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1 INTRODUCTION AND AIMS OF THE STUDY 
 

Cryopreserved bovine sperm are predominantly used for artificial insemination (AI) in dairy 

cattle breeding. Sperm cryopreservation has been practiced since the 1950s and has contri-

buted to an increase in animal production of domestic species (HAMMERSTEDT et al., 

1990; LEIBO, 2004). Methods for cryopreservation of sperm have not been substantially 

improved. Still a considerable loss of sperm viability and reduced fertility rates are observed 

when cryopreserved sperm are used (WOELDERS et al., 1997; WATSON, 2000). Sperm 

damage results from osmotic stresses that the cells are exposed to when cryoprotective agents 

are added to sperm (GAO et al., 1993) as well as upon ice formation during freezing which 

results in an increased hyperosmolality of the unfrozen water fraction (MAZUR and COLE, 

1989). In order to optimize sperm cryopreservation and improve cryosurvival, determination 

of optimal freezing and thawing rates (HENRY et al., 1993; CHAVEIRO et al., 2006) and 

development of freezing extenders containing different cryoprotective agents resulting in 

higher sperm survival rates have been made (GILMORE et al., 1997; GUTHRIE et al., 2002).  

During addition of cryoprotective agents and freezing and thawing of cells, alterations in the 

concentrations of extracellular ions and other osmotic active components take place (MAZUR 

and COLE, 1989; MAZUR, 2010). This leads to water movement into or out of the cell and 

subsequent swelling or shrinkage of sperm (GILMORE et al., 1996; GUTHRIE et al., 2002). 

Swelling in response to hypotonic conditions leads to coiling of the sperm tail (DREVIUS and 

ERIKSSON, 1966; WILLOUGHBY et al., 1996) which in turn can cause failure in surrogate 

cervical mucus penetration and migration resulting in a reduced fertility (YEUNG & COO-

PER, 2001; BACINOGLU et al., 2008). The swelling and shrinkage of cells is limited by the 

maximal extension and minimal constriction of the plasma membrane. Beyond these limits, 

osmotic cell volume changes can damage and rupture the plasma membrane which lead to cell 

death (GILMORE et al., 1996; LIU and FOOTE, 1998; CURRY et al., 2000).  

Osmotic cell volume changes are caused by passive and active water and ion transport across 

the plasma membrane. Passive transport of water across the plasma membrane depends on the 

osmotic gradient between cytosol and extracellular medium. Water movement takes place 

until an equilibrium between the extra- and intracellular osmolality is achieved (MAZUR, 

2010). In addition, active regulation of intracellular ion concentration occurs via activation 
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and opening of ion channels (HOFFMANN et al., 2009). Depending on the direction of the 

osmotic and electrochemical gradient, ions will be transported into or out of the cell followed 

by passive water movement that induces reversal of the cell volume towards the isotonic cell 

volume. The main ion channel types involved in osmotic cell volume changes are sodium, 

potassium, and chloride ion channels and exchangers. Studies on bovine, porcine, murine, and 

human sperm showed the involvement of the potassium ion channels TASK-2, Kv1.5, and 

minK as well as the chloride ion channels CLC-3 and ICln in sperm volume regulation in 

response to osmotic stress (KULKARNI et al., 1997; PETRUNKINA et al., 2001b and 2004b; 

BARFIELD et al., 2005a and 2005b; YEUNG et al., 2005a and 2005b).  

In order to increase survival of bovine sperm after cryopreservation, an understanding is 

needed of the mechanisms that result in cryodamage of sperm. Furthermore, insights in 

osmotic responses of bovine sperm may help optimize cryopreservation protocols.  

The aims of this study were: (1) to compare the osmotic plasma membrane limits and cell 

volume response of bovine sperm before and after cryopreservation to characterize factors 

that determine cryosurvival of bovine sperm, (2) to determine the intracellular K+ and H+ con-

centration of bovine sperm before and after cryopreservation to find out whether cryo-

preservation influences intracellular ion distribution, and (3) to identify K+ and Cl- ion 

channels that are possibly involved in sperm volume regulation to find out whether cryo-

preservation affects the expression level of these ion channel proteins. 

In detail, the osmotic tolerance limits of the bovine sperm plasma membrane before and after 

cryopreservation were investigated using a flow cytometric analysis of propidium iodide 

stained (plasma membrane intact) bovine sperm to determine the critical osmolality at which 

50 % of bovine sperm survive exposure to hypotonic stress. The volume response upon 

exposure to anisotonic conditions was studied for extended and cryopreserved bovine sperm 

by simultaneous flow cytometric measurement of the cell volume and viability. A fluoro-

metric analysis using sperm loaded with carboxyfluorescein was performed to determine the 

intracellular K+ concentration and intracellular pH of bovine sperm before and after cryo-

preservation. In the last part, gene expression of the potassium ion channels TASK-2 and 

Kv1.5 and the chloride ion channel CLC-3 were examined by PCR. Furthermore, Western 

blot analysis and immunolocalization experiments were done to confirm the protein ex-

pression and localization of these ion channels in bovine sperm. 
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2 RESEARCH TO DATE 
 

2.1 Effects of cryopreservation on sperm  

 

In order to survive cryopreservation, sperm have to withstand several critical key steps 

including the addition of permeating cryoprotective agents (CPAs), cooling, the freezing 

process itself, thawing, and finally dilution and removal of CPAs after AI into the female 

tract. Damage during cryopreservation has been attributed to intracellular ice formation and 

severe osmotic stress that decrease sperm viability after thawing (GAO and CRITSER, 2000; 

WOODS et al., 2004). 

Freezing extenders used for sperm cryopreservation contain glycerol, ethylene glycol, or 

dimethyl sulfoxide as CPAs. One of their protective functions is that they increase the 

intracellular osmolality which buffers the extent of osmotic cell shrinkage before cell freezing 

(MAZUR, 1984; LIU and FOOTE, 1998; WOODS et al., 1999). CPAs such as glycerol must 

permeate the plasma membrane and reach an equilibrium across the plasma membrane to be 

maximally effective (LOVELOCK, 1953). At high concentrations, however, CPAs are toxic 

to sperm leading to membrane damage and reduced motility (BECKER et al., 1977; GAO and 

CRITSER, 2000). Its addition before freezing and removal after thawing generates strong 

osmotic volume changes (GILMORE et al., 1995; CHAVEIRO et al., 2004) which can 

damage the plasma membrane (GAO et al., 1992; GAO et al., 1995). Exposure of sperm to 

CPA containing solutions, like freezing extenders with osmolalities above 1000 mOsm kg-1, 

generates a severe hypertonic environment for the cells. In comparison, the isotonic 

environment of ejaculated sperm ranges from about 320 to 340 mOsm kg-1 (COOPER and 

YEUNG, 2003; bull seminal plasma ~340 mOsm kg-1: PETRUNKINA et al., 2001a). Upon 

exposure of sperm to hypertonic solutions, water moves out of the sperm due to the higher 

osmolality outside the cells than inside the cells (MAZUR, 2010). This water movement is 

rapid since the plasma membrane of sperm is highly permeable to water (DREVIUS, 1971; 

WATSON et al., 1992; NOILES et al., 1993; GILMORE et al., 1995; CHAVEIRO et al., 

2004; PETRUNKINA, 2007). The water efflux results in a fast passive cell shrinkage until the 

intracellular osmolality is equal to the external osmolality (CHAVEIRO et al., 2004; 
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MAZUR, 2010). In parallel, external CPA enters the cells since the chemical potential of the 

CPA is higher outside the cells than inside the cells. Thereby, the permeating CPA increases 

the intracellular osmolality which induces water influx. This results in a slow re-increase of 

the cell volume towards the initial cell volume. For sufficient osmotic water movement and 

CPA distribution across the plasma membrane, adequate equilibration and cooling time before 

freezing is required. For bovine sperm, a 24 h cooling and equilibration period has recently 

been used to obtain enhanced sperm survival rates after freezing and thawing (CALISICI et 

al., 2009). In addition to the osmotic stress, the decrease in temperature during cooling 

induces changes in the plasma membrane that are related to lipid phase changes and an altered 

functional state of the plasma membrane and integral membrane proteins (QUINN, 1989; 

DROBNIS et al., 1993). Slow cooling rates (1-5°C min-1) from body or room temperature to 

4°C increase sperm survival during freeze-thawing. In contrast, fast cooling rates 

(>5°C min-1) between 30 to 4°C lead to cold shock which causes cell injuries due to 

insufficient lipid phase transition, an increased membrane permeability, and membrane 

leakage (QUINN and WHITE, 1966; WATSON, 1995). 

During freezing, when the extracellular medium is cooled below its freezing point and ice is 

formed (-5 to -15°C), the osmotic strength of the extracellular solution increases (MAZUR 

and COLE, 1989). The solutes and ions accumulate in the non-frozen water fraction, thereby 

generating hypertonic conditions for the sperm. Water within the cells first remains unfrozen 

and supercooled. In order to maintain the intracellular osmolality in equilibrium with the 

extracellular environment, water moves out of the cells resulting in cell shrinkage. This 

intense dehydration step, however, is important to avoid intracellular ice formation (IIF) 

during cell freezing (MAZUR, 1984; MAZUR and KOSHIMOTO, 2002). In most cases, 

intracellular ice formation results in cell death by destroying cell components or the plasma 

membrane. The freezing rate has to be sufficiently low so that the cells will dehydrate and do 

not freeze intracellularly. However, if the freezing rate is too slow, cells experience a pro-

longed exposure to the highly concentrated medium and will shrink beyond a critical cell 

volume (MAZUR et al., 1972; GAO and CRITSER, 2000). The reduction in cell volume 

results in compression of cell contents and in an increased hydrostatic plasma membrane 

pressure which can lead to membrane damage. For bovine sperm, a freezing rate between 70 
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to 140°C min-1 below -10°C results in optimal sperm survival after freeze-thawing (WOEL-

DERS et al., 1997). 

During thawing, reversal of the freezing steps occurs. Melting of the extracellular ice rapidly 

reduces the extracellular solute and ion concentrations and generates severe hypotonic 

conditions. This causes osmotic water influx and cell swelling due to re-establishment of the 

osmotic equilibrium (MAZUR and COLE, 1989). Plasma membrane damage occurs when the 

cell swelling exceeds the maximal plasma membrane tension. If IIF occurred during freezing, 

melting of intracellular ice can lead to cell lysis or recrystallization of small intracellular ice 

crystals into harmful larger once that can damage the cell (MAZUR, 1984; GAO and 

CRITSER, 2000). Generally, rapid thawing rates can prevent the recrystallization of small ice 

crystalls. 

Finally, osmotic stress occurs upon AI when frozen-thawed sperm that are still equilibrated in 

the hypertonic freezing extender are transferred to the reproductive tract where the conditions 

are hypotonic (290-320 mOsm kg-1; COLLINS and BALTZ, 1999; LI et al., 2007). This 

induces another hypotonic shock and sperm again rapidly swell due to osmotic water influx. 

This osmotic water influx is accompanied with a slower re-decrease of the cell volume as the 

CPA moves along its chemical potential out of the sperm and re-equilibration of intracellular 

solute and ion concentrations takes place (MAZUR and COLE, 1989). 

The numerous changes in osmolality and cell volume during sperm cryopreservation and AI 

are critical steps for sperm survival, membrane stretching, and even rupture (GAO et al., 

1993; HOLT and NORTH, 1994; GILMORE et al., 1996). The ability of sperm to withstand 

these volume changes and to regulate their cell volume is therefore important for cryosurvival 

of sperm and fertility rates. 

 

 

2.2 Osmotic volume response of sperm 

 

The water content and volume of cells are primarily determined by the intracellular content of 

ions and other osmotic active compounds in relation to the surrounding osmolality. Under 

normal physiological conditions, the water and ion in- and efflux are in equilibrium (HOFF-

MANN et al., 2009). At equilibrium, the osmotic pressure across the plasma membrane is 
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zero and the cell volume is in a steady state, referred to as the osmotically active volume. 

Sperm are continuously exposed to osmotic changes which are after ejaculation, during CPA 

loading, cryopreservation, thawing, and during AI.  

Mammalian caudal epididymal sperm are surrounded by osmolalities of about 320 to 

350 mOsm kg-1 (bull epididymal plasma ~350 mOsm kg-1: DREVIUS, 1972b; COOPER and 

YEUNG, 2003). Following ejaculation, the sperm are exposed to hypotonic conditions 

because the osmolality of the uterine fluid is about 290 to 320 mOsm kg-1 (COLLINS and 

BALTZ, 1999; LI et al., 2007). When cells encounter hypotonic conditions, the initial phase 

of osmotic water influx is rapid due to the high water permeability of the plasma membrane 

(HOFFMANN et al., 2009). The first phase of water influx is followed by a slower recovery 

phase, referred to as regulatory volume decrease (RVD). During RVD, active efflux of 

intracellular ions decreases the intracellular osmolality. This is followed by osmotic water 

efflux from the cell resulting in cell shrinkage towards the isotonic cell volume. The steady 

state volume obtained after RVD, however, is higher than the initial cell volume, reflecting an 

anisotonic equilibrium in cell volume. Similar to RVD, cells undergo rapid shrinkage and 

subsequent regulatory volume increase (RVI) after exposure to hypertonic conditions. RVD 

and RVI were shown for mammalian sperm of different species, as for cattle, pigs, mouse, 

and human (KULKARNI et al., 1997, PETRUNKINA et al., 2001b, YEUNG et al., 2002 and 

2003). The regulation of cell volume is important for sperm function and fertility. If sperm 

fail in RVD and stay swollen, they coil or angulate their flagellum in order to avoid excessive 

stretching of the plasma membrane (DREVIUS and ERIKSSON, 1966; WILLOUGHBY et 

al., 1996). Coiled or angulated sperm are unable to migrate through mucus, as shown for 

human sperm (YEUNG and COOPER, 2001), and cannot get past the female tract to reach 

the oviduct, as shown in an infertile mouse model (YEUNG et al., 2000). For sperm of 

domestic species, the head size, the ability of RVD, and osmotic membrane resistance of 

ejaculated sperm have been shown to be related to fertility. In stallion for example, the size of 

the sperm head (length, area, perimeter) is lower in fertile animals compared to subfertile 

animals (CASEY et al., 1997). In bull and boar, sperm of animals with higher fertility 

undergo complete RVD, whereas sperm of animals with lower fertility display incomplete 

RVD and stay swollen (PETRUNKINA et al., 2004b; KHALIL et al., 2006). In addition, the 

osmotic membrane resistance of boar sperm is positively related to fertility (DRUART et al., 
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2009). Sperm of boars with higher farrowing rates are more tolerant to hypotonic stress and 

show a lower critical osmolality. The critical osmolality is the osmolality at which 50 % of 

sperm show intact plasma membranes upon hypotonic exposure compared to isotonic 

conditions. 

The amount of swelling and shrinkage in anisotonic media is characteristic for each cell type 

and species. These characteristics can be described by a Boyle van ‘t Hoff analysis. The Boyle 

van ‘t equation describes the osmotic range in which cells behave as linear osmometers. In the 

linear range of the Boyle van ‘t Hoff plot, the cell volume changes reciprocally with the 

osmolality. This means that the cell volume increases with decreasing osmolality. Sperm from 

bull, boar, and stallion were shown to behave as linear osmometers in the range of 150 to 

900 mOsm kg-1 (GILMORE et al., 1996; GUTHRIE et al., 2002; POMMER et al., 2002; 

OLDENHOF et al., 2011). Upon hypotonic conditions, porcine and bovine sperm swell up to 

1.15- and 1.3-fold of their isotonic cell volumes, respectively, whereas equine sperm swell up 

to 1.8-fold. Upon hypertonic conditions, equine sperm shrink less, to 0.8-fold of their iso-

tonic cell volume, whereas bovine sperm shrink most, to 0.7-fold. Using the Boyle van ‘t 

equation, the osmotic inactive volume (Vb) can be derived by extrapolating the data to infinite 

osmolality. For bovine and equine sperm, the osmotic inactive volume was found to be 61 % 

and 76 % of the isotonic cell volume, respectively (GUTHRIE et al., 2002; OLDENHOF et 

al., 2011). 

The range in which cells tolerate osmotic pressure and cell volume changes without mem-

brane damage and cell death is limited (DREVIUS and ERIKSSON, 1966). The osmotic 

tolerance limits depend on plasma membrane properties such as: membrane phospholipid 

composition, the presence of water and ion channel proteins, and cytoskeletal elements 

(HOFFMANN et al., 2009). Equine sperm for example withstand only mild hypotonic 

conditions, whereas bovine sperm are relatively resistant to hypotonic stress. Less than 65 % 

of equine sperm show intact plasma membranes when exposed to osmolalities below 

180 mOsm kg-1 (OLDENHOF et al., 2011). In contrast, 60 to 77 % of bovine sperm show 

intact plasma membranes at 50 to 68 mOsm kg-1 (RUFFING et al., 1990; WATSON et al., 

1992). The critical osmolality is 136 mOsm kg-1 for equine sperm (OLDENHOF et al., 2011) 

and ~50 mOsm kg-1 for bovine sperm (RUFFING et al., 1990; WATSON et al., 1992).  
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2.3 Volume-sensitive ion channels in sperm 

 

Studies on volume regulation of mammalian sperm indicate that potassium and chloride ion 

transports contribute to RVD after hypotonic swelling. Sperm swelling activates efflux of K+ 

via different K+ ion channels and cotransporters (COOPER and YEUNG, 2007). The mecha-

nisms that underly this activation is still unknown. The K+ efflux decreases the intracellular 

ion concentration and therefore lowers the intracellular osmolality. This is followed by 

osmotic water efflux and reversed cell swelling (PETRUNKINA et al., 2001b; YEUNG and 

COOPER, 2001). When K+ leaves the cell, the plasma membrane becomes hyperpolarized 

and the K+ efflux is limited by the membrane potential (HOFFMANN et al., 2009). In order to 

maintain the membrane potential and to increase the K+ and water movement, Cl- efflux is 

activated (HOFFMANN et al., 2009).  

To get information about the ion channel types involved in sperm volume regulation, different 

ion channel inhibitors have been tested which were known to be effective in somatic cell 

volume regulation (COOPER and YEUNG, 2007). For example, the broad spectrum K+ 

channel inhibitor quinine prevents RVD of sperm in all species thus far investigated: human, 

monkey, mouse, cattle, pig, and dog (KULKARNI et al., 1997; PETRUNKINA et al., 2001b; 

YEUNG and COOPER, 2001; YEUNG et al., 2004; PETRUNKINA et al., 2004a; BAR-

FIELD et al., 2005a and 2005b). Upon exposure to hypotonic conditions, sperm swell and 

stay swollen in the presence of quinine. In the absence of the inhibitor, K+ leaves the cell after 

hypotonic swelling, which drives water efflux leading to a decrease in sperm volume. The K+ 

ionophore valinomycin facilitates K+ transport across the plasma membrane independent from 

K+ ion channels. Addition of valinomycin to quinine-induced swollen sperm results in K+ 

efflux followed by water efflux and reversed cell swelling for bovine, human, and murine 

sperm. These results confirm the involvement of K+ efflux via K+ ion channels in sperm 

RVD. In bovine sperm, RVD is also inhibited by the broad spectrum K+ ion channel inhibitor 

tetraethylammonium (TEA; KULKARNI et al., 1997). In addition, patch clamp studies have 

documented a TEA-sensitive outward rectifying K+ current in bovine sperm (MARCONI et 

al., 2008). Furthermore, 4-amino-pyridine prevents RVD in human, monkey, and murine 

sperm (YEUNG et al., 2004; BARFIELD et al., 2005a and 2005b).  
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Several studies pointed out that voltage-sensitive K+ ion channels belonging to voltage-gated 

K+ ion channel families (Kv) and KCNQ as well as the two-pore-domain K+ channel family 

(K2P) are likely involved in volume regulation of mammalian sperm. Proteins belonging to 

these ion channel families have been shown to be involved in RVD of somatic cells (HOFF-

MANN et al., 2009). Among these channels, the voltage-dependent K+ channel Kv1.5 

(KCNA5), the KCNQ1 ß-subunit minK (KCNE1), and the acid sensitive K2P channel TASK2 

(KCNK5) are expressed in human and murine sperm (BARFIELD et al., 2005a and 2005b). 

Kv1.5 and TASK-2 are localized at the neck and the midpiece of human sperm whereas minK 

is located at the neck and principal piece (BARFIELD et al., 2005b). 

In addition to K+ channel inhibitors, the Cl- ion channel blocker NPPB (5-nitro-2-(3-phenyl-

propylamino)-benzoic acid) blocks RVD in sperm of human, mouse, monkey, and pig 

(PETRUNKINA et al., 2004b; YEUNG et al., 2004; YEUNG et al., 2005b; COOPER and 

YEUNG, 2007). RVD is inhibited by tamoxifen in human, murine, and porcine sperm, 

whereas DIDS (4,4’-diisothiocyanostilbene-2,2’-disulfonic acid) prevents RVD only in 

human and porcine sperm. In contrast, verapamil does not affect RVD in human, bovine, and 

porcine sperm and SITS (4-acetamido-4’-isothiocyanato-2,2’-stilbenedisulfonic acid) has no 

effect on RVD of human, bovine, and murine sperm (PETRUNKINA et al., 2004b; YEUNG 

et al., 2005a and 2005b; COOPER and YEUNG, 2007). Although, verapamil also inhibits Kv 

channels and L-type Ca2+ channels, RVD is still prevented by verapamil upon addition of 

valinomycin and at different Ca2+ levels (YEUNG et al., 2005a). This indicates that RVD in 

sperm is also mediated by Cl- efflux.  

Up to now, two different Cl- ion channel types have been identified in mammalian sperm that 

are implicated in sperm volume regulation. The voltage-dependent Cl- ion channel CLC-3 is 

expressed in human and porcine sperm (PETRUNKINA et al., 2004b; YEUNG et al., 2005b). 

This ion channel is localized in the tail and especially in the neck and midpiece of human 

sperm. The other candidate for RVD is the nucleotide-sensitive Cl- ion channel ICln which is 

expressed in murine sperm (YEUNG et al., 2006).  
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2.4 Intracellular potassium concentration and membrane potential of sperm 

 

Volume regulation via K+ and Cl- efflux is not only dependent on the opening of ion channels 

after cell swelling but also requires outwardly directed K+ and Cl- gradients (HOFFMANN 

and SIMONSEN, 1989). These electrochemical gradients are the driving force for K+ and Cl- 

transports across the plasma membrane via the opened ion channels. To generate outwardly 

directed gradients, the intracellular ion concentrations for K+ and Cl- have to be higher than 

those in the extracellular medium. An elevated intracellular Cl- that generates an outwardly 

directed Cl- gradient across the sperm plasma membrane has been shown in human sperm 

(TURNER and MEIZEL, 1995; GARCIA and MEIZEL, 1999a). The detected intracellular 

Cl- concentration would be sufficiently high enough so that the opening of Cl- channels would 

result in a net Cl- efflux.  

The intracellular K+ concentration has been determined in sperm of human, mouse, stallion, 

and bull using fluorescent dyes as carboxyfluorescein and BCECF (TAB. 1). It ranges between 

75 mM in uncapacitated human sperm and 124 mM in uncapacitated equine sperm (BAB-

COCK, 1983; PATRAT et al., 2002; LINARES-HERNÁNDEZ et al., 1998; OLDENHOF et 

al., unpublished data). In contrast, the K+ concentration in the bovine oviduct ranges between 

3.5 to 6 mM (GRIPPO et al., 1992; KENNY et al., 2002; HUGENTOBLER et al., 2007). The 

high intracellular K+ concentration in sperm, as in other vertebrate cells, is predominantly 

generated by the Na+/K+-ATPase (QUINN and WHITE, 1968). In bovine sperm, the Na+/K+-

ATPase is distributed in acrosomal, postacrosomal, and midpiece regions (THUNDATHIL et 

al., 2006). While actively transporting K+ versus Na+ in an electrogenic manner, the Na+/K+-

ATPase maintains a hyperpolarized resting membrane potential. The electrochemical gradient 

for K+ across the plasma membrane (intracellular K+ concentration versus extracellular K+ 

concentration) and a low permeability of the plasma membrane for K+ determines the 

membrane potential (Em) of sperm (ESPINOSA and DARZON, 1995; NAVARRO et al., 

2007) and can be calculated using the Nernst equation:  

 

 (1) 
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where R is the universal gas constant (8.314 J K-1 mol-1), T is the absolute temperature (K), z 

is the number of moles of electrons transferred across the membrane, F is the Faraday 

constant (9.648 x 104 C mol-1), and [K+]i and [K+]e are the intracellular and extracellular K+ 

concentrations, respectively. 

Employing membrane potential sensitive fluorescent dyes as DiSC3(5) and DiSBAC2(3) 

(TAB. 1) and using the intracellular and extracellular K+ concentrations, the membrane 

potential of mammalian sperm has been calculated for uncapacitated human, murine, equine, 

and bovine sperm. It ranges between -33 mV in bovine sperm and -58 mV in human sperm 

(ESPINOSA and DARSZON, 1995; ZENG et al., 1995; LINARES-HERNANDEZ et al., 

1998; PATRAT et al., 2002; DEMARCO et al., 2003; McPARTLIN et al., 2011). 

 

TAB. 1: Fluorescent dyes commonly used for determination of intracellular ion concentrations 
and membrane potential in mammalian sperm. 

Fluorescent dye Determination of References 
pH sensitive 

Carboxyfluorescein 

 

BCECF 

 

 

 

intracellular pH 

intracellular K+ and Na+ 

intracellular pH 

intracellular K+ 

 

 

BABCOCK (1983) 

 

DEMARCO et al. (2003) 

LINARES-HERNANDEZ et al. 

(1998); PATRAT et al. (2002) 

Membrane potential sensitive 

DiSC3(5) 

 

 

 

 

 

 

DiSBAC2(3) 

membrane potential 

changes 

 

 

 

 

 

intracellular K+ 

membrane potential 

changes 

ESPINOSA and DARSZON 

(1995); ZENG et al. (1995); 

LINARES-HERNANDEZ et al. 

(1998); PATRAT et al. (2002); 

DEMARCO et al. (2003); 

McPARTLIN et al. (2011) 

RINK (1977); ZENG et al. (1995) 

ZENG et al. (1995); 

DEMARCO et al. (2003) 
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The intracellular K+ concentration alters during capacitation of sperm. In mouse, equine, and 

bovine sperm the K+ permeability of the plasma membrane increases during capacitation 

leading to a decrease in intracellular K+ concentration and hyperpolarization of the plasma 

membrane (ZENG et al., 1995, McPARTLIN et al., 2011). In capacited murine and bovine 

sperm, the intracellular K+ concentration decreases by about 8 mM. The plasma membrane of 

murine and equine sperm hyperpolarizes by about -16 to -19 mV, whereas the plasma 

membrane of capacitated bovine sperm is hyperpolarized by -28 mV (ZENG et al., 1995; 

McPARTLIN et al., 2011). The hyperpolarization of the plasma membrane is assumed to 

participate in intracellular Ca2+ increase during capacitation by activation of Ca2+ channels 

(DARSZON et al., 1999). 
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3 MATERIALS AND METHODS 
 

3.1 Chemicals 

 

If not stated otherwise, chemicals were obtained from AppliChem (Darmstadt, Germany). 

 

 

3.2 Semen collection and dilution 

 

Ejaculates were collected routinely from Holstein Friesian bulls that were held at the Clinic 

for Cattle of the University of Veterinary Medicine in Hanover. Semen collections were 

performed twice a week using an artificial vagina (Hanover model, Minitüb, Tiefenbach, 

Germany). The quality of each ejaculate was checked macroscopically (color, volume, pH) 

and microscopically (mass and individual motility, constituents, agglutinations, and 

cytoplasmatic droplets). The sperm concentration was determined using a Thoma counter 

chamber (Marienfeld, Lauda-Königshofen, Germany). In addition, sperm were examined for 

morphological abnormalities after fixation in formol solution (appendix A.1). Only ejaculates 

that met the following criteria were used for experiments: >70 % progressive motile sperm, 

>900 x 106 sperm mL-1, and <20 % morphologically abnormal sperm. Within 30 to 60 min 

after collection, sperm were either diluted with extender and equilibrated for cryopreservation 

or directly used for experiments. Sperm that were diluted with extender and investigated 

before cryopreservation are referred in this study as extended sperm. 

 

 

3.3 Cryopreservation 

 

For cryopreservation, ejaculates were diluted slowly with pre-warmed (37°C) Andromed 

freezing extender (Minitüb, Tiefenbach, Germany) to a final concentration of 60 x 106 

cells mL-1 and subsequently air-cooled to 4°C with gentle rotating. After an equilibration time 

of 24 h, semen was packed into 0.25 mL straws and frozen using an automatic freezing 
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system (IceCube 14S-B, Minitüb, Tiefenbach, Germany). Straws were stored in liquid 

nitrogen for at least 24 h before they were thawed for 30 s in a 37°C water bath. For sperm 

analysis after freezing and thawing, four to six straws per ejaculate were pooled. If not stated 

otherwise, only ejaculates which showed >50 % viable sperm after freeze-thawing, checked 

by propidium iodide staining using flow cytometry, were used for further studies. Sperm that 

were frozen after 24 h cooling and thawed are referred in this study as cryopreserved sperm. 

 

 

3.4 Flow cytometric measurement and analysis of sperm volume and viability 

 

Simultaneous measurements of cell volume and viability were carried out after staining of 

sperm samples using propidium iodide (PI) and the flow cytometer Cell Lab Quanta SC 

(Beckmann Coulter, Krefeld, Germany) as described previously (OLDENHOF et al., 2011). 

Sperm that were diluted and cryopreserved in Andromed containing glycerol with an 

osmolality >1000 mOsm kg-1 (Minitüb, Tiefenbach, Germany) were first returned to a 

medium with isotonic conditions. For this purpose, 1 mL of extended and cryopreserved 

bovine sperm samples were centrifuged for 3 min at 700 x g. The supernatant was discarded 

and the pellet was resuspended in 900 µL isotonic Hepes buffered solution (300 mOsm kg-1 

HBS, appendix, A.1). Samples were pre-incubated in isotonic conditions for 15 min at room 

temperature. Five µL of the pre-incubated samples were then added to 495 µL experimental 

HBS (60 to 600 mOsm kg-1) containing 3 µM PI (Sigma-Aldrich, Steinheim, Germany), 

resulting in a final sperm concentration of approximately 1 x 106 cells mL-1. Samples were 

incubated for 10 min at room temperature and cell volumes and PI fluorescence of 5000 

sperm were recorded by flow cytometry as described by OLDENHOF et al. (2011). 

For investigation of osmotic tolerance limits of the bovine sperm plasma membrane, sperm 

were directly transferred from extender to (an)isotonic HBS. The percentage of PI-negative 

(unstained) sperm that showed intact plasma membrane was determined as a function of 

incubation time and osmolality. Furthermore, the osmolality at which 50 % of sperm with-

stood osmotic stress with intact plasma membranes (PI-neg.) was determined. This osmolality 

is defined as the critical osmolality (Osmcrit).  
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Furthermore, the volume behavior of cells by shrinking and swelling in response to exposure 

to anisotonic media can be described by the Boyle van ’t Hoff equation: 

 

  (2) 

 

where V is the cell volume at the osmolality M, Viso is the volume at isosmolality Miso 

(300 mOsm kg-1), and Vb is the osmotically inactive volume. Volumes of bovine sperm in 

(an)isotonic media were fitted to the Boyle van 't Hoff equation. This describes the range in 

which cells behave as linear osmometers and allows for estimation of the osmotically inactive 

cell volume Vb. The normalized cell equilibrium volume (V/Viso) was plotted versus the 

reciprocal of the normalized osmolality (Miso/M) and Vb was determined by extrapolation to 

infinite osmolality (y-axis intercept). 

 

 

3.5 Fluorescence spectroscopy measurement for determination of sperm intracellular pH and 

K
+
concentration 

 

The intracellular pH and intracellular K+ concentration were determined for extended and 

cryopreserved bovine sperm using a fluorescence spectrometer (LS55, Perkin Elmer, Rodgau, 

Germany) according to the method described by BABCOCK (1983). This method is based on 

the pH-dependent spectral properties of carboxyfluorescein (CF). The fluorescence intensity 

of CF at an emission wavelength of 515 nm increases with increasing pH when excited at 

495 nm (FLex:495/em:515), while the fluorescence at 515 nm remains constant when using an 

excitation wavelength of 465 nm (FLex:465/em:515). Carboxyfluorescein diacetate (CFDA) is 

non-fluorescent and is able to move across cellular membranes. Within the cell, the acetate 

groups are cleaved off by diacecate esterases. This results in the fluorescent and impermeable 

CF which is trapped inside the cells.  

Extended (50 µL containing 3 x 106 cells) or cryopreserved (100 µL containing 6 x 106 cells) 

bovine sperm were diluted with 1 mL CFDA washing buffer (appendix A.1) and sperm were 

collected by centrifugation (5 min, 600 x g). CFDA loading buffer (1.2 mL, appendix A.1) 
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containing 1 µM CFDA was added, after which the sperm pellet was resuspended and incu-

bated for 15 min at room temperature in the dark. Sperm were collected by centrifugation 

(10 s, 10 000 x g) and resuspended in 1 mL experimental buffer (MES-Na or MES-K buffer, 

appendix A.1). The suspension was transferred into a cuvette that contained 2 mL of the same 

experimental buffer. Experiments were done at room temperature. The fluorescence intensity 

was monitored at an emission wavelength of 515 nm with excitation wavelengths at 465 nm 

and 495 nm (10 nm band pass each) and the difference in fluorescence (FL495-FL465) was 

determined. 

 

For determining the intracellular pH of bovine sperm, the null point method described in 

detail by BABCOCK (1983) was performed. Addition of digitonin (Dig) to the sperm 

suspension results in a decrease or increase in fluorescence intensity depending on the extra-

cellular pH. No fluorescence change occurs upon addition of Dig, when the extracellular pH 

is equal to the intracellular pH representing the pH null point.  

Sperm were washed and loaded with CF as described above. To determine the intracellular 

pH via the null point method, MES-Na buffers with pH values of 6.06, 6.22, 6.41, 6.59, 6.8, 

and 7.02 were used. After resuspension of sperm in these buffers, the CF fluorescence inten-

sity (FL495-FL465) was monitored for 15 s, after which Dig (11.2 µL 40 mg mL-1) was added 

to a final concentration of 150 µg mL-1. In order to correct for small differences in initial 

fluorescence intensity by varying sperm concentrations and CF loading, the fluorescence 

intensity (FL495-FL465) was normalized to the fluorescence intensity before Dig addition: 

 

 (3) 

 

The intracellular pH of the sperm was determined as the pH at which the change in fluo-

rescence was zero.   

 

In addition, the intracellular K+ concentration of bovine sperm was determined by the null 

point measurements according to BABCOCK (1983). This method is based on the one to one 

exchange of K+ for H+ by the ionophore nigericin (Nig). Using Nig, the intracellular K+ 
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concentration is coupled to the pH dependent fluorescence response of the intracellular CF. 

Sperm were washed and loaded with CF as described above. For determining the intracellular 

K+ concentration via the null point method, sperm were resuspended in MES-K buffer 

containing K+ concentrations from 12 to 120 mM. LiCl was used to keep the ionic strength of 

the media constant. After resuspension of sperm in these buffers, CF fluorescence intensity 

(FL495-FL465) was monitored for 15 s, after which Nig (5 µL 1 mM) was added to a final 

concentration of 1.7 µM. After 45 s, Dig was added to the sperm resulting in release of the 

intracellular CF and return to the initial fluorescence intensity. The changes in FL495-FL465 

intensity after Nig and after Dig addition were determined as a function of the external K+ 

concentration: 

 

 (4) 

 

The intracellular K+ concentration of bovine sperm was determined by interpolation to the 

null point of the difference fluorescence.   

 

 

3.6 Total RNA isolation and cDNA synthesis 

 

At first, a sperm clean-up was performed using 90 % SpermFilter (Gynemed, Lehnsahn, 

Germany) in isotonic HBS according to the manufacturer instructions. The resulting pellet 

was used for RNA isolation. Total RNA was extracted by the heated TRIzol method from 

GILBERT et al. (2007) with minor modifications. A pellet of 2000 x 106 sperm was re-

suspended in 1 mL TRIzol reagent (Invitrogen, Karlsruhe, Germany), after which it was 

incubated at 65°C for 5 min with gentle shaking. The sample was then homogenized by 

passing it ten times through a syringe with a 0.5 mm diameter needle. Afterwards, the 

protocol was followed as supplied by the manufacturer with the exception that precipitation of 

RNA in isopropyl alcohol occurred for 1-2 h on ice. Three samples were pooled by 

centrifugation to obtain a higher RNA yield. Total RNA was dissolved in 20 µL RNAse-free 

water and stored at -80°C. In addition to RNA isolation from sperm, total RNA was isolated 
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from bovine testes. For that, testes were used from two Holstein Friesian bulls that were held 

at the Clinic for Cattle. After bull castration, testes were directly placed on ice, cut into small 

pieces within 30 min, and stored in RNAlater (Ambion, Darmstadt, Germany) at -80°C. For 

RNA isolation, 1 mL TRIzol was added to 50 to 100 mg testis material and the tissue was 

homogenized using a glass homogenizer (B. Braun, Melsungen, Germany). RNA isolation 

was carried out as described above. The profile of isolated nucleic acids was evaluated using a 

Bioanalyzer and RNA PicoLap Chips (Agilent Technologies, Böblingen, Germany). 

First strand cDNA was transcribed from total RNA using SuperScript Reverse Transcriptase 

(Invitrogen, Karlsruhe, Germany), RNase Inhibitor, RNase H (NewEngland BioLabs, Frank-

furt am Main, Germany), and random hexamer primers (Invitrogen, Karlsruhe, Germany) 

according to the manufacturer’s instructions and stored at -20°C. 

 

 

3.7 Cloning of chloride and potassium ion channel transcripts 

 

Nucleotide sequences coding for the Cl- channel protein CLC-3 (accession no.: 

NP_001179932) and the K+ channels TASK-2 (NP_001178073) and Kv1.5 (NP_001015552) 

were amplified by polymerase chain reaction (PCR). cDNA generated as described above was 

used as a template together with gene specific sense and antisense primers (TAB. 1; see also 

appen-dix A.3). The nucleotide sequence coding for Protamine 2 (NM_174157) served as a 

positive control for cDNA synthesis and PCR conditions. Primers were designed using the 

PrimerQuest software from Integrated DNA Technologies (http://eu.idtdna.com/Scitools/ 

Applications/Primerquest/) and purchased from Eurofins MWG (Ebersberg, Germany). PCR 

reactions were performed in a final volume of 25 µl using the following conditions: 2.5 µL 

cDNA, 10 mM of each primer, pre-heated lid at 95°C, 2 min initial denaturation at 94°C, 40 

cycles of 30 s denaturation at 94°C + 30 s annealing at 56°C + 1 min per kbp elongation at 

68°C, and 7 min final extension at 68°C using a Biometra thermal cycler (TProfessional 

Standard 96 ThermoCycler, Biometra, Göttingen, Germany).  
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TAB. 2: Gene specific sense and antisense primers used for amplification of Protamine 2 

(Prm2), the chloride ion channel CLC-3 (Clc-3), and the potassium ion channels TASK-2 

(Task-2) and Kv1.5 (Kv1.5). 

 Primer information 

Gene Sequence 5’-3’ 

Annealing 

temp. (°C) 

Product size 

(bp) 

Control    

Prm 2 F:aaggccagctgccgtctca 

R:tggctcctgtgtctgtagtggt 
56 223 

Ion channels    

Clc-3 F:aggaatgacatgaacgccagca 

R:tttccgggcactttctatggca 

Fn:gcagctgtgcttggctctcatatt 

Rn:attcagccggatgtgggcttcata 

56 
 

56 

741 
 

409 

Task-2 F:atcacgtgcacagccatcttca 

R:cgttcatcagctgttcgtaaggca 

Fn:atcaagcagatcgggaagaaggct 

Rn:tgatgcggtccagctggttaat 

56 
 

56 

993 
 

227 

Kv1.5 F:agggcttcatcaaggaagagga 

R:acattgctcttggccttgaggt 

Fn:accacgtgtgtcatctggttca 

Rn:gggacaacttgaagatgcggaaca 

56 
 

56 

1132 
 

259 

 

 

PCR products were separated and checked by agarose gel electrophoresis. For that, gels of 

2 % agarose in TAE buffer (appendix A.1) containing 0.01 % ethidium bromide were used. 

Electrophoresis was done at 100 V for 45 min (Mupid-One electrophoresis chamber, Ad-

vance, Tokyo, Japan) and product separation was inspected using the Molecular Imager 

ChemiDoc XRS system and Quantity One software (Bio-Rad Laboratories, München, Ger-

many). For nucleotide sequencing, PCR signals of the expected sizes were cut out from the 

gel and extracted and purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden, 

Germany) according to manufacturer’s instructions. The products were sent for direct sequen-

cing (HotShot sequencing, Seqlab, Göttingen, Germany) using the gene specific primers for 

Clc-3, Task-2, and Kv1.5. 
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3.8 Western blot analysis of ion channel proteins CLC-3, TASK-2, and Kv1.5 

 

Proteins were extracted from SpermFilter cleaned-up sperm of both, native as well as 

cryopreserved bovine sperm. CHAPS extraction buffer (100 µL; appendix A.1) was added to 

100 x 106 sperm. Proteins were also isolated from bovine testis tissue. Freshly prepared testis 

tissue (100-200 mg) was homogenized in 2 mL extraction buffer. Protein extraction occurred 

for 1 h on ice with frequent vortexing, after which samples were centrifuged for 30 min, 4°C, 

16 000 x g. Protein concentrations of the supernatant were determined using the Micro BCA 

Protein Assay (Pierce, ThermoScientific, Bonn, Germany) and samples were stored at -20°C. 

Proteins were separated on 12 % polyacrylamid gels using reducing polyacrylamid gel 

electrophoresis (SDS-PAGE; appendix A.1). For this, aliquots of 40 µg proteins were diluted 

in reducing loading buffer (appendix A.1) and heated for 5 min at 95°C. Electrophoresis was 

done at 100-150 V for approximately 1.5 h (Mini PROTEAN system, Bio-Rad Laboratories, 

München, Germany) using a Tris-glycine buffer (appendix A.1). Protein separation was 

checked by Coomassie staining (appendix A.1). For Western blot analysis, proteins were 

transferred to a polyvinylidene fluoride membrane (Millipore, Schwalbach/Ts., Germany) 

using semi-dry blotting (Fastblot B43/B44, Biometra, Göttingen, Germany). Transfer effi-

ciency of the proteins onto the membrane was checked by 0.5 % Ponceau-S in 1 % acetic 

acid.  

In order to detect Cl- and K+ channel proteins by Western blot analysis, commercially avail-

able antibodies were used (Millipore, Schwalbach/Ts., Germany: anti-rat CLC-3 (AB5162), 

anti-human TASK-2 (AB5470), anti-mouse Kv1.5 (AB5182); for antibody binding sites see 

appendix A.3). Amino acid sequences of the antibody binding sites showed 85 to 100 % 

sequence homology with the predicted sequences from bovine proteins (accession no.: 

CLC-3: XP_880686, TASK-2 XP_001178073, and Kv1.5 NP_001015552). First, blotted 

membranes were incubated for 1 h at room temperature in TBS-Tween with 1 % bovine 

serum albumin (BSA, appendix A.1). Then, membranes were incubated overnight at 4°C with 

one of the following primary antibodies in TBS-Tween: anti-CLC-3 (dilution 1:300), anti-

TASK-2 (dilution 1:200), and anti-Kv1.5 (dilution 1:500). Negative controls without the 

primary antibody and specificity controls using the antigen peptide to block the primary 

antibody were done in parallel. After washing the membranes three times with TBS-Tween 

for 5 min with gentle shaking at room temperature, binding of primary antibodies was 
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detected by alkaline phosphatase-conjugated anti-rabbit IgG secondary antibody (Sigma-

Aldrich, Steinheim, Germany). For that, the membranes were incubated for 1 h at room 

temperature with the secondary antibody (dilution in TBS-Tween: 1:20 000), then washed 

another three times with TBS-Tween and pre-incubated 5 min in alkaline phosphatase buffer 

(APP; appendix A.1). Subsequent incubation in NBT/ BCIP buffer (appendix A.1) visualized 

bound antibodies. The development reaction was stopped by rinsing the membranes in 

distilled water. Membranes were scanned for documentation using the Molecular Imager 

ChemiDoc XRS system and Quantity One software (Bio-Rad Laboratories, München, 

Germany).  

 

 

3.9 Immunocytochemistry of CLC-3 and TASK-2 on bovine sperm 

 

Immunolocalization of ion channel proteins CLC-3 and TASK-2 in bovine sperm was 

performed on cleaned-up native bovine sperm which were either incubated in isotonic 

(300 mOsm kg-1) or hypotonic (50 mOsm kg-1) HBS for 15 min. Sperm samples were 

smeared on poly-L-lysine coated slides and sperm were fixed with paraformaldehyde-glutar-

aldehyd solution (appendix A.1) for 10 min at room temperature. Fixation was stopped by 

0.1 M glycin for 5 min and slides were washed three times for 5 min with PBS (appen-

dix A.1). Slides were incubated for 1 h at room temperature using 3 % BSA in PBS as 

blocking solution, after which they were incubated with the primary antibody in PBS (anti-

CLC-3 diluted 1:100, anti-TASK2 diluted 1:66) over night at 4 °C in a humidity chamber. 

Negative controls included incubations without the primary antibodies and specificity controls 

included blocking of the primary antibody using the antigen peptide. AlexaFluor488-conju-

gated goat anti-rabbit IgG antibody (diluted in PBS 1:100, Invitrogen, Karlsruhe, Germany) 

was used as secondary antibody. After washing the slides three times with PBS, they were 

incubated with the secondary antibody for 1 h at room temperature in the dark. After three 

further washing steps, the slides were covered with SlowFade Antifade (Invitrogen, Karls-

ruhe, Germany) and fluorescence signals were evaluated by fluorescence microscopy (Olym-

pus BX60, Olympus, Hamburg, Germany). Images were recorded using the software cell^B 

(Olympus, Hamburg, Germany). 
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3.10 Data analysis 

 

Data analysis was performed using Excel (Microsoft Office Professional Edition 2003 SP3, 

Microsoft Corporation, Redmond, USA). Results are presented as means ± standard deviation 

(S.D.). 

Statistical analysis was performed using the statistics software StatView (version 5.0, SAS 

Institute Inc., Cary, USA) to compare the effects of different osmolalities on sperm plasma 

membrane integrity and differences in sperm intracellular pH and K+ concentration before and 

after cryopreservation. Data were checked for normal distribution using the Kolmogorov-

Smirnov-Test. Statistical significance differences were determined using the Wilcoxon-Mann-

Whitney-Test. Probability values of p≤0.05 were considered as significant. 
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4 RESULTS 
 

4.1 Time dependent changes in plasma membrane integrity of bovine sperm before and after 

cryopreservation 

 

The osmotic plasma membrane integrity of bovine sperm was investigated before and after 

cryopreservation. For this purpose, the plasma membrane permeability of bovine sperm for 

propidium iodide (PI) was first determined over the time during incubation in isotonic and 

hypotonic conditions to detect the time point after which the percentage of PI-neg. sperm 

remained constant. Transferring extended bovine sperm from freezing extender to isotonic 

medium (300 mOsm kg-1), the percentage of PI-neg. cells (plasma membrane intact sperm) 

remained constant (p>0.05) over the examination time at a mean value of 87 ± 7 % (FIG. 1, 

A). In contrast, upon exposure to hypotonic conditions (240 mOsm kg-1), the percentage of 

PI-neg. cells decreased by 11 % after 2 min incubation (p>0.05; FIG. 1, B). After 5 min 

incubation in hypotonic conditions, the percentage of PI-neg. sperm decreased another 4 % 

(p>0.05) after which it remained constant (p>0.05). However, upon those mild hypotonic 

conditions the change in PI-neg. cells was only tendencial. 

Exposure of cryopreserved bovine sperm after freeze-thawing to isotonic conditions resulted 

in 70 ± 7 % PI-neg. sperm after 2 min. incubation (FIG. 1, A). This value was 17 % lower 

compared to the corresponding value of sperm before cryopreservation (p<0.05). After 10 min 

incubation, the percentage of PI-neg. cryopreserved sperm decreased by 8 % (p<0.05). Upon 

exposure to hypotonic medium, the percentage of PI-neg. after 2 min incubation was 19 % 

lower (p>0.05) compared to extended sperm in hypotonic conditions (FIG. 1, B). After 10 min 

and 20 min incubation under hypotonic conditions, the percentage of PI-neg. cryopreserved 

sperm decreased by another 10 % (p<0.05) after which it remained constant (p>0.05). After 

30 min. incubation, the percentage of PI-neg. sperm did not change (p>0.05) furthermore for 

up to 60 min incubation time in extended and cryopreserved samples.  
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FIG. 1: Time dependent changes in plasma membrane integrity (PI-neg. cells %) of extended 
(�, �) and cryopreserved (□, □) bovine sperm exposed to isotonic (A; 300 mOsm kg-1) and 
hypotonic (B; 240 mOsm kg-1) medium. Values with * represent differences between 
extended and cryopreserved sperm (p<0.05), data = means ± S.D., Nextended=4 (1 ejaculate in 
each of 4 different bulls), Ncryopreserved=5 (1 ejaculate in each of 5 different bulls). 
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4.2 The effect of osmolality on plasma membrane integrity of extended and cryopreserved 

bovine sperm 

 

In order to determine osmotic tolerance limits and the critical osmolality for bovine sperm 

before and after cryopreservation, the plasma membrane integrity upon exposure to different 

osmolalities was investigated. The percentage of PI-neg. sperm was determined after an 

incubation time of 10 min in media with osmolalities ranging from 6 to 600 mOsm kg-1.  

For determining the critical osmolality (Osmcrit), representing the osmolality at which 50 % of 

the cells showed intact plasma membranes upon exposure to hypotonic media, the percentage 

of PI-neg. sperm was normalized to isotonic conditions (FIG. 2). The percentage of PI-neg. 

bovine sperm before cryopreservation in hypertonic medium (450-600 mOsm kg-1) did not 

change (p>0.05) compared to isotonic conditions. Under hypotonic conditions, plasma mem-

brane integrity of extended bovine sperm decreased to 75 ± 24 % PI-neg. in 60 mOsm/kg 

(p<0.05).  

After cryopreservation, at osmolalities of 60 and 120 mOsm kg-1, cryopreserved bovine sperm 

were less tolerant (p<0.05) to hypotonicy as compared to extended sperm (FIG. 2). At these 

osmolalities, only 47 ± 16 % and 56 ± 17 % of bovine sperm were PI-neg., respectively. 

Below 60 mOsm kg-1, an abrupt decrease in PI-neg. cells occurred in both, extended and cryo-

preserved bovine sperm. 

The Osmcrit for extended bovine sperm before cryopreservation was lower (p<0.05; 55 ± 

35 mOsm kg-1) than the Osmcrit for bovine sperm after cryopreservation (89 ± 42 mOsm kg-1).  
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FIG. 2: Plasma membrane integrity (PI-neg. cells %) depending on osmolality of extended 
(�) and cryopreserved (□) bovine sperm normalized to isotonic (300 mOsm kg-1) conditions. 
The critical osmolality (Osmcrit), representing the osmolality at which 50 % of the cells 
showed intact plasma membranes upon exposure to hypotonic media, was 55 ± 35 and 
89 ± 42 mOsm kg-1 for extended and cryopreserved bovine sperm, respectively. Values with 
* represent differences between extended and cryopreserved sperm (p<0.05), data = 
means ± S.D., Nextended=15 (3 ejaculates in each of 5 different bulls), Ncryopreserved=17 
(2 ejaculates in each of 5 different bulls + 7 ejaculates of 1 bull). 

 

 

 

4.3 Osmotic cell volume response of bovine sperm before and after cryopreservation 

 

The osmotic cell volume response of PI-neg. (plasma membrane intact) and PI-pos. (plasma 

membrane damaged) bovine sperm was investigated. PI-pos. sperm showed the same 

(p>0.05) osmotic cell volume response as PI-neg. sperm. The mean cell volume of PI-neg. 

extended bovine sperm under isotonic conditions (300 mOsm kg-1) was 16 ± 4 µm3 (FIG. 3). 

An increase in cell volume up to 52 ± 7 µm3 was found for PI-neg. sperm that were exposed 

to a hypotonic medium of 60 mOsm kg-1 (p<0.05). Upon exposure to hypertonic medium of 

600 mOsm kg-1, the cell volume decreased down to 13 ± 4 µm3 (p>0.05).  
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FIG. 3: Cell volumes depending on osmolality of all (�), PI-neg. (�), and PI-pos. extended 
bovine sperm. Values with * represent differences between osmotic dependent cell volumes 
(p<0.05), data = means ± S.D., N=16 (5 ejaculates in each of 2 different bulls + 6 ejaculates 
of 1 bull). 

 

 

The osmotic cell volume behavior of plasma membrane intact (PI-neg.) cryopreserved bovine 

sperm after freeze-thawing was the same (p>0.05) as the osmotic volume response of PI-neg. 

bovine sperm before cryopreservation (FIG. 4, A).  

Shrinking and swelling of cells in anisotonic media can be described by the Boyle van ’t Hoff 

equation, which describes the osmotic range in which cells behave as linear osmometers. 

From this, the osmotic inactive volume (Vb) can be derived, which corresponds to maximum 

cellular dehydration. PI-neg. bovine sperm were determined to behave as linear osmometers 

in the osmotic range from 150 to 600 mOsm kg-1 for both, extended and cryopreserved sperm 

(FIG. 4, B). In this osmotic range, the cell volumes increased 1.8-fold in hypotonic medium 

and decreased 0.7-fold in hypertonic medium, as compared to the isotonic cell volume. The 

osmotic inactive volume Vb of both, extended and cryopreserved bovine sperm, was 70 ± 4 % 

of the isotonic cell volume. 
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FIG. 4: Cell volumes depending on osmolality of plasma membrane intact (PI-neg. cells) 
extended (�) and cryopreserved (□) bovine sperm (A). Corresponding Boyle van ’t Hoff 
analysis of osmotic volume response of extended and cryopreserved bovine sperm to 
determine the osmotic inactive volumes (Vb) by extrapolation to the infinite osmolality (B; 
y-axis intercept). No significant differences were found between the osmotic cell volume 
response of PI-neg. extended and cryopreserved bovine sperm. V = cell volume, M = 
osmolality, r.u. = relative units. Data = means ± S.D., Nextended=16 (5 ejaculates in each of 2 
different bulls + 6 ejaculates of 1 bull), Ncryopreserved=12 (3 ejaculates in each of 4 different 
bulls). 
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4.4 Intracellular pH of extended and cryopreserved bovine sperm 

 

Performing the null point method according to BABCOCK (1983) on carboxyfluorescein 

(CF) loaded bovine sperm, the intracellular pH of bovine sperm was determined and 

compared before and after cryopreservation.  

Addition of digitonin (Dig) to CF loaded bovine sperm resuspended in media at pH values 

ranging from 6.02 to 7.02 produced rapid changes in CF fluorescence intensity (FIG. 5, A). 

When bovine sperm were resuspended in media with a low pH of 6.06, the CF fluorescence 

intensity decreased upon addition of Dig. In contrast, for a pH of 7.02 the fluorescence 

intensity increased after Dig addition. These changes in fluorescence intensity were consistent 

with results of bovine sperm from BABCOCK (1983). The change in fluorescence intensity 

after Dig addition depending on the pH was determined for bovine sperm before and after 

cryopreservation and is shown in FIG. 5 (B). The cytosolic pH of bovine sperm was 

determined as the point at which no change in fluorescence intensity was observed after Dig 

addition. From this analysis, the intracellular pH of extended bovine sperm was determined to 

be 6.28 ± 0.08. In contrast, the intracellular pH of cryopreserved bovine sperm was reduced to 

6.16 ± 0.1 (p<0.05). 
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FIG. 5: Time dependent changes in fluorescence intensity after digitonin (Dig) addition of 
carboxyfluorescein loaded bovine sperm resuspended in media at different pH (A) and the 
derived Dig-induced null point determination of the intracellular pH of bovine sperm before 
and after cryopreservation (B). FL = fluorescence intensity, ∆FL = change in fluorescence 
intensity after Dig addition, a.u. = arbitrary units. Data with different letters differ (p<0.05), 
data = means ± S.D., N=6 (2 ejaculates in each of 3 different bulls). 
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FIG. 6: Time dependent changes in fluorescence intensity after nigericin (Nig) and digitonin 
(Dig) addition of carboxyfluorescein loaded bovine sperm resuspended in media at K+ 
concentrations of 12, 24, 36, 48, 72, 96, and 120 mM (A). Bovine sperm diluted in the 
commercial extender Andromed (Minitüb, Tiefenbach, Germany) resulted in inconsisted 
fluorescence changes after Nig and Dig addition. The derived Nig-induced null point 
determination of the intracellular K+ concentration of bovine sperm extended in Andromed 
(B). FL = fluorescence intensity, ∆FL = change in fluorescence intensity after Dig addition, 
a.u. = arbitrary units, [K+] = K+ concentration. Data = means ± S.D., N=4 (1 ejaculate in 

4.5 Intracellular K
+
 concentration of bovine sperm before and after cryopreservation 

 

The intracellular K+ concentration of extended and cryopreserved bovine sperm was deter-

mined by the null point method (BABCOCK, 1983). Media were used with pH values that 

were equal to the intracellular pH of bovine sperm before and after cryopreservation (see 4.4). 

According to the experiments described above, a pH of 6.3 and 6.15 was used for extended 

and cryopreserved bovine sperm, respectively. 

Initial experiments were done using bovine sperm diluted in the commercial freezing extender 

Andromed (Minitüb, Tiefenbach, Germany). Addition of Nig and Dig to CF loaded bovine 

sperm resuspended in media with various K+ concentrations resulted in fluorescence intensity 

changes that were not consistent with results for bovine sperm from BABCOCK (1983) 

(FIG. 6, A and B). 
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In contrast, diluting bovine sperm in a self-prepared skim-milk extender (INRA; appen-

dix A.1) without glycerol and any unkown additives resulted in CF fluorescence responses 

consistent with data of bovine sperm as described by BABCOCK (1983). Therefore, the 

intracellular K+ concentration was determined before and after cryopreservation using bovine 

sperm diluted in INRA. When frozen in INRA, 15 ± 3% bovine sperm survived the freeze-

thawing procedure. Since CF is only cleaved and trapped in viable sperm (see 3.5), the 

percentage of damaged and non-viable sperm did not affect the fluorescence measurements. 

FIG. 7 (A) shows the fluorescence intensity upon addition of Nig and Dig for bovine sperm 

extended in INRA. Addition of Nig to CF loaded bovine sperm resuspended in media at K+ 

concentrations ranging from 12 to 120 mM produced rapid changes in CF fluorescence 

intensity. When sperm were resuspended in media with a low K+ concentration of 12 mM, the 

CF fluorescence intensity decreased upon addition of Nig (FIG. 7, A). Subsequent addition of 

Dig released the intracellular CF to the medium and the fluorescence intensity returned to the 

initial value. With increasing extracellular K+ concentrations up to 120 mM, the decrease in 

fluorescence intensity upon addition of Nig diminished. Interpolating the change in 

fluorescence intensity to the null point, an intracellular K+ concentration [K+]i of 

154 ± 17 mM was determined for bovine sperm before cryopreservation (FIG. 7, B). In 

contrast, after cryopreservation bovine sperm showed a higher [K+]i (p<0.05) of 

183 ± 24 mM. 
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FIG. 7: Time dependent changes in fluorescence intensity after Nig and Dig addition of 
carboxyfluorescein loaded bovine sperm resuspended in media at different K+ concentrations 
(A) and the derived Nig-induced null point determination of the intracellular K+ 
concentration of bovine sperm before and after cryopreservation (B). FL = fluorescence 
intensity, ∆FL = change in fluorescence intensity after Dig addition, a.u. = arbitrary units, 
[K+] = K+ concentration. Data with different letters indicate differences (p<0.05), data = 
means ± S.D., N=6 (2 ejaculates in each of 3 different bulls). 
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FIG. 8: RNA profiles, as obtained by Bioanalyzer measurements using Pico-Chips, of total 
RNA isolated from bovine testis (A; 1:200 dilution) and native sperm (B; undiluted) after 
Sperm-Filter cleanup. Indicated are the PicoChip marker (M), short size RNA, as well as 
18S and 28S ribosomal RNA (rRNA), FU = fluorescence units. 

4.6 Expression of chloride and potassium ion channel transcripts in bovine sperm 

 

The quality of RNA isolated from bovine testis and sperm is illustrated in FIG. 8. For bovine 

testis, a RNA profile was obtained by Bioanalyzer (Agilent Technologies) with peaks for 18S 

and 28S rRNA, and a smaller peak representing short size RNA. Total RNA from bovine 

sperm showed only the presence of short size RNA.   
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Testis and sperm total RNA were employed in reverse transcription to synthesize cDNA. 

Using this as a template, standard PCR was performed to detect gene transcripts coding for 

the chloride ion channel CLC-3 and the potassium ion channels TASK-2 and Kv1.5. 

Testicular RNA was used for primer optimization of PCR conditions. A primer pair detecting 

the gene transcript of bovine Protamine 2 (Prm2) was used as a positive control.  

A PCR fragment of the expected size of 223 bp was obtained for Prm2, both in bovine testis 

and sperm, indicating successful cDNA synthesis (FIG. 9, A and B). Using different primer 

pairs for amplification of the ion channel gene transcripts, Clc-3, Task-2, and Kv1.5 were 

detected in bovine testis using different primer pairs (FIG. 9, A). When using standard PCR, 

only weak or no signals were obtained for these ion channel transcripts in bovine sperm (data 

not shown). Clear amplified PCR fragments of the expected sizes, however, were detected 

when nested PCRs were performed on bovine sperm with sizes of 409 bp for ClC-3, 277 bp 

for Task-2, and 259 bp for Kv1.5 (FIG. 9, B).  

The amplified PCR products of bovine sperm were cleaned up and sequenced. The sequences 

are shown in FIG. 10. Using the NCBI Gen-Bank database (BLASTn program; http://blast. 

ncbi.nlm.nih.gov/Blast.cgi), the sequences were verified as those nucleotide sequences pub-

lished for bovine Clc-3, Task-2, and Kv1.5.   
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FIG. 9: PCR products coding for Prm2, the chloride ion channel Clc-3, and the potassium ion 
channels Task-2 and Kv1.5 of bovine testis (A; standard PCR) and native sperm (B; nested 
PCR). Primer pairs and expected product sizes are indicated for each lane, M = 100 bp DNA 
marker. 
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FIG. 10: Sequencing results of amplified PCR products of bovine Clc-3 (A), Task-2 (B), and 
Kv1.5 (C). Indicated are the identities (%) in nucleotide sequence between the PCR products 
amplified in this study and that published in the Gen-Bank database (BLASTn; 
http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
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4.7 Detection of the ion channel proteins CLC-3, TASK-2, and Kv1.5 before and after 

cryopreservation 

 

Western blot analysis was performed to confirm the expression of CLC-3, TASK-2, and 

Kv1.5 proteins in bovine sperm. Bovine testis proteins were used as a positive control for 

primary and secondary antibody optimization. Negative controls in which the primary anti-

body was omitted revealed no unspecific staining with the secondary antibody (data not 

shown). 

A signal was detected for CLC-3 in bovine sperm with a molecular weight of about 72 kDa 

(FIG. 11, A). Using the antigen peptide, the 72 kDa signal was depleted due to complete 

absorption of the primary antibody binding site by the antigen. This indicated that no 

unspecific binding of the antibody occurred. FIG. 11 (B) illustrates the binding site of the anti-

body raised against CLC-3 from rat that shows 100 % homology with the bovine amino acid 

sequence in this region. In bovine testis, a second specific signal for CLC-3 was obtained with 

a higher molecular weight of about 80 kDa. This signal might be a different isoform of CLC-3 

or a post-translational modificated form of CLC-3, since a glycosylation site and different 

phosphorylation sites are predicted (FIG. 11, C). The protein level of CLC-3 was not affected 

by cryopreservation as derived from comparing signal identities of bovine sperm before and 

after cryopreservation (FIG. 11, A). 
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FIG. 11: Western blot analysis of CLC-3 of bovine testis and native as well as cryopreserved 
bovine sperm in the absence and presence of the antigen peptide (A; anti-CLC-3 antibody 
dilution 1:300). Indicated is the specific signal at 72 kDa, M = 10 kDa protein marker, 40 µg 
protein per lane. Amino acid alignment of CLC-3 of Bos, Rat, human, Equus, and Sus (B; 
accession no.: XP_880686, NP_445815, NP_001820, XM_001499078, XP_003359113; 
Multalign: http://multalin.toulouse.inra.fr/multalin/, GeneDoc: http://www.nrbsc.org/gfx/ 
genedoc/). Indicated is the degree of conservation between amino acids: blue = 100 % 
conserved. Bovine CLC-3 predicted transmembrane domains and potential post-translational 
modification sites (C; N-glycosylation at amino acids: 177-180; protein kinase C phosphory-
lations at AA: 700-702, 718-720, 729-731, 745-747, and 796-798; SOSUI engine 1.11: 
http://bp.nuap.nagoya-u.ac.jp/sosui/, PROSCAN: http://pbil. ibcp.fr). Indicated is the amino 
acid binding site of the anti-CLC-3 antibody, TM = transmembrane domain.  
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The potassium ion channel TASK-2 was identified in bovine sperm and testis with two 

signals of about 55 and 60 kDa (FIG. 12, A). Using the antigen peptide to block the antibody 

binding site prevented detection of the signals at 55 and 60 kDa. Alignment of amino acid 

sequences encoding TASK-2 homologues from human and bull showed 88 % homology for 

the antibody binding site (FIG. 12, B). Also for TASK-2, the molecular weight at which the 

TASK-2 antibody detected a specific signal was slightly different between bovine testis and 

sperm. TASK-2 is predicted to have a glycosylation site at the first extracellular loop and two 

potential phosphorylation sites at the C-terminus (FIG. 12, C).  

For the potassium ion channel Kv1.5, only a weak signal at about 60 kDa was detected in 

bovine sperm by Western blot analysis (FIG. 13, A). The low specificity at which this signal 

was detected might be due to the low amino acid homology of only 85.4 % between the 

murine and bovine Kv1.5 antibody binding sites (FIG. 13, B). Similar to CLC-3, cryopreser-

vation did not affect TASK-2 and Kv1.5 protein levels in bovine sperm (FIG. 12 and 13, A). 
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FIG. 12: Western blot analysis of TASK-2 of bovine testis, native and cryopreserved sperm 
in the absence and presence of the antigen peptide (A; anti-TASK-2 antibody dilution 
1:200). Indicated are the two specific signals at 55 and 60 kDa, M = 10 kDa protein marker, 
40 µg protein per lane. Amino acid alignment of TASK-2 of Bos, Sus, Equus, human, and 

Mus (B; accession no.: NP_001178073, XP_001928289, XP_001500661, NP_003731, 

NP_067517). Indicated is the degree of conservation between amino acids: blue = 100 % 
conserved, red = 80 % conserved, grey = 60 % conserved, white <60 % conserved. Bovine 
TASK-2 predicted transmembrane domains and potential post-translational modification 
sites (C; N-glycosylation at AA: 77-80, protein kinase C phosphorylations at AA: 359-361 
and 432-434). Indicated is the amino acid binding site of the anti-TASK-2 antibody, TM = 
transmembrane domain.  
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FIG. 13: Western blot analysis of Kv1.5 of bovine testis and native as well as cryopreserved 
sperm in the absence and presence of the antigen peptide (A; anti-Kv1.5 antibody dilution 
1:100). Indicated is the specific signal at 60 kDa, M = 10 kDa protein marker, 40 µg protein 
per lane. Amino acid alignment of Kv1.5 of Bos, Equus, Sus, human, and Mus (B; accession 
no.: NP_001015552, XP_001495044, NP_001006593, NP_002225, NP_0666095). Indicated 
is the degree of conservation between amino acids: blue = 100 % conserved, red = 80 % 
conserved, grey = 60 % conserved, white <60 % conserved. Bovine Kv1.5 predicted trans-
membrane domains and potential post-translational modification sites (C; N-glycosylations 
at AA: 110-113 and 175-178, protein kinase C phosphorylations at AA: 561-563 and 592-
594). Indicated is the amino acid binding site of the anti-Kv1.5 antibody, TM = trans-
membrane domain.  
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4.8 Immunolocalization of CLC-3 and TASK-2 in bovine sperm under iso- and hypotonic 

conditions 

 

The antibodies against CLC-3 and TASK-2 were used for localization studies of these 

proteins in bovine sperm. As a negative control, the AlexaFluor488-conjugated secondary 

antibody was used without primary antibody to determine the antibody concentration at which 

no fluorescent background staining was obtained (data not shown). 

The chloride ion channel protein CLC-3 was detected in bovine sperm, both under isotonic 

and hypotonic conditions. Under isotonic conditions, CLC-3 was evenly distributed in the 

midpiece, the upper and lower tail (FIG. 14, A). In addition, dot-like signals were found in the 

acrosomal region. Upon exposure to hypotonic conditions, bovine sperm coil their tail due to 

osmotic cell swelling and membrane stretching (FIG. 14, D). Localization of CLC-3 was 

similar under hypotonic conditions (FIG. 14, C). The antigen peptide fully absorbed the 

primary antibody which resulted in depletion of fluorescent signals, illustrating specific 

binding of the anti-CLC-3 antibody (FIG. 14, E). 

Employing the antibody against the potassium ion channel protein TASK-2, cross reactivity 

was detected in the bovine sperm tail and head region (FIG. 15, A). However, using the 

antigen peptide resulted in a similar fluorescent pattern. This indicated unspecific binding of 

the primary antibody in the immunocytochemical experiments (FIG. 15, C). 
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FIG. 14: Immunolocalization of CLC-3 in bovine sperm (SpermFilter cleaned) under isotonic 
(A; 300 mOsm kg-1) and hypotonic (C; 50 mOsm kg-1) conditions, with the antigen peptide 
(E), and the corresponding phase-contrast images (B, D, F). Anti-CLC-3 antibody dilution 
1:100. 
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FIG. 15: Immunolocalization of TASK-2 in bovine sperm (A; anti-TASK antibody dilution 
1:66), with the antigen peptide (C), and the corresponding phase-contrast images (B, D).  
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5 DISCUSSION 
 

This study showed that cryopreservation reduced the plasma membrane tolerance of bovine 

sperm to hypotonic stress resulting in a significant decrease in plasma membrane integrity 

upon hypotonic exposure after cryopreservation. Furthermore, viable bovine sperm showed a 

significant increase in intracellular H+ and K+ concentrations after cryopreservation. In con-

trast, it was found that cryopreservation did not affect the osmotic volume response of viable 

bovine sperm and did not influence the protein levels of the chloride ion channel CLC-3 and 

the potassium ion channels TASK-2 and Kv1.5.  

 

The influence of cryopreservation on the osmotic tolerance limits and the critical osmolality 

(Osmcrit) of the bovine sperm plasma membrane were investigated. Both, extended and 

cryopreserved bovine sperm showed the characteristic curve for osmotic plasma membrane 

integrity with a higher proportion of sperm showing intact plasma membranes under iso- and 

hypertonic conditions as compared to hypotonic conditions. Bovine sperm withstood hyper-

tonic conditions up to 600 mOsm kg-1 without an additional loss in plasma membrane inte-

grity when compared to isotonic conditions. The Osmcrit of extended bovine sperm before 

cryopreservation was in good agreement with previously described values for bovine sperm 

with more than 50 % viable bovine sperm at 50 mOsm kg-1 (RUFFING et al., 1990; WAT-

SON et al., 1992). However, after freezing and thawing, the tolerance of the bovine sperm 

plasma membrane to hypotonic stress decreased which resulted in an increase of the Osmcrit 

by 30 mOsm kg-1. Particularly in the range of 60 to 120 mOsm kg-1, the plasma membrane of 

cryopreserved bovine sperm was significantly less tolerant to hypotonic conditions as before 

cryopreservation. It has been shown for sperm of other mammals that the sperm plasma 

membrane becomes less tolerant to hypotonic conditions as temperature decreases, parti-

cularly in the osmotic range of 60 to 240 mOsm kg-1 (GILMORE et al., 1996; Druart et al., 

2009). The tolerance to hypotonic conditions is most important for sperm survival during 

cryopreservation and AI. Severe hypotonic conditions occur abruptly during thawing, when 

the extracellular ice melts which rapidly reduces the extracellular solute and ion concentration 

(MAZUR and COLE, 1989), and during AI after the sperm were transferred to the hypotonic 
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female tract (COLLINS and BALTZ, 1999; LI et al., 2007). A decreased tolerance of the 

plasma membrane to hypotonic conditions is therefore a critical aspect in sperm survival and 

fertility after cryopreservation and AI. In contrast, during dilution and equilibration of sperm 

before freezing, and during the freezing process, sperm are mainly exposed to hypertonic 

conditions (MAZUR and COLE, 1989; MAZUR, 2010). Since the plasma membrane integrity 

of bovine sperm after freeze-thawing was not affected by hypertonic conditions in comparison 

to isotonic conditions, less plasma membrane damage seems to occur during hypertonic 

conditions. This leads to the assumption that if a notable increase in sperm survival after 

cryopreservation is intended, cryopreservation conditions and protocols should also con-

centrate on the thawing conditions to find out whether hypotonic conditions can be softened 

or compensated.  

 

In addition to changes in the plasma membrane integrity, this study showed that after 

cryopreservation the intracellular H+ and K+ concentrations of bovine sperm were signify-

cantly increased. An intracellular pH of 6.28, representing the cytosolic H+ concentration, and 

an intracellular K+ concentration of 154 mM before cryopreservation were well into the range 

of pH and K+ values determined for bovine sperm by other studies (BABCOCK, 1983; ZENG 

et al., 1995). It has to note that the value determined by BABCOCK (1983) for the intra-

cellular pH ranges between 6.0 and 6.6 depending on the excitation and emission wavelength 

pairs used. When using the same wavelength pairs within the same experimental setup, effects 

of cryopreservation on sperm intracellular pH and K+ concentration can be determined rela-

tive to the values before cryopreservation. 

The intracellular pH in sperm is assumed to be mainly regulated by a sperm specific Na+/-H+-

exchanger that is driven by the electrochemical Na+ gradient generated by the Na+/-K+-

ATPase (FIG. 16; DARSZON et al., 1999, GARCIA and MEIZEL, 1999b; WANG et al., 

2003). By keeping the intracellular Na+ concentration low, the inwardly directed Na+ gradient 

drives the Na+/-H+-exchanger which catalyzes the one to one electroneutral transport of 

extracellular Na+ into the cell for intracellular H+ out of the cell. The intracellular pH has been 

shown to increase during capacitation and acrosome reaction of bovine and murine sperm 

(VREDEN-BURHWILBERG and PARRISH, 1995; ZENG et al., 1996; DARZSON et al., 

2001). The intracellular pH is alkalinized by an increase in a Na+-dependent H+ efflux 
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(GARCIA and MEIZEL, 1999b). This increase in intracellular pH is essential for the 

acrosome reaction and is assumed to participate to Ca2+ release from the acrosome 

(DARSZON et al., 1999). In contrast, cryopreservation of bovine sperm led to a decrease in 

intracellular pH of bovine sperm and therefore an increase in intracellular H+, as shown in this 

study. One may speculate that the freezing-thawing procedure affects the function of the 

Na+/-H+-exchanger leading to a blocked H+ efflux and an accumulation of H+ within the 

sperm (FIG. 16, B). Of course, other proteins suggested to be involved in sperm pH regulation 

(VISCONTI et al., 2011), like Hv channels, may be affected by cryoreservation. During 

freezing, cells lose water and dehydrate. This is proposed to bring plasma membrane proteins 

into apposition and the possibility for changing their tertiary and quaternary structure (GAO 

and CRITSER, 2000). Osmotic water influx during thawing unfolds the plasma membrane 

abruptly which may denaturate plasma membrane proteins. It is also possible that 

cryopreservation affects signal transduction pathways, changing the Na+/-H+-exchanger 

function by altered phosphorylation. 

Since the decrease in intracellular pH in bovine sperm after cryopreservation is in contrast to 

the intracellular pH increase needed for sperm acrosome reaction and capacitation, one may 

further speculate if the decrease in intracellular pH is one reason for the reduced fertility of 

cryopreserved sperm. If an acidified intracellular pH of sperm prevent or decrease the ability 

for capacitation and acrosome reaction of sperm needs to be investigated. 

 

The intracellular K+ concentration of bovine sperm after cryopreservation showed a signify-

cant increase by 29 mM from 154 mM to 183 mM. The high intracellular K+ concentration in 

sperm, as in other mammalian cells, is generated by the Na+/-K+-ATPase (QUINN and 

WHITE, 1968) and maintains the resting potential of the plasma membrane (FIG. 16; DARS-

ZON et al., 1999, NAVARRO et al., 2007). The Na+/-K+-ATPase actively moves K+ versus 

Na+ across the plasma membrane generating an outwardly directed electro-chemical K+ 

gradient.  

An increased intracellular K+ concentration in bovine sperm after cryopreservation assumes 

that K+ accumulated within the cell (FIG. 16, B). It can be speculated that this K+ accumu-

lation is a result of an altered function of K+ channels leading to a decrease in the plasma 

membrane permeability for K+.  
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Assuming that the resting membrane potential of sperm is set by K+ currents and the K+ 

gradient across the plasma membrane (NAVARRO et al., 2007), the resting membrane poten-

tial (Em) of bovine sperm before cryopreservation can be calculated using the Nernst equation 

(ZENG et al., 1995). Using the intracellular K+ concentration determined in this study and an 

extracellular K+ concentration near physiological conditions, the membrane potential of 

bovine sperm was -65 mV (25 °C). Inhibition of outwardly directed K+ currents depolarizes 

the sperm plasma membrane (NAVARRO et al., 2007). The increased intracellular K+ 

concentration determined in this study for cryopreserved bovine sperm would therefore lead 

to a depolarization of the plasma membrane (FIG. 16, B). Changes in the membrane potential 

have been shown to occur during capacitation of sperm (ZENG et al., 1995; DEMARCO et 

al., 2003). Capacitation in bovine and mouse sperm is accompanied by an increase in K+ 

permeability of the plasma membrane that hyperpolarizes the cell (ZENG et al., 1995; 

NAVARRO et al., 2007). This hyperpolarization is assumed to participate in intracellular 

Ca2+ increase during capacitation by activation of Ca2+ channels as proposed for sea urchin 

sperm (DARSZON et al., 1999). In contrast, the acrosome reaction cannot be triggered by a 

depolarization with K+ in ram, mouse, and bull sperm (DARSZON et al., 1999). According to 

these finding, it may be possible that the increased intracellular K+ in bovine sperm after 

cryopreservation leads to a membrane depolarization that hampers capacitation and the 

acrosome reaction and, therefore, may be one reason for the decreased fertility rates when 

using cryopreserved sperm. 
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FIG. 16: Hypothetical model about ion transport and distribution in bovine sperm before (A) 
and after (B) cryopreservation summarizing findings of this study (1). The chloride ion 
channel CLC-3 was localized in bovine sperm midpiece, the upper and lower tail, and as dot-
like signal in the acrosomal region. The potassium ion channel proteins TASK-2 and Kv1.5 
were expressed in bovine sperm. A localization of these ion channels is assumed in bovine 
sperm midpiece and tail according to human sperm Kv1.5 and TASK-2 distribution (2) 
(BARFIELD et al., 2005b; YEUNG and COOPER, 2008). The intracellular pH of extended 
bovine sperm (A) is likely regulated by the Na+/H+ exchanger NHE10 as in mouse sperm (3) 
(WANG et al., 2003). The high intracellular K+ concentrations in extended bovine sperm is 
supposed to be generated by the Na+/K+-ATPase which is localized in bovine acrosomal and 
post-acrosomal  region  (4)  (THUNDATHIL  et  al.,  2006).  The Na+/K+-ATPase  and  the 
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electro-chemical gradient for K+ maintains the resting membrane potential (Em) in bovine 
sperm. After cryopreservation (B), the protein levels of CLC-3, TASK-2, and Kv1.5 were 
unaffected in bovine sperm. The intracellular pH was decreased, possibly by an affected 
function of the NHE10 (�) resulting in an accumulation of H+ within the cell. The in-
creased intracellular K+ in bovine sperm after cryopreservation may be a result of a de-
creased plasma membrane permeability for K+ and an accumulation of K+ within the cell. 
K+ channels, determing the permeability of the plasma membrane for K+ and setting the 
resting membrane potential (5) (NAVARRO et al., 2007), are suggested to be functionally 
affected by cryopreservation (�). Increased positive charges of K+ within the sperm would 
lead to a depolarization of the plasma membrane (�Em). 
 

 

 

The osmotic volume response of bovine sperm determined in this study was in agreement 

with previously described results from other groups and supports that bovine sperm behave as 

linear osmometers in the range of 150 to 600 mOsm kg-1 with an osmotic inactive volume of 

70 % (DREVIUS, 1972a; GUTHRIE et al., 2002). The mean cell volume of isotonic bovine 

sperm of 16 µm3 was well into the range of volumes previously determined by electronic 

particle sizing values of 15.3-25.5 µm3 (BREDDERMAN and FOOTE, 1969; O’DONNELL, 

1969; GUTHRIE et al., 2002; KHALIL et al., 2006). The discrimination between plasma 

membrane intact and plasma membrane damaged bovine sperm revealed no difference in 

osmotic volume response between viable and non-viable bovine sperm. Cell volumes of 

plasma membrane damaged sperm changed reciprocally with osmolality as did plasma 

membrane intact sperm. However, the osmotic volume response of plasma membrane 

damaged and non-viable bovine sperm seems to be apparently and may be a side effect of the 

flow cytometer technique. Using different flow rates of the flow cytometer, the volumes of 

plasma membrane damaged bovine sperm can be changed (data not shown). It is likely that 

the vacuum which is used to draw the sample into and through the flow cytometer Cell Lab 

Quanta SC (Beckmann Coulter, Krefeld, Germany) influences the recorded volume of plasma 

membrane damaged bovine sperm. In contrast, the osmotic cell volumes of plasma membrane 

intact bovine sperm were steady and were not influenced by different flow rates. To confirm 

those apparent osmotic cell volume responses of plasma membrane damaged cells, techniques 

without vacuum should be used that influence the cells less. More logical findings of cell 
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volumes of plasma membrane damaged cells were found for stallion sperm (OLDENHOF et 

al., 2011). Plasma membrane damaged equine sperm are not osmotically active which is 

represented by similar average cell volumes independent from the osmolality. This difference 

in volume response for plasma membrane damaged bovine and equine sperm may result from 

the difference in osmotic plasma membrane tolerance. Since plasma membranes of equine 

sperm are much weaker as that of bovine sperm, shown by the lower tolerance to hypotonic 

conditions, the plasma membrane of equine sperm may be more disrupted. This may lead to a 

burst of the equine plasma membrane resulting in smaller sperm fragments as head and tail as 

suggested by OLDENHOF et al. (2011). As the plasma membrane of bovine sperm is more 

robust, it is likely that it gets leaky and permeable for PI without burst into smaller fragments 

and maintains its shape and reacts on osmotic changes when using a flow cytometer. Because 

of this apparent artifact, the osmotic cell volume response of only plasma membrane intact 

bovine sperm was analyzed before and after cryopreservation. 

This study extends the osmotic volume response to cryopreserved bovine sperm and showed 

that bovine sperm that survived cryopreservation were unaffected in their linear osmometer 

behavior and their osmotic inactive volume. These results are consistent with osmotic volume 

responses of extended and cryopreserved dog sperm. In freshly diluted and frozen-thawed dog 

sperm, the sperm volumes of the osmotically active subpopulations behave as perfect osmo-

meters (PETRUNKINA et al., 2004a). For dog sperm, as for bovine sperm, the slope of the 

linear response remained almost unchanged after the cryopreservation procedure. However, 

for dog sperm, it has been shown that the volumes under isotonic and hypertonic conditions 

were slightly increased after cryopreservation. This was not found for bovine sperm, assum-

ing that the plasma membrane of bovine sperm is more robust in their osmotic volume re-

sponse after cryopreservation. 

These results indicate that upon exposure to hypotonic conditions, as in the female tract, 

cryopreserved bovine sperm with intact plasma membranes respond in cell volume similar as 

non-cryopreserved bovine sperm. Therefore, no differences between extended and cryopre-

served bovine sperm would be expected in mucus penetration and reaching the oocyte when 

regarding the ability for cell volume response. 
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For bovine sperm, as for other mammalian sperm, efflux of K+ and Cl- has been shown to be 

necessary for volume regulation upon hypotonic exposure (KULKARNI et al., 1997, PE-

TRUNKINA et al., 2001b, YEUNG et al., 2002 and 2003). This study presented that the Cl- 

ion channel protein CLC-3 and the K+ channel proteins TASK-2 and Kv1.5 were expressed in 

bovine sperm. These ion channel types are suggested to be those which participate in sperm 

RVD and have been shown to be expressed in sperm of human, mouse, and boar (COOPER 

and YEUNG, 2007; YEUNG and COOPER, 2008).  

For PCR, RNA was isolated by a heated TRIzol method according to GILBERT et al. (2007). 

A brief heating to 60°C in combination with mechanical disruption was needed for RNA 

extraction because of the membrane sturdiness of bovine sperm. Extraction at room tempera-

ture was tested but resulted in poor RNA yields and was not harsh enough to completely 

destabilize the cellular membranes. Other RNA isolation protocols using RNeasy kits 

(Qiagen, Hilden, Germany), which were successfully used for RNA isolation from human 

sperm (YEUNG and COOPER, 2008), were tested in this study but failed to reveal any RNA 

from bovine sperm. The failure of RNA isolation from bovine sperm has also been shown by 

BISSONNETTE et al. (2009). The authors did not get any detectable amount of bovine sperm 

RNA when using spin column systems. However, using the heated TRIzol method, the RNA 

integrity is affected (GILBERT et al., 2007; BISSONNETTE et al., 2009). In contrast, a new 

RNA isolation procedure, recently published by CAPALLO-OBERMANN et al. (2011), 

using the RNeasy Plus Micro Kit (Qiagen, Hilden, Germany) in combination with a 

homogenization step using an Ultra-TurraxTM, successfully isolated highly purified RNA 

from human sperm. Additional clean-up steps using DNA-binding spin columns (gDNA 

columns) to eliminate genomic DNA contaminations and RNA Microextraction spin columns 

to efficiently bind even minor amounts of RNA uncovered specific banding pattern in 

microelectrophoresis with 18S rRNA but no 28S rRNA from pure sperm fractions. This 

protocol should be employed in future studies for RNA isolation of bovine sperm to obtain 

highly purified and high integrity RNA. 

The RNA profile obtained in this study (FIG. 8) only showed the isolation of short size RNA 

that are most probably degraded nucleic acids including RNA and genomic DNA. This profile 

is in contrast to the characteristic RNA profile from testis tissue showing signals for 18S and 

28S rRNA and lacks the banding pattern for sperm 18S rRNA as shown by CAPALLO-
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OBERMANN et al. (2011). This degradation of RNA is due to the heating step initially to 

RNA isolation done in this study. 

Analysis of the RNA profile from bovine sperm obtained by Bioanalyzer indicated that a 

contamination of genomic DNA can not be excluded. Further studies must be done to check 

the isolated nucleic acids for genomic DNA, e.g. performing a reverse transcriptase omitted 

PCR, in which the isolated RNA is used as a template in PCR with the corresponding primers 

(YEUNG and COOPER, 2008; CAPALLO-OBERMANN et al., 2011). If this PCR fails to 

amplify any PCR fragments, it will be verified that RNA without genomic DNA was isolated. 

Such a negative control is essential to certify that the obtained PCR products were amplified 

from mRNA transcripts and not from possible amplifications from genomic DNA sequence. 

Alternatively, intron spanning primers can be used in PCR (YEUNG and COOPER, 2008; 

LALANCETTE et al., 2008; BISSONNETTE et al., 2009; CAPALLO-OBERMANN et al., 

2011). Those primers would indicate genomic DNA contamination by an additional larger 

PCR fragment obtained by intron expression as compared to the expression from RNA. To 

check for genomic DNA contamination is most important for RNA isolation from sperm since 

sperm have only few cytoplasm and the RNA:DNA ratio in sperm is 1:100 instead of 10:1 

compared to somatic cells (CAPALLO-OBERMANN et al., 2011).  

Moreover, sperm are not highly transcriptional active. Only 12S rRNA, a component of the 

55S mitochondrial ribosomes, are present and mitochondrial ribosomes have been shown to 

be active in sperm (GUR and BREITBART, 2006). In contrast, 18S rRNA of 80S 

cytoplasmatic ribosomes are only present as fragments indicating that cytoplasmatic 

ribosomes are not transcriptional active in sperm. Therefore, it is most likely that sources of 

mRNA coding for the ion channels CLC-3, TASK-2, and Kv1.5 detected in mammalian 

sperm (YEUNG et al., 2005b; YEUNG and COOPER, 2008) are only remnant long-lasting 

mRNA molecules transcribed during spermatogenesis (GUR and BREITBART, 2006). It is 

unlikely that sperm actively synthesize those ion channel proteins after ejaculation. 

Nevertheless, the ion channel proteins of CLC-3, TASK-2, and KV1.5 were shown to be 

expressed in ejaculated bovine sperm by Western blot experiments. The performed PCR in 

this study and the effort to identify transcripts of CLC-3, TASK-2, and Kv1.5 was an 

additional step to further confirm the obtained protein expression data. The detection of ion 
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channels at the protein level indicated that mRNA transcripts coding for those proteins have 

been translated into proteins during spermatogenesis before ejaculation.  

Using commercially available antibodies against mammalian CLC-3, TASK-2, and Kv1.5, 

those ion channel proteins were detected from total protein extracts of bovine sperm. The 

antibody used for Kv1.5 showed less specificity in Western blot experiments most probably 

because of the less homology between mouse Kv1.5 and the corresponding bovine 

homologue. Furthermore, some cross-reactions were found when using the antibodies against 

CLC-3, TASK-2, and Kv1.5 with molecular weights above and below the proteins of interest. 

These cross-reactions can be minimized by enrichment of the sperm membrane fraction, 

where the ion channel proteins are suggested to be localized. Negative controls in this study 

showed that the antibody for CLC-3 was specific in Western blot and immunolocalization 

experiments, in which depletion of the signal occurred when using the antigen peptide to 

block the antibody. In contrast, the antibodies against TASK-2 and Kv1.5 were not specific 

enough in immunolocalization experiments and Western blot experiments, respectively, and 

signals were not omitted when the antigen peptides were used to block the antibody. 

Additional positive controls should be used in further studies to confirm the antibody 

specificity. For this, Western blots using proteins extracted from bovine kidney tissue and 

immunolocalization on tissue sections of bovine kidney would be optimal since the ion 

channel proteins CLC-3, TASK-2, and Kv1.5 are known to be expressed in this tissue 

(SASAKI et al., 1994; REYES et al., 1998). Moreover, amino acid sequencing by mass 

spectrometry or Edman degradation of purified protein bands at the expected molecular 

weight from SDS gels will show whether the detected signals in this study belong to bovine 

CLC-3, TASK-2, and Kv1.5. 

The bovine CLC-3 was localized in the sperm midpiece and the upper and lower tail 

(FIG. 16). These findings are in accordance to CLC-3 distribution in human sperm, where 

CLC-3 is localized along the sperm tail, especially in the neck and midpiece (YEUNG et al., 

2005b). Upon hypotonic exposure, sperm swell due to osmotic water influx and bend and coil 

their flagellum in order to avoid excessive stretching of the plasma membrane (DREVIUS 

and ERIKSSON, 1966). Flagellum coiling was induced in this study by exposure of bovine 

sperm to strong hypotonic conditions and sperm were fixed by paraformaldehyde treatment. 

Under hypotonic conditions, CLC-3 was similarly distributed as under isotonic conditions. 
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This distribution showed that CLC-3 was located in membrane compartments involved in 

sperm swelling. 

TASK-2 and Kv1.5 have been localized in the neck and midpiece of human sperm 

(BARFIELD et al., 2005b; YEUNG and COOPER, 2008) and at the region of cytoplasmatic 

droplets of murine sperm (COOPER and YEUNG, 2007). The commercially available 

antibodies against TASK-2 and Kv1.5 employed in this study were not specific enough for 

successful use in immunolocalization experiments on bovine sperm. However, localizations 

similar to human and murine TASK-2 and Kv1.5 are assumed (FIG. 16). 

Due to equal signal intensities of CLC-3, TASK-2, and Kv1.5 in native and frozen-thawed 

bovine sperm, cryopreservation did not influence the protein level of these ion channels 

(FIG.16, B). However, protein levels do not indicate the functionality of the ion channels. 

Functional expression studies of identified sperm K+ and Cl- channel proteins are needed to 

show if these ion channel proteins are activated by cell volume changes and participate in 

volume regulation by K+ and Cl- efflux. Such experiments could also be used to directly study 

effects of cryopreservation on ion channel function. That at least one K+ ion channel isoform 

of bovine sperm seems to be functionally affected by cryopreservation can be concluded from 

the increase in intracellular K+ after freeze-thawing. Whether cryopreservation affects the 

activation state or function of ion channels directly or via freeze-induced changes in the 

plasma membrane needs to be investigated. 

 

In conclusion, this study pointed out that cryopreservation affected the plasma membrane 

integrity of bovine sperm leading to a reduced hypotonic tolerance. However, bovine sperm 

that survived cryopreservation showed the same osmotic volume response as before cryo-

preservation. The concentrations of intracellular K+ and H+ in viable bovine sperm were both 

increased after cryopreservation. This suggests that cryopreservation alters mechanisms that 

maintain intracellular H+ and K+ concentrations. The ion channel proteins CLC-3, TASK-2, 

and Kv1.5, possible candidates for sperm volume regulation, showed an equal protein ex-

pression level in bovine sperm before and after cryopreservation. To further characterize the 

effects of cryoinjury on sperm and to improve cell survival after cryopreservation, future 

studies should investigate in detail how the plasma membrane is changed during cryo-

preservation and if the decreased tolerance to hypotonic stress of the plasma membrane can be 
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compensated. Answers to those questions will lead to cryopreservation conditions and proto-

cols that enable higher sperm survival rates after cryopreservation. 
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6 SUMMARY 
 

Anne-Kathrin Blässe (2012) 

 

Effects of cryopreservation on osmotic membrane properties, intracellular ion 

distribution, and ion channels of bovine sperm 

 

Cryopreserved bovine sperm are predominantly used for artificial insemination (AI) in dairy 

cattle breeding. After cryopreservation, however, considerable losses are observed in sperm 

viability. Damage during cryopreservation has been attributed to the severe osmotic stresses 

that the cells are exposed to during freezing and thawing.  

The aims of this study were: (1) to compare osmotic tolerance limits and volume response of 

bovine sperm before and after cryopreservation, (2) to determine the intracellular H+ and K+ 

concentration of bovine sperm before and after cryopreservation, and (3) to identify the ex-

pression of K+ and Cl- ion channels, putatively involved in sperm volume regulation. This 

study will provide information about mechanisms that result in damage on bovine sperm 

during cryopreservation. These results will be useful to optimize freezing and thawing con-

ditions to increase sperm survival after cryopreservation.  

Performing a flow cytometric analysis of propidium iodide stained (plasma membrane intact) 

bovine sperm, this study showed that the critical osmolality, at which 50 % of sperm survive 

exposure to hypotonic stress, was increased from 55 mOsm kg-1 for extended bovine sperm to 

89 mOsm kg-1 for cryopreserved bovine sperm. This indicates that cryopreservation decreases 

the hypotonic tolerance of bovine sperm.  

Simultaneous measurement of the cell volume and viability using flow cytometry showed that 

the volume response upon exposure to anisotonic conditions was similar for plasma 

membrane intact extended and cryopreserved bovine sperm. These experiments pointed out 

that bovine sperm that survive cryopreservation exhibit a similar volume response as before 

cryopreservation. The osmotic inactive volume Vb of extended and cryopreserved bovine 

sperm was determined to be 70 % of the isotonic cell volume. 

The effects of cryopreservation on the intracellular pH and intracellular K+ concentration 

were determined using a fluorometric analysis of bovine sperm loaded with carboxyfluo-
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rescein (CF). CF fluorescence is dependent on the pH. The intracellular pH was determined 

by recording changes in CF fluorescence of sperm resuspended in buffers with different pH 

before and after digitonin addition. It was found that the intracellular pH of bovine sperm 

decreased from 6.28 before cryopreservation to 6.16 after cryopreservation, indicative for an 

increase in intracellular H+. Using the K+ ionophore nigericin and incubation of bovine sperm 

in media with various K+ concentrations, the intracellular K+ concentration was found to 

increase from 154 mM for extended bovine sperm to 183 mM for cryopreserved bovine 

sperm. 

Expressions of the Cl- ion channel CLC-3 and the K+ ion channels TASK-2 and Kv1.5, which 

are suggested to be involved in sperm volume regulation, were detected in bovine sperm. 

Gene transcripts of CLC-3, TASK-2, and Kv1.5 were amplified by nested PCR and confirmed 

by nucleotide sequencing. Western blot experiments were performed to confirm protein ex-

pression of these ion channels. Specific signals were obtained for CLC-3 at about 72 kDa and 

for TASK-2 at about 55 and 60 kDa. A weaker signal was obtained for Kv1.5 at about 

60 kDa. Expression of these proteins was not affected by cryopreservation. Immuno-

localization experiments indicated that CLC-3 was localized in the midpiece and the upper 

and lower tail of bovine sperm, both for sperm exposed to isotonic and hypotonic conditions. 

This study shows that tolerance of the plasma membrane to hypotonic conditions is important 

for survival of bovine sperm after cryopreservation. Furthermore, cryopreservation alters 

mechanisms that maintaining intracellular H+ and K+ concentrations. In contrast, osmotic 

volume response and expression of the ion channels CLC-3, TASK-2, and Kv1.5 are un-

affected by cryopreservation. 
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7 ZUSAMMENFASSUNG 
 

Anne-Kathrin Blässe (2012) 

 

Einfluss der Kryokonservierung auf die osmotischen Membraneigenschaften, 

intrazelluläre Ionenkonzentrationen und Ionenkanäle boviner Spermien 

 

Die Rinderzucht beruht fast ausschließlich auf der Verwendung von kryokonservierten 

Bullenspermien und der künstlichen Befruchtung. Allerdings ist ein erheblicher Teil der 

Spermien nach der Kryokonservierung nicht vital. Schäden bei der Kryokonservierung 

entstehen vor allem durch starke osmotische Veränderungen, denen die Spermien während 

des Einfrierens und des Auftauens ausgesetzt sind.  

Die Ziele dieser Studie waren: (1) ein Vergleich der osmotischen Membrantoleranz und des 

Volumenverhaltens von bovinen Spermien vor und nach der Kryokonservierung, (2) die 

Untersuchung der intrazellularen H+- und K+-Konzentrationen vor und nach der Kryokon-

servierung, sowie (3) die Identifizierung von K+- und Cl--Ionenkanälen, die mutmaßlich an 

der Volumenregulation von Spermien beteiligt sind. Diese Studie wird weiterführende Infor-

mationen über die Schäden an Bullenspermien liefern, die durch die Kryokonservierung 

entstehen. Durch die Ergebnisse können Einfier- und Auftaubedingungen optimiert werden, 

um so die Überlebensrate boviner Spermien nach der Kryokonservierung zu erhöhen. 

Mittels einer flowzytometrischen Analyse von Propidium Iodid gefärbten (Plasmamembran 

intakten) bovinen Spermien, wurde in dieser Studie gezeigt, dass die kritische Osmolalität, bei 

der 50 % der Spermien hypotonen Stress überleben, von 55 mOsm kg-1 für verdünnte Sper-

mien auf 89 mOsm kg-1 für kryokonservierte Spermien anstieg. Dieses zeigt, dass die hypo-

tone Toleranz von bovinen Spermien durch die Kryokonservierung stark verringert wird. 

Simultane Messungen des Zellvolumens und der Vitalität boviner Spermien mittels Flowzyto-

metrie zeigten, dass das Volumenverhalten unter anisotonischen Bedingungen für Plasma-

membran intakte verdünnte und kryokonservierte Spermien gleich war. Diese Ergebnisse 

deuten darauf hin, dass bovine Spermien, welche die Kryokonservierung überleben, uneinge-

schränkt in ihrem osmotischen Zellvolumenverhalten sind. Das osmotisch inaktive Zell-

volumen für verdünnte und kryokonservierte Bullenspermien war 70 %. 
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Einen Einfluss der Kryokonservierung auf den intrazellulären pH und die K+-Konzentration 

wurde mittels einer fluorometrischen Analyse von Carboxyfluorescein(CF)-beladenen bo-

vinen Spermien untersucht. Hierbei wurde die pH-Abhängigkeit der CF-Fluoreszenz aus-

genutzt. Der intrazelluläre pH-Wert wurde anhand der Änderungen der CF-Fluoreszenz von 

Spermien in Lösungen verschiedener pH-Werte vor und nach einer Zugabe von Digitonin 

bestimmt. Die Ergebnisse zeigen, dass der intrazelluläre pH von Bullenspermien von 6.28 vor 

der Kryokonservierung auf 6.16 nach der Kryokonservierung abfiel, was auf einen Anstieg 

der intrazellulären H+-Konzentration hindeutet. Unter Verwendung des K+-Ionophors Nige-

ricin und boviner Spermien in Medien mit verschiedenen K+-Konzentrationen, wurde ein An-

stieg der intrazellulären K+-Konzentration von 154 mM in verdünnten Spermien auf 183 mM 

in kryokonservierten Spermien festgestellt.  

Die Expressionen des Cl--Ionenkanals CLC-3 und der beiden K+-Ionenkanäle TASK-2 und 

Kv1.5 in bovinen Spermien, Ionenkänale die sehr wahrscheinlich an der Volumenregulation 

von Spermien beteiligt sind, wurden in dieser Studie nachgewiesen. Gentranskripte von CLC-

3, TASK-2 und Kv1.5 wurden mittels Nested-PCR amplifiziert und mittels Nukleotid-

Sequenzierung bestätigt. Western Blot-Versuche bestätigten die Expression der Proteine 

dieser Ionenkanäle in Bullenspermien. Es konnten spezifische Banden für CLC-3 bei ca. 

72 kDa und für TASK-2 bei ca. 55 und 60 kDa nachgewiesen werden. Eine schwächere 

Bande wurde für Kv1.5 bei 60 kDa erhalten. Die Expression dieser Ionenkanäle wurde durch 

die Kryokonservierung nicht verändert. Mittels Immunlokalisation wurde CLC-3 im 

Mittelstück sowie am Flagellumansatz und -ende boviner Spermien detektiert, sowohl unter 

isotonen als auch hypotonen Bedingungen. 

Diese Arbeit zeigt, dass die Toleranz der Plasmamembran von bovinen Spermien unter hypo-

tonen Bedingungen wichtig für das Überleben der Spermien während der Kryokonservierung 

ist. Zudem werden durch die Kryokonservierung Mechanismen verändert, welche die intra-

zellulären H+- und K+-Konzentrationen aufrechterhalten. Im Gegensatz dazu, bleiben das 

osmotischen Zellvolumenverhalten sowie die Expression der Ionenkanäle CLC-3, TASK-2 

und Kv1.5 von der Kryokonservierung unbeeinträchtigt. 
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∆   delta 

µg   microgram 

µL   microliter 

µm   micrometer 

µM   micromolar 

AA   amino acid 

bp   base pair 

°C   degree celcius 

cDNA    complementary DNA 

CF   carboxyfluorescein 

CFDA   carboxyfluorescein diacetate 

Cl-   chloride ion 

Dig   digitonin 

FIG.   figure 

FL   fluorescence 

g   gram 

h   hour 

HBS   Hepes buffered solution 

IIF   intracellular ice formation 

IgG   immunoglobulin G 

K+    potassium ion 

kDa   kilo Dalton 

[K+]e   extracellular potassium ion concentration 

kg-1   per kilogram 

[K+]i   intracellular potassium ion concentration 

mg   milligram 

min   minute 

mL   milliliter 

mm   millimeter 



- ABBREVIATIONS - 

76 
 

mM   millimolar 

mOsm   milliosmol 

N=   number of replicates per treatment 

NCBI   National Center for Biotechnology Information 

neg.   negative 

Nig   nigericin 

nm   nanometer 

Osmcrit   critical osmolality  

p   probability value 

PCR   polymerase chain reaction 

PBS   phosphate buffered solution 

PI   propidium iodide 

pos.   positive 

R2   coefficient of determination 

RNA   ribonucleic acid 

RVD   regulatory volume decrease 

RVI   regulatory volume increase 

s   seconds 

S.D.   standard deviation 

TBS   Tris buffered solution 

V   volts 

Vb    osmotically inactive cell volume  

x g   multiplied by radial central force (RCF) 

 



- APPENDIX - 

77 
 

APPENDIX 
 

A.1 Buffer and solution compositions 
 

Formol solution 

50 mM Tris-sodium citrate dihydrate 

18.5 % formalin 

Store at 4°C. 

 

HEPES buffered saline, isomotic (HBS) 

137 mM NaCl 

20 mM HEPES 

10 mM glucose 

2.5 mM KOH 

Adjust pH with 1 M NaOH to 7.4 and osmolality with NaCl to 300±3 mosmol/kg. 

Store at 4°C up to 2 weeks. 

 

TAE buffer 

2 M Tris 

1 M acetic acid glacial 

50 mM EDTA sodium 

Adjust pH with HCl to 8.5. 

 

CHAPS extraction buffer 

10 mM Tris 

10 % saccharose 

1 mM EDTA 

Adjust pH with HCl to 7.2. 

10 mM CHAPS (freshly added) 

1 x complete protease inhibitor cocktail (freshly added) 

 

12 % polyacryl amid gel 

2 separation gels: 

3.3 mL H2O 

4 mL 30 % acrylamide mix 

2.5 mL 1.5 M Tris (pH 8.8) 

0.1 mL 10 % SDS 

0.1 mL APS 

0.004 mL TEMED 
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2 stacking gels: 

2.1 mL H2O 

0.5 mL 30 % acrylamide mix 

0.38 mL 1.0 M Tris (pH 6.8) 

0.03 mL 10 % SDS 

0.03 mL APS 

0.003 mL TEMED 

Polymerization 2h up to 1 day (4 °C). 

 

Sample loading buffer (SDS) 

1 M Tris-HCl (pH 6.8) 

10 % SDS 

37.5 % glycerine 

0.5 µg/ml bromphenol-blue 

1 % ß-mercaptoethanol (freshly added) 

 

Tris-glycine buffer (SDS-PAGE) 

1.92 M glycine 

0.25 M Tris 

1 % SDS 

Adjust pH with HCl to 8.3. 

 

Coomassie stainng buffer 

40 % methanol 

10 % acetic acid 

0.25 % Brilliant blue R-250 

Adjust pH with HCl to 8.5. 

 

Destaining buffer 

30 % methanol 

10 % acetic acid 

 

Blotting Buffer (Western blot) 

48 mM Tris 

39 mM glycine 

20 % methanol 

0.037 % SDS 

 

TBS-Tween 

150 mM NaCl 

50 mM Tris-HCl (pH 7.4) 

0.1 % Tween 
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Alkaline phosphatase buffer (APP buffer) 

100 mM NaCl 

100 mM Tris 

50 mM MgCl2 

Adjust pH with HCl to 9.5. 

 

NBT/BCIP buffer (NBT/BCIP) 

20 mL APP buffer 

50 µL 75 mg mL-1 NBT in 70 % DMF (freshly added) 

40 µL 50 mg mL-1 BCIP in 100 % DMF (freshly added) 

 

Paraformaldehyd fixation solution 

2 % paraformaldehyde 

0.2 % glutaraldehyde 

Add 1 M NaOH until solution clears. 

 

Phosphatase buffered solution (PBS) 

140 mM NaCl 

10 mM Na2HPO4 

1.8 mM KH2PO4 

2.7 mM KCl 

Adjust pH with 1 M NaOH to 7.4. 

 

CFDA washing buffer 

120 mM NaCl 

5 mM KCl 

10 mM Na morpholinopropane sulfonate 

Adjust pH with 1 M HCl to 7.4. 

 

CFDA loading buffer 

120 mM NaCl 

5 mM fructose 

1 mM MgSO4 

30 mM Na morpholinoethane sulfonate 

1 µM carboxyfluorescein diacetate (100 mM in DMSO) 

Adjust pH with 1 M HCl to 6.1. 

 

MES-Na buffer 

120 mM NaCl 

1 mM MgCl2 

5 mM fructose 

50 mM Na morpholinoethane sulfonate 

Adjust pH with 37% HCl to various pHs needed. 
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MES-K buffer 

various 

proportions of 

120 

 

 

mM 

 

 

KCl or 120 mM LiCl 

1 mM MgCl2 

5 mM fructose 

50 mM Na morpholinoethane sulfonate 

Adjust pH with 37% HCl to 6.3. 

 

INRA-82 

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 K citrate monohydrate 

0.3 g L-1 Na citrate dihydrate 

4.76 g L-1 HEPES 

Adjust pH to 7.0 

0.5 g L-1 penicillin 

0.5 g L-1 gentamycin 

0.15 % skim milk 
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A.2 Reagents and Kits 

 

Reagent/material Cat.no. Company 

RNA PicoLap Chips 5067-1513   Agilent Technologies, Böblingen, Germany 

RNAlater AM7020   Ambion, Darmstadt, Germany 

Acrylamide solution 30% A3626 

  Applichem, Darmstadt, Germany 

Brilliant blue R-250 A1092 

ß-mercaptoethanol A1108 

CHAPS A1099 

Glutaraldehyde A5252 

Ponceau-S A1405 

Glass homogenizer 508 S 

  B. Braun, Melsungen, Germany Sterican needle (0.5 x 16mm, 25 G 

x 5/8”) 

4657853 

Protein ladder PageRuler 

Prestained 

SM0671   Fermentas, St. Leon-Rot, Germany 

Whatman® blotting paper 260226994   HLL, Langenhagen, Germany 

Microscope slides 1900000040   IDL, Nidderau, Germany 

Alexa Fluor® 488 goat anti-rabbit 

IgG antibody 

A11008 

  Invitrogen, Karlsruhe, Germany 

Random hexamer primers 48190-011 

SlowFade® Antifade Kit S2828 

SuperScript™ Reverse 

Transcriptase 

18064-022 

TRIzol reagent® 15596-018 

Polyvinylidene fluorid membrane 

Immobilon-P, pore size 0.45µm 

IPVH00010 
  Millipore, Schwalbach/Ts., Germany 

Andromed CSS I, without glycerol 13503/1250 
  Minitüb, Tiefenbach, Germany 

Andromed freezing extender 13503/0200 

dNTP mix N0447S 

  NewEngland BioLabs, Frankfurt am Main, 

  Germany 

Gel loading dye, orange (6x) B7022 S 

PCR loading dye B7022S 

RNase Inhibitor M0307S 

RNase H M0297S 

Taq DNA polymerase + buffer M0267S 

Micro BCA Protein Assay Reagent 

Kit 

23235 
  Pierce, ThermoScientific, Bonn, Germany 

QIAquick Gel Extraction Kit 28704   Qiagen, Hilden, Germany 

Complete Protease inhibitor 

cocktail, EDTA free 

04 693 132 001 
  Roche Diagnostics, Mannheim, Germany 

5(6)Carboxyfluorescein diacetate 21879 
  Sigma-Aldrich, Steinheim, Germany 

Anti-rabbit IgG antibody A3687 
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Bovine serum albumin (BSA) A9647 

Digitonin D141 

DNA ladder Quick-load 100 bp N0467 

Nigericin N7143 

Paraformaldehyde P6148 

Poly-L-lysine P8920 

Polystyrene latex beads, 3.09 µm 

diameter 

LB30 

Propidium iodide P4170 
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A.3 Primer and antibody sequences and binding sites 

 
Bovine PRM2 (accession no.: NM_174157, CAA34558) 

Open reading frame: 

      prm2-F  ⇒ 

        aaggccagctgccgtctcagcccgagtcgcccacccgtgacccctccatcacg 

 

Nc: atggtccgatgccacgtgaagagtccaactgaaagtccacccgggcagcagggctccggg 

AA:  M  V  R  C  H  V  K  S  P  T  E  S  P  P  G  Q  Q  G  S  G  

 cagcagggcgagacggagcacccggatcaggcacgggagctgaggccggaagacatcccg 

  Q  Q  G  E  T  E  H  P  D  Q  A  R  E  L  R  P  E  D  I  P  

             ⇐  prm2-R           

 gtctacgggaggactcacagaggccgctaccactacagacacaggagccacacgcgcgcc 

  V  Y  G  R  T  H  R  G  R  Y  H  Y  R  H  R  S  H  T  R  A  

 taccggaggcgccggagaagggcctgcaggcacaggagccgcagaggtgcggcgggcccc 

  Y  R  R  R  R  R  R  A  C  R  H  R  S  R  R  G  A  A  G  P  

 ccctgcgctcccatcccaggcaccccccaggcctccaggcagggctcaggctgccgaagg 

  P  C  A  P  I  P  G  T  P  Q  A  S  R  Q  G  S  G  C  R  R  

 atgaggaggaggaggaggagatgcggaaggcagctctaa 

  M  R  R  R  R  R  R  C  G  R  Q  L  -   

 

 
Bovine CLC-3 (accession no.: NM_001193003, NP_001179932) 

Open reading frame: 

Nc: atggagtctgagcagctgttccatagaggctactgtagaaacagctacaacagtataacc 

AA:  M  E  S  E  Q  L  F  H  R  G  Y  C  R  N  S  Y  N  S  I  T  

 agtgtgagtagtgatgaggagcttttagacggggcaggtgttattatggacttccagact 

  S  V  S  S  D  E  E  L  L  D  G  A  G  V  I  M  D  F  Q  T  

 tctgaagatgacaatttgttagatggtgacacagcagtgggaactcactacacaatgacc 

  S  E  D  D  N  L  L  D  G  D  T  A  V  G  T  H  Y  T  M  T  

 aacgggggcagcatcagcagctccacgcacttgctggatcttctggacgagcccatcccc 

  N  G  G  S  I  S  S  S  T  H  L  L  D  L  L  D  E  P  I  P  

 ggggttggcacctatgatgacttccacaccatcgactgggtgcgagagaagtgtaaagac 

  G  V  G  T  Y  D  D  F  H  T  I  D  W  V  R  E  K  C  K  D  

 agagaaaggcatcgacggatcaacagcaaaaagaaagaatcagcatgggagatgacaaaa 

  R  E  R  H  R  R  I  N  S  K  K  K  E  S  A  W  E  M  T  K  

 agcctgtacgatgcgtggtcagggtggctcgtggtgacgctcacagggttggcatcaggg 

  S  L  Y  D  A  W  S  G  W  L  V  V  T  L  T  G  L  A  S  G  

 gcactggctgggttaatagacattgcggccgactggatgacggacctaaaggaaggtatc 

  A  L  A  G  L  I  D  I  A  A  D  W  M  T  D  L  K  E  G  I  

 tgcctgagtgcactctggtacaaccacgagcagtgctgctgggggtccaatgaaaccacg 

  C  L  S  A  L  W  Y  N  H  E  Q  C  C  W  G  S  N  E  T  T  

 ttcgaagagagggacaagtgtccacagtggaaaacgtgggcagagttgatcataggccag 

  F  E  E  R  D  K  C  P  Q  W  K  T  W  A  E  L  I  I  G  Q  

 gctgagggtcctggctcgtacatcatgaactacatgatgtacatcttctgggccttgagt 

  A  E  G  P  G  S  Y  I  M  N  Y  M  M  Y  I  F  W  A  L  S  

 ttcgcctttcttgccgtctccctggtgaaggtgttcgcaccgtacgcctgtggctctggg 

  F  A  F  L  A  V  S  L  V  K  V  F  A  P  Y  A  C  G  S  G  

 atcccagagattaaaactattttgagtggattcatcatccgaggctacttgggaaaatgg 

  I  P  E  I  K  T  I  L  S  G  F  I  I  R  G  Y  L  G  K  W  

 actttaatgattaaaaccgtcacattagtactggctgtggcatcaggcttgagtttagga 

  T  L  M  I  K  T  V  T  L  V  L  A  V  A  S  G  L  S  L  G  

 aaagaagggcccttggtccatgttgcctgttgctgtggaaacatcttttcctacctcttt 

  K  E  G  P  L  V  H  V  A  C  C  C  G  N  I  F  S  Y  L  F  
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 ccgaagtacagcacaaatgaagctaaaaaaagagaggtgctgtcggctgcctccgctgca 

  P  K  Y  S  T  N  E  A  K  K  R  E  V  L  S  A  A  S  A  A  

 ggcgtctctgtggctttcggcgcaccgatcggaggagtgctgttcagtctggaagaggtc 

  G  V  S  V  A  F  G  A  P  I  G  G  V  L  F  S  L  E  E  V  

 agctattactttcctctgaagactctgtggaggtcgttctttgctgctttggtggctgcc 

  S  Y  Y  F  P  L  K  T  L  W  R  S  F  F  A  A  L  V  A  A  

 tttgttctgagatccatcaatccgttcggtaacagccgcctggtcctcttctacgtggag 

  F  V  L  R  S  I  N  P  F  G  N  S  R  L  V  L  F  Y  V  E  

 tatcacactccatggtacctgtttgaactgtttccctttatcctcctgggggtgttcggc 

  Y  H  T  P  W  Y  L  F  E  L  F  P  F  I  L  L  G  V  F  G  

 gggctctggggagccttctttatcagggccaacattgcctggtgtcgccgccgcaagtcc 

  G  L  W  G  A  F  F  I  R  A  N  I  A  W  C  R  R  R  K  S  

 accaagttcgggaagtacccggtcctcgaggtcatcgtggtggcggccatcaccgctgtg 

  T  K  F  G  K  Y  P  V  L  E  V  I  V  V  A  A  I  T  A  V  

 gtcgccttccccaacccgtacacgcggctcaacaccagcgagctgatcaaagagttgttc 

  V  A  F  P  N  P  Y  T  R  L  N  T  S  E  L  I  K  E  L  F  

       clc-3-F  ⇒ 

 acggactgcgggcctctggagtcctcctccctgtgcgactacaggaatgacatgaacgcc 

  T  D  C  G  P  L  E  S  S  S  L  C  D  Y  R  N  D  M  N  A  

 agcaagatcgtggacgacatccccgaccgtcctgcgggcctaggggtgtactccgccata 

  S  K  I  V  D  D  I  P  D  R  P  A  G  L  G  V  Y  S  A  I  

  clc-3-Fn  ⇒ 

 tggcagctgtgcttggctctcatatttaagatcataatgactgtgttcacttttggtatc 

  W  Q  L  C  L  A  L  I  F  K  I  I  M  T  V  F  T  F  G  I  

 aaggtcccgtctggcctgttcatccccagcatggccattggcgccatcgccggccgcatc 

  K  V  P  S  G  L  F  I  P  S  M  A  I  G  A  I  A  G  R  I  

 gtgggcatcgcggtggagcagctggcctactatcaccacgactggttcatctttaaggag 

  V  G  I  A  V  E  Q  L  A  Y  Y  H  H  D  W  F  I  F  K  E  

 tggtgtgaggtcggcgctgactgcatcacccccggcctgtatgccatggtcggtgcggct 

  W  C  E  V  G  A  D  C  I  T  P  G  L  Y  A  M  V  G  A  A  

 gcatgcctaggcggtgtgacgaggatgaccgtgtccctggtggttatcgtctttgagctc 

  A  C  L  G  G  V  T  R  M  T  V  S  L  V  V  I  V  F  E  L  

        ⇒⇒⇒⇒    anti-ClC-3 antibody 

 acgggaggcctggagtacatcgtgcccctcatggctgccgtgatgaccagcaaatgggtg 

  T  G  G  L  E  Y  I  V  P  L  M  A  A  V  M  T  S  K  W  V  

 binding site   ⇐ clc-3-Rn 

 ggcgacgccttcgggagggaaggcatctatgaagcccacatccggctgaatgggtacccc 

  G  D  A  F  G  R  E  G  I  Y  E  A  H  I  R  L  N  G  Y  P  

  

 ttcctggatgccaaagaagagttcacccacaccaccctggctgccgatgtcatgagacct 

  F  L  D  A  K  E  E  F  T  H  T  T  L  A  A  D  V  M  R  P  

           ⇐⇐⇐⇐ 
 cggaggagcgaccccccgctggccgtgctgacccaggacaacatgacggtggacgacata 

  R  R  S  D  P  P  L  A  V  L  T  Q  D  N  M  T  V  D  D  I  

 gagaacatgatcaatgagaccagctacaacggttttcctgtcatcatgtccagggagtcg 

  E  N  M  I  N  E  T  S  Y  N  G  F  P  V  I  M  S  R  E  S  

       ⇐ clc-3-R 

 cagagactcgtgggctttgccctcaggagagacctgaccattgccatagaaagtgcccgg 

  Q  R  L  V  G  F  A  L  R  R  D  L  T  I  A  I  E  S  A  R  

 aaaaagcaggaggggattgtgggcagctcgcgtgtgtgctttgcgcagcacaccccgtcc 

  K  K  Q  E  G  I  V  G  S  S  R  V  C  F  A  Q  H  T  P  S  

 ctgccggccgagagcccccggccgctgaagctccgcagcatcctggacatgagcccgttc 

  L  P  A  E  S  P  R  P  L  K  L  R  S  I  L  D  M  S  P  F  

 acggtgacagaccacacacccatggagatcgtggtggacatcttccggaagctgggcctg 

  T  V  T  D  H  T  P  M  E  I  V  V  D  I  F  R  K  L  G  L  

 cggcagtgcctcgtcacgcacaacgggagcctcttggggatcatcaccaagaagaacatg 
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  R  Q  C  L  V  T  H  N  G  S  L  L  G  I  I  T  K  K  N  M  

 gtagcacacctggaggagctgacgcggcgcgccgagcccctgacgcctccttggtatcat 

  V  A  H  L  E  E  L  T  R  R  A  E  P  L  T  P  P  W  Y  H  

 cacaaaaaaagacatcctccgtcatatggcccagacggcaaaccaagaccccgcctccat 

  H  K  K  R  H  P  P  S  Y  G  P  D  G  K  P  R  P  R  L  H  

 catgttcaactgagctccgcggcggaggacggggaggaggccggggaggaggcctgcctg 

  H  V  Q  L  S  S  A  A  E  D  G  E  E  A  G  E  E  A  C  L  

 ctcagcagcagctcgctctga 

  L  S  S  S  S  L  -   

  

 
Bovine TASK-2 (accession no.: NM_001191144, NP_001178073) 

Open reading frame: 

Nc: ggcctctcgggagccatggtggaccggggccctctgcttacctcggccattatcttctac 

AA:  G  L  S  G  A  M  V  D  R  G  P  L  L  T  S  A  I  I  F  Y  

 ctggccatcggggcggcgatcttcgaggtactagaggagccgcattggaaagaggccaag 

  L  A  I  G  A  A  I  F  E  V  L  E  E  P  H  W  K  E  A  K  

 acaaactactatacccagaaagtgcatctgctcaaggagttcccgtgcctgggccaggat 

  T  N  Y  Y  T  Q  K  V  H  L  L  K  E  F  P  C  L  G  Q  D  

 ggtctggacaagatcctgcagatagtatctgatgctgcaggacagggcgtggccatcaca 

  G  L  D  K  I  L  Q  I  V  S  D  A  A  G  Q  G  V  A  I  T  

 gggaaccagaccttcaacaactggaactggcccaacgcaatgatttttgcagccacagtc 

  G  N  Q  T  F  N  N  W  N  W  P  N  A  M  I  F  A  A  T  V  

 atcaccaccatcggttacggcaacgtggcccccaagactcccgccgggcgcctcttctgt 

  I  T  T  I  G  Y  G  N  V  A  P  K  T  P  A  G  R  L  F  C  

 gtcttctacggcctctttggggtgccgctctgtctgacatggatcagtgccctgggcaag 

  V  F  Y  G  L  F  G  V  P  L  C  L  T  W  I  S  A  L  G  K  

 ttcttcgggggacgcgccaagaggttgggccagttcctcaccaagagaggcgtgagcctg 

  F  F  G  G  R  A  K  R  L  G  Q  F  L  T  K  R  G  V  S  L  

    task-2-F  ⇒ 

 cgcaaggcgcagatcacgtgcacagccatcttcatcctgtggggagtgctggtccacctg 

  R  K  A  Q  I  T  C  T  A  I  F  I  L  W  G  V  L  V  H  L  

 gtgatcccgcccttcgtgttcatggtgacggaggagtgggactacatcgagggcctctac 

  V  I  P  P  F  V  F  M  V  T  E  E  W  D  Y  I  E  G  L  Y  

 tactccttcatcaccatctccaccatcggcttcggcgacttcgtggccggtgtgaacccc 

  Y  S  F  I  T  I  S  T  I  G  F  G  D  F  V  A  G  V  N  P  

 agcgccaactaccacgccttgtaccgctacttcgtggagctctggatctacctgggactg 

  S  A  N  Y  H  A  L  Y  R  Y  F  V  E  L  W  I  Y  L  G  L  

 gcctggctgtcgctgtttgtcaactggaaggtgagcatgttcgtggaggtgcataaggcc 

  A  W  L  S  L  F  V  N  W  K  V  S  M  F  V  E  V  H  K  A  

 attaagaagcggcgtcggcggcgaaaagagtccttcgagagctccccacactccaggaag 

  I  K  K  R  R  R  R  R  K  E  S  F  E  S  S  P  H  S  R  K  

 gccctgcaggtggcgagcggtgcggcgtccaaggacgtcaacatcttcagcttcctgtcc 

  A  L  Q  V  A  S  G  A  A  S  K  D  V  N  I  F  S  F  L  S  

     task-2-Fn  ⇒ 

 aaaaaggaggagacttacaatgacctcatcaagcagatcgggaagaaggctatgaagaca 

  K  K  E  E  T  Y  N  D  L  I  K  Q  I  G  K  K  A  M  K  T  

 ggcggcggtggggagcggggcccggggccggggccccccagggctgggctgccagccctg 

  G  G  G  G  E  R  G  P  G  P  G  P  P  R  A  G  L  P  A  L  

 cccgcctccctgacccccctggtggtctactccaagagccaggtgcccagcttggaagaa 

  P  A  S  L  T  P  L  V  V  Y  S  K  S  Q  V  P  S  L  E  E  

 gtgtcccagacgctgcggagcaaaggacacgtgtcgcggcccagtggagaggaggctggg 

  V  S  Q  T  L  R  S  K  G  H  V  S  R  P  S  G  E  E  A  G  

           ⇐ task-2-Rn 

 gctggaccccccgaggagggctcccccacctccgaggtgttcattaaccagctggaccgc 

  A  G  P  P  E  E  G  S  P  T  S  E  V  F  I  N  Q  L  D  R  
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 atcagcgaggagggcgagccatgggatgcccaggactaccacccactgatcttccagaat 

  I  S  E  E  G  E  P  W  D  A  Q  D  Y  H  P  L  I  F  Q  N  

 gccgacatcacttttgcgaatgaggaggctggcctgttggacgaggacacctccaagtcc 

  A  D  I  T  F  A  N  E  E  A  G  L  L  D  E  D  T  S  K  S  

 tcgctggaggacaacctggccggcgaggagaggccccaggagggggccacagccgaggcg 

  S  L  E  D  N  L  A  G  E  E  R  P  Q  E  G  A  T  A  E  A  

 cccctgaacctgggcgagttcccctcctcggacgagtccaccttcaccagcacagagtcg 

  P  L  N  L  G  E  F  P  S  S  D  E  S  T  F  T  S  T  E  S  

   ⇐ task-2-R 

 gagctctccgtgccttacgaacagctgatgaacgaatataataaggcaaagtgccccgaa 

  E  L  S  V  P  Y  E  Q  L  M  N  E  Y  N  K  A  K  C  P  E  

    ⇒⇒⇒⇒ anti-TASK-2 antibody binding site 

 ggcacgtga 

  G  T  - 

        ⇐⇐⇐⇐ 

 
Bovine Kv1.5 (accession no.: NM_001015552, NP_001015552) 

Open reading frame: 

Nc:        atggagatcgccctggtgcccctggag 

AA:         M  E  I  A  L  V  P  L  E  

 aacggcggtgccatgaccgtcaggggagaagaggaggcccggaccacggcgggtcagctc 

  N  G  G  A  M  T  V  R  G  E  E  E  A  R  T  T  A  G  Q  L  

 cgctgtcccacgacggccgcgctcagcgacggacccaagcagccggcgcccaggaggcgc 

  R  C  P  T  T  A  A  L  S  D  G  P  K  Q  P  A  P  R  R  R  

 agcggcggggagaggggcgcggacccgggaggccggccggcgccaccaccgcgccaggag 

  S  G  G  E  R  G  A  D  P  G  G  R  P  A  P  P  P  R  Q  E  

 ctgccccaggctagcccgcggcctccggaggaagaggacggagaagacgaccccgccctg 

  L  P  Q  A  S  P  R  P  P  E  E  E  D  G  E  D  D  P  A  L  

 ggcgtggcgggggaccaggtgctgggcccggggtccctccatcaccagcgcgtcctcatc 

  G  V  A  G  D  Q  V  L  G  P  G  S  L  H  H  Q  R  V  L  I  

 aacatctcggggctgcgctttgagacgcagctgggcaccctggcgcagttccccaacacg 

  N  I  S  G  L  R  F  E  T  Q  L  G  T  L  A  Q  F  P  N  T  

 ctcctcggggacccggccaagcgcctgcgctacttcgacccgctgagaaacgagtacttc 

  L  L  G  D  P  A  K  R  L  R  Y  F  D  P  L  R  N  E  Y  F  

 ttcgaccgcaatcggcccagcttcgacggcatcctctactactaccagtcggggggccgg 

  F  D  R  N  R  P  S  F  D  G  I  L  Y  Y  Y  Q  S  G  G  R  

 cttcgcaggccagtcaacgtctccctggacgtgttcgcagacgagatccgcttctaccag 

  L  R  R  P  V  N  V  S  L  D  V  F  A  D  E  I  R  F  Y  Q  

       kv1.5-F  ⇒ 

 ctgggggaggaggccatggagcgcttccgggaggacgagggcttcatcaaggaagaggag 

  L  G  E  E  A  M  E  R  F  R  E  D  E  G  F  I  K  E  E  E  

 aagcccctgccccgcaacgagttccagcgccaggtgtggctgattttcgagtacccggag 

  K  P  L  P  R  N  E  F  Q  R  Q  V  W  L  I  F  E  Y  P  E  

 agctcgggctctgcacgggccattgccatcgtctcggtcctagtcatcctcatctccatc 

  S  S  G  S  A  R  A  I  A  I  V  S  V  L  V  I  L  I  S  I  

 atcaccttctgcttggagacgctgcccgagttccgggatgaacgcgagctgctgcgccat 

  I  T  F  C  L  E  T  L  P  E  F  R  D  E  R  E  L  L  R  H  

 cccccggtcccccaccagcccccgggaccccacagggggcccaatggcagcggggccgca 

  P  P  V  P  H  Q  P  P  G  P  H  R  G  P  N  G  S  G  A  A  

 gcgcccccttccggccccacggtggcgcctctcttgcccaggaccctcgctgaccccttc 

  A  P  P  S  G  P  T  V  A  P  L  L  P  R  T  L  A  D  P  F  

   kv1.5-Fn  ⇒ 

 ttcatcgtggagaccacgtgtgtcatctggttcacctttgagctgctggtgcgcttcttc 

  F  I  V  E  T  T  C  V  I  W  F  T  F  E  L  L  V  R  F  F  

 gcctgccccagcaaggccgagttctctcggaacatcatgaacatcatcgacgtggtggcc 
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  A  C  P  S  K  A  E  F  S  R  N  I  M  N  I  I  D  V  V  A  

 atcttcccctacttcatcaccctgggcaccgagctggtggagcagcagcagccggggggc 

  I  F  P  Y  F  I  T  L  G  T  E  L  V  E  Q  Q  Q  P  G  G  

 gggggcggccagaacgggcagcaggccatgtccctggccatcctcagagtgatccgcctg 

  G  G  G  Q  N  G  Q  Q  A  M  S  L  A  I  L  R  V  I  R  L  

      ⇐ kv1.5-Rn 

 gtccgcgtgttccgcatcttcaagttgtcccgccactccaaggggctacagatcctgggc 

  V  R  V  F  R  I  F  K  L  S  R  H  S  K  G  L  Q  I  L  G  

 aagacgctgcaggcctccatgcgggagctgggcctgctcatcttcttcctcttcattggg 

  K  T  L  Q  A  S  M  R  E  L  G  L  L  I  F  F  L  F  I  G  

 gtcatcctcttctccagcgccgtctacttcgcagaggccgacaaccaggagacccatttc 

  V  I  L  F  S  S  A  V  Y  F  A  E  A  D  N  Q  E  T  H  F  

 tccagcatcccagatgccttctggtgggcggtggtcaccatgactacagtgggctatggg 

  S  S  I  P  D  A  F  W  W  A  V  V  T  M  T  T  V  G  Y  G  

 gacatgaggcccgtcaccgtggggggcaagatcgtgggctccctgtgtgccatcgctggg 

  D  M  R  P  V  T  V  G  G  K  I  V  G  S  L  C  A  I  A  G  

 gtcctcaccatcgccctgcccgtgccggtcattgtctccaacttcaactacttctaccac 

  V  L  T  I  A  L  P  V  P  V  I  V  S  N  F  N  Y  F  Y  H  

 cgggagacggaccacgaggagccggcagccgttaaggaagaacagggcagtcagagccag 

  R  E  T  D  H  E  E  P  A  A  V  K  E  E  Q  G  S  Q  S  Q  

 gggactggatcggcgggcgggggccagcgaaaggccagctggagcaaggggtccctctgc 

  G  T  G  S  A  G  G  G  Q  R  K  A  S  W  S  K  G  S  L  C  

 aaggtggcagggtccttggaaaacgcggatggctctcgaaggggcagttgctccctggag 

  K  V  A  G  S  L  E  N  A  D  G  S  R  R  G  S  C  S  L  E  

       ⇐ kv1.5-R  

 aagtgtaacctcaaggccaagagcaatgtggatttgcggagatcgctgtatgccctctgc 

  K  C  N  L  K  A  K  S  N  V  D  L  R  R  S  L  Y  A  L  C  

 ctggacaccagccgggagacggatttgtaa 

  L  D  T  S  R  E  T  D  L  -  
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