verdünner in eine isotonische Lösung, erreichen. Wir 

folgern aus den Ergebnissen der FTIR-Studie, dass Kryoprotektiva die Membranaustrocknung 

nicht verhindern, aber deren Geschwindigkeit mäßigen. 
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9 APPENDIX 

9.1 Solutions 

INRA82 skim milk extender 

0.5 L  aqua bidest. 

25 g L
-1

 glucose monohydrate 

0.15 g L
-1

 lactose monohydrate 

0.15 g L
-1

 raffinose pentahydrate 

0.25 g L
-1

  sodium citrate dihydrate
 

0.4 g L
-1

 potassium citrate monohydrate 

4.76 g  HEPES  

500 mg L
-1 

penicillin  

500 mg L
-1

 gentamicin  

0.5 L  skim milk (0.3 % fat) 

 

pH: 7.4 

osmolarity: 300-320 mOsm kg
-1 

 

HBS (HEPES buffered saline solution) 

1 L  aqua bidest.  

8.0 g  natrium chloride 

0.14 g   potassium hydroxide 

4.7 g  HEPES 

2.0 g   glucose monohydrate 

 

pH: 7.4 

osmolarity: 300 mOsm kg
-1
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9.2 List of figures 

    Fig. 2.1 Schematic illustration of the possible vibrational modes of the atoms  

in the –CH2 group 

Files are taken from www.wikipedia.org     19 

    Fig. 3.1 Schematic illustration of excitation and emission spectra of  

PI-DNA and SYBR14-DNA complex     24 

    Fig. 4-1.1 Percentages of motile and viable sperm in INRA82 supplemented  

with cryoprotectants of different membrane permeability   30 

    Fig. 4-1.2 Percentages of motile and viable sperm in INRA82 supplemented 

with cryoprotectants of different osmotic activity    32 

    Fig. 4-2.1  

    (A) FTIR absorption spectra       34 

    (B) CH2 band position and H2O band area, plotted as a function  

of the sample temperature       34 

    Fig. 4-2.2 Membrane phase behavior of stallion sperm, 

    (A) ice nucleation induced at various temperatures    35 

    (B) frozen in different solutions       35 

    Fig. 4-2.3 Membrane phase behavior of stallion sperm  

in the presence of various CPAs      37 

    Fig. 4-2.4 Arrhenius plots of the subzero Lp as a function of Tn,  

for stallion sperm frozen in the presence of cryoprotective agents  38 
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9.3 List of tables 

    Table 3.1 Water transport model parameters and variables used in equations  28 

    Table 4-1.1 Pre- and post-freeze characteristics for stallion sperm, diluted and frozen; 

CPA concentrations and measured extender osmolalities   33 

    Table 4-2.1 Temperature dependence of ∆max, Ea, ELp and Lpg,  

for stallion sperm frozen in various extenders    39 
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