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1. Introduction 

When mammalian spermatozoa move from testis to epididymis, they are unable to fertilize an 

oocyte. It is only during transit through the epididymis that spermatozoa complete maturation and 

acquire progressive motility and the ability to undergo the acrosome reaction and thus to fertilize 

an oocyte. The epididymis can be divided into three regions on the basis of histological and 

ultrastructural differences including the caput (head), corpus (body) and cauda (tail) epididymidis 

(Hafez 1974). Caput and corpus epididymis carry out early and late sperm maturational events, 

respectively, while the cauda region primarily serves as a storage site for functionally mature 

spermatozoa (Cornwall 2009). As spermatozoa migrate from caput to the cauda regions of the 

epididymis, they undergo a series of events that include: changes in the composition of 

membrane lipids and proteins, ion exchange between the extra- and intracellular milieu, 

modification of sperm antigens, condensation of nuclear chromatin, cytoskeleton rearrangements 

and diminution of sperm head size (Okamura et al. 1992; Golan et al. 1997; Perez-Sanchez et al. 

1998; Gatti et al. 2004; Sullivan et al. 2007). The sperm plasma membrane, a highly 

compartmentalized structure, in particular, is modified during epididymal transit with changes in 

overall phospholipids and cholesterol (Jones et al. 2007). Spatially separated lipids and proteins 

are re-organized during maturation possibly allowing the formation of signalling complexes 

critical for fertilization (Nolan and Hammerstedt 1997; Sullivan et al. 2007; Cornwall 2009; 

Girouard et al. 2009). Further changes occur after epididymal maturation, first at ejaculation 

(interaction with seminal plasma), and later in the female tract (capacitation). Capacitation 

enables sperm acrosome reaction upon arrival at the oocyte (reviewed by, Visconti et al. 2002; 

Vadnais et al. 2007).  

 

An important aspect of epididymal sperm maturation seems to be the ability of the sperm to 

regulate their volume in a given environment. Cell volume is determined by the intracellular 

content of osmotically active solutes relative to the osmolarity of the extracellular fluid. Even 

under physiological conditions of constant extracellular osmolarity, cells must regulate their 

volume. Unlike somatic cells, where experiencing significant osmotic changes is uncommon 
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(O'Neill 1999), sperm experience considerable osmotic changes during their life, from their 

formation in the testis to their fusion with the egg in female tract. The classical view is that 

spermatozoa of various species (bull, boar, human and mouse) behave as „perfect osmometers‟ 

(Drevius 1972a; Gilmore et al. 1995; 1996; Willoughby et al. 1996; Petrunkina and Töpfer-

Petersen 2000). To be able to maintain cellular functionality in the face of hypotonic challenge, 

spermatozoa developed a volume regulatory ability named regulatory volume decrease (RVD) 

(Petrunkina et al. 2004a; 2007b). If spermatozoa are exposed to hypotonic extracellular fluid, 

they initially swell like perfect osmometers but then approach the original cell volume by RVD 

(Fig. 1-1). This ability is crucial for fertility. Human sperm with impaired volume regulation 

were unable to migrate through mucus (Yeung and Cooper 2001). In domestic species, a 

quantitative correlative relationship between cell volume regulation of ejaculated spermatozoa 

and fertility has been reported (Petrunkina et al. 2001b; 2007b; Druart et al. 2009). Epididymal 

defects may lead impaired volume regulation of spermatozoa. Spermatozoa from infertile 

domestic species with epididymal defects, which causes swollen angulated sperm (Dag defect), 

cannot penetrate the female tract well as they fail to regulate their volume (Cooper and Barfield 

2006, and references therein). Also in transgenic mice, infertility is caused by the compromised 

volume regulation; swollen angulated sperm cannot reach the oviduct (Yeung et al. 1999). The 

physiological importance of sperm volume regulation is therefore clear. Moreover 

cryopreservation stresses sperm osmotically: at first sperm become dehydrated and then during 

thawing, suffer hypo-osmotic shock as re-equilibration of water distribution takes place 

(Petrunkina et al. 2007b). Therefore, the relationship between hypotonic resistance and 

cryopreservation were studied intensively to optimize the cryopreservation protocols (Curry and 

Watson 1994; Gilmore et al. 1998; Petrunkina et al. 2005a).  
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Figure 1-1: The figure represents volume regulation of spermatozoa under hypotonic conditions 

(modified from Petrunkina et al. 2007b). 

 

Regulatory volume decrease in response to the initial swelling after hypotonic stress depends on 

the opening of volume activated specific potassium channels Kv1.5 (KCNA5), minK (KCNE1) 

and TASK2 (KCNK5) and the chloride channels CLCN3 and CLNS1A (Petrunkina et al. 2004a; 

Cooper and Yeung 2007, and references therein). K
+ 

and Cl
-
 leave the cell in parallel in order to 

maintain electroneutrality (Fig. 1-2). Additionally, organic osmolyte efflux can also take place 

through volume activated anion channels.
 
The cell osmolarity is thereby lowered, causing the 

water which entered during the hypotonic stress to disperse, and swelling of the sperm to 

decrease (Petrunkina et al. 2001a; 2007a). The permeability of the plasma membrane to water is 

one of the main characteristics of the membrane that defines the response of sperm to osmotic 

stress. It was found to be higher in bovine sperm than other mammalian cell types (Drevius 

1971). Aquaporins (AQP) are water selective channels which enable a 10-100 fold higher 

capacity for water transport across plasma membranes compared to slow water diffusion across 

plasma membrane lipid bilayers (Agre et al. 2002). Very recently, it is found that Aquaporin 

isoforms are involved in physiological volume regulation of mouse sperm (Yeung et al. 2008). 

Moreover, studies by our group document the involvement of protein kinases (PKC) and 
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phosphatases (PP1) in the signalling network activated by hypo-osmotic swelling and regulatory 

volume decrease in ejaculated boar sperm (Petrunkina et al. 2005b; 2007a).  

 

 

Figure 1-2: Control mechanism of volume regulation in spermatozoa. Hypotonic shock causes water 

to enter the cell to dilute the intracellular environment and reestablish osmotic balance. The main ion 

channels are inactive under „steady-state‟ conditions, but they are activated when swelling occurs, with the 

result that an efflux of major intracellular ions takes place. Subsequently, coupled water transport occurs 

and the cell volume decreases. This recovery of cell volume under hypotonic conditions is referred as to 

regulatory volume decrease (RVD). Under hypotonic conditions, the activation of transport mechanisms 

to regulate cell volume is mainly mediated through protein kinase (PK)- and protein phosphatase (PP)-

dependent pathways. By maintaining serine and threonine residues in a phosphorylated state, PK activity 

appears to keep the ion channels closed, while inhibition of PK or increased activity of PP causes channels 

to open and initiate the RVD process (modified from Petrunkina et al. 2007b). 

 

As mentioned above spermatozoa experience considerable osmotic changes during their life, 

from their formation in the testis to ejaculation and fertilization in the female tract. The testicular 

plasma is isoosmotic with blood plasma, but as spermatozoa are transported through the 

epididymis over the course of 5 to 15 days (depending on the species), they experience a 

gradually increasing osmotic environment as a result of the secretions from the epididymis. These 

include the inorganic osmolytes, Na
+
, K

+
 and organic osmolytes such as sorbitol, glutamate, myo-

inositol and L-carnitine (Crabo 1965; Cooper and Yeung 2003; Pruneda et al. 2007). During 
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epididymal transit, an uptake of these osmolytes from epididymal secretions takes place. It is 

postulated that the uptake of osmolytes occurs via isovolumetric regulation (IVR), in which 

osmolytes are taken up by cells that draw in water osmotically to counteract dehydration in 

hypertonic media (Cooper and Yeung 2003, 2007). The sperm, loaded with osmolytes, have the 

ability to perform regulatory volume decrease (RVD) as they encounter hypotonic seminal 

plasma or female genital tract fluid (353 mOsm kg
-1

 vs 290 mOsm kg
-1

(bovine), Drevius 1972b; 

Cooper and Yeung 2003). It is of interest to know whether the pathways are already competent in 

immature sperm or whether volume regulatory ability is acquired during maturation. It was 

reported that in mice, macaque monkeys and sheep immature caput sperm have a limited volume 

regulatory ability compared to mature cauda sperm (Yeung et al. 2002; 2004; Cooper and Yeung 

2003). It appeared that volume regulatory activity was acquired during epididymal maturation.  

 

An important aspect of epididymal sperm maturation seems to be the interaction of epididymal 

proteins with the sperm. Caput and cauda epididymidis have different secretory protein 

composition and interact differently with maturing spermatozoa (Frenette et al. 2006). Some 

epididymal secreted proteins are known to be added to spermatozoa and to be essential for 

maturation (Dacheux et al. 2003, references therein). Some of these proteins are 

glycosylphosphatidyl-inositol (GPI) anchored to the sperm plasma membrane (Kirchhoff and 

Hale 1996), some behave as integral membrane proteins (Hall et al. 1996), while others are 

incorporated into intracellular sub-compartments of spermatozoa (Frenette et al. 2005; Sullivan et 

al. 2007). However, for most proteins the transfer mechanism is mostly unknown, but body of 

evidence supports the assumption that by high concentrations of soluble proteins, lipid carrier 

proteins or membrane vesicles shed from the epithelium (e.g. epididysomes, prostasomes) 

proteins are transferred to epididymal sperm (Kirchhoff 1999; Sullivan et al. 2007; Girouard et 

al. 2009). Nevertheless, the functions of the epididymal proteins are poorly understood yet. Most 

of them seem to play a homeostatic role in epididymal function and in maintaining the 

microenvironment for the spermatozoa. Some of the sperm-binding proteins have protective roles 

(e.g. gluthathion-peroxidase, gluthathion-S-transferase) defending the sperm against oxidative 

stress, some take part in the elimination of defective sperm (ubiquitin), others are involved in 
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cumulus-oocyte complex interactions (sperm adhesion molecule 1), or take part in motility 

modulation (macrophage migration inhibitory factor and polyol pathway enzymes) (Kirchhoff 

1999; Dacheux et al. 2005; Sullivan et al. 2007). Members of the cysteine-rich secretory protein 

(CRISP) family, spermadhesins and Fn type II-module (Fn2) proteins are directly involved in 

sperm function (Ekhlasi-Hundrieser et al. 2008).  

 

Recently, long Fn2 proteins have been identified in the epididymis of a number of mammalian 

species e.g. human, dog, horse and pig but not in mice and rats (Saalmann et al. 2001; Schäfer et 

al. 2003; Ekhlasi-Hundrieser et al. 2005; 2007). Such Fn2 proteins have been named ELSPBP1 

proteins (epididymal sperm-binding protein 1), since they are produced and secreted specifically 

by the epididymal duct epithelium and bind to sperm. Sequence analysis showed that ELSPBP1 

proteins are similar but not homologous to the Bovine Seminal Plasma (BSP) proteins, which 

belong to small Fn2 proteins (Ekhlasi-Hundrieser et al. 2005; 2007). Very recently, the genes 

encoding BSP proteins were renamed, the BSP acronym is now standing for “Binder of SPerm” 

(Manjunath et al. 2008). The common feature of the BSP proteins (small Fn2 proteins) and 

ELSPBP1 proteins (long Fn2 proteins) is the Fn2 modules, similar to those found in the gelatin 

binding module of fibronectin (Fan et al. 2006). ELSPBP1 proteins contain four tandemly 

arranged Fn2 modules whereas BSP proteins contain two tandemly arranged Fn2 modules. The 

first two Fn2 modules of long Fn2 proteins are similar to those of the small Fn2 proteins, a 

comparable topology of secondary structural elements, as well as conservation of the amino acid 

residues involved in phosphorylcholine binding (binding site on sperm). The other two Fn2 

modules have been shown to be closely related to matrix metalloproteinases, factor XII or 

gelatinases (Ekhlasi-Hundrieser et al. 2005; 2007). Fn2 modules confer many binding properties 

to bovine BSP proteins, such as binding to glycosaminoglycans, high-density lipoproteins 

(follicular and oviductal fluid capacitation factors), phosphorylcholin (binding site on sperm, 

Fig. 1-3), egg yolk low-density lipoproteins and milk caseins (components of semen extenders), 

as well as to gelatin (Manjunath and Therien 2002; Manjunath et al. 2007; Ekhlasi-Hundrieser et 

al. 2008). It was shown experimentally that the equine and porcine members of the ELSPBP1 

protein family bind to phosphorylcholine (Ekhlasi-Hundrieser et al. 2005; 2007). These findings 
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are in agreement with the evolutionary relation of the two first Fn2 modules of the long 

(ELSPBP1 proteins) with the small Fn2 proteins (BSP proteins). Altogether, both classes of 

mammalian Fn2 proteins seem to be bound to the sperm membrane via a choline-mediated 

mechanism. 

 

 

 

Figure 1-3: Binding of BSP-A1/2 to sperm plasma membrane via phosphorylcholine. Solid surface 

representation of two BSP-A1/2 dimers with bound phosphorylcholine molecules showing their relative 

orientation on the same face of the oligomer. The outer phosphatidylcholine monolayer of the plasma 

membrane is shown in ball-and-stickmode (Wah et al. 2002). 

 

As bovine small Fn2 proteins are present in the seminal plasma in relatively large amounts; they 

could be isolated by conventional methods. The isolation and purification of these proteins in 

sufficient quantities have led to the explanation of their crystal structures allowing intensive 

structure and function studies (Töpfer-Petersen et al. 1995; Wah et al. 2002). BSP-A1/2 (also 

called PDC-109, BSP1) secreted by seminal vesicles is the most extensively studied small Fn2 

protein, represents a mixture of the non-glycosylated (BSP-A1) and O-glycosylated molecules 

(BSP-A2) (Calvete et al. 1994). BSP-A1/2 is present at about 15-20 mg mL
-1

 in the seminal fluid, 

and several million molecules coat the sperm surface at ejaculation (Calvete et al. 1994). 
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Experiments demonstrated that each BSP-A1/2 molecule binds 10 lipid molecules with a low 

binding affinity in a very rapid, biphasic process with half times of less than one second (Müller 

et al. 1998; Gasset et al. 2000). Whereas BSP-A1/2 proteins have been shown to be involved in 

the bovine species in the formation of the female sperm reservoir and in the capacitation process, 

the function of the long Fn2 proteins remains to be clarified (reviewed by, Manjunath and 

Therien 2002; Calvete and Sanz 2007; Ekhlasi-Hundrieser et al. 2008). 

 

In contrast to bovine BSP-A1/2 proteins, long Fn2 proteins represent very small quantities in 

male reproductive tract; this makes it difficult to isolate them in considerable amount and apply 

for functional tests. Very recently, Lefebvre and coworkers have succeeded in developing an 

efficient strategy to produce soluble recombinant Fn2 domain-containing proteins (Lefebvre et al. 

2008). In the present study, a different strategy was chosen: first, the presence and distribution of 

long Fn2-type proteins in the bovine male genital tract using a polyclonal antibody were 

investigated; second, for functional studies (cell volume control of epididymal sperm) BSP-A1/2 

was used as a model protein for bovine Fn2 proteins. 
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2. Aims of the study 

 

The aims of this study were establishment of an optimal experimental system for physiological 

studies on cell volume of epididymal sperm and investigation of the following topics: 

1) volume regulatory behaviour in caput and cauda spermatozoa 

2) the origins of the differences between caput and cauda spermatozoa in volume 

regulation ability 

3) presence and distribution of Fn2-type proteins in the bovine male genital tract, and the 

fate of these proteins during sperm epididymal maturation 

4) effect of Fn2-type proteins on the development of volume regulatory ability during 

epididymal maturation 
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3.1.  Abstract 

Mature spermatozoa have a mechanism by which they can reduce cellular swelling caused by 

hypo-osmotic stress. The development of this ability during epididymal maturation in the bull 

was investigated. Caput and cauda sperm preparations were exposed to various osmotic stresses 

at 38ºC and measurements of cell volume made by electronic cell sizing. (1) Epididymal sperm 

recovered and incubated in a medium isotonic with caudal epididymal plasma (360 mOsm kg
-1

) 

showed better viability and better volume regulatory ability than those incubated in a medium 

isotonic with seminal plasma (300 mOsm kg
-1

) or in seminal plasma itself. (2) Preparations of 

both caput and cauda spermatozoa, isolated in a medium isotonic with epididymal plasma, 

contained two volumetric sub-populations, unrelated to the presence or absence of attached 

cytoplasmic droplets. (3) The cell volume of both subpopulations of caput sperm was always 

greater than that of the corresponding cauda sperm sub-populations. (4) After exposure to 

hypotonic challenge, both caput and cauda spermatozoa were able to reduce their relative 

volumes, demonstrating that both immature and mature cells are able to express regulatory 

volume decrease under physiological conditions. (5) When spermatozoa were incubated in 

chloride- or sodium-free media, although two subpopulations remained present, the volume of the 

caput sperm populations decreased to that of their counter-parts in cauda sperm preparations. It is 

conclude that immature caput sperm are capable of regulating their volume in a similar fashion to 

mature cauda sperm but are less able to control their isotonic volume, probably due to poorly 

controlled sodium and chloride ion transport. 

3.2.  Introduction 

On ejaculation, mammalian spermatozoa are subjected to hypotonic shock. This is due to the fact 

that the tonicity of seminal plasma and the fluids in the female tract are significantly lower than 

the tonicity of caudal epididymal fluid (Drevius 1972; Cooper 1986; Cooper and Yeung 2003). 

The ability to regulate cell volume in the face of osmotic stress appears to be a crucial 

physiological property. It has been linked to ability of sperm to bind to the oviductal epithelium 

and directly to fertility (Yeung et al. 1999, Khalil et al. 2006, Petrunkina et al. 2007a), and it is 
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also highly likely to be of importance in animal breeding technology; the sperm must respond 

effectively either to liquid extenders or in particular to the major changes in osmolality that occur 

during cryopreservation freezing and thawing (Petrunkina 2007). The perceived importance of 

volume regulation has therefore led to several studies that have examined the way in which 

spermatozoa, like many somatic cell types, are able to control and reduce the swelling which such 

hypotonic stress engenders (Petrunkina et al. 2007a, and references therein). The ability to 

regulate volume after swelling depends on the opening of specific potassium and chloride 

channels (volume activated channels) in response to the initial swelling. Potassium ions are lost 

from the cell down their concentration gradient, and chloride ions exit in parallel in order to 

maintain electroneutrality. The internal tonicity of the cell is thereby lowered, causing the water 

which entered during the hypotonic stress to disperse, and swelling to decrease (Petrunkina et al. 

2001). 

The mechanisms that control volume-activated channel opening are complex and involve several 

phosphorylation and dephosphorylation pathways. These pathways have been characterized in 

details in somatic cells (Jakab et al. 2002), and recent studies by our group demonstrated that the 

activation of volume regulatory mechanisms in ejaculated sperm is dependent on activity of 

protein kinases and phosphatases (Petrunkina et al. 2005a; 2007b). It is of interest to know 

whether the pathways are already competent in immature sperm or whether volume regulating 

ability is acquired during maturation. Yeung and colleagues (Yeung et al. 2002; 2004) reported 

that in mice and macaque monkeys it appeared that volume regulatory activity was a functional 

ability that was acquired during maturation. 

In most physiological studies on epididymal sperm, the cells have been recovered from the 

epididymal duct into medium isotonic with seminal plasma (e.g. Dott et al. 1979; Schweisguth 

and Hammerstedt 1992; Gwathmey et al. 2003; Harkema et al. 2004; Jones et al. 2008). While 

this mimics to some degree the tonicity effect of ejaculation, allowing subsequent investigation of 

the way in which sperm may respond generally to osmotic stress (Yeung et al. 2004), it has an 

important flaw where physiological studies of epididymal maturation are intended. If the 

immature cells do not possess volume regulatory ability, they may well be significantly 

compromised by the stress they encounter on mixing with medium of markedly lower tonicity 
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than their in vivo environment. Very recently, water transport in murine epididymal sperm has 

been investigated after recovery into environment isotonic with epididymal plasma (Callies et al. 

2008); however, there has been a lack of studies on the volumetric behaviour of mature and 

immature epididymal sperm released into different systems. 

Thus, while the present study focuses essentially on volume regulation in bull sperm during 

maturation, we have tested the effect of different recovery media on epididymal bull sperm 

response to osmotic stress.  

3.3.  Materials and methods 

3.3.1. Materials  

Unless otherwise stated, chemicals were purchased from Sigma-Aldrich (Steinheim, Germany), 

Merck (Darmstadt, Germany), Alexis (Grünberg, Germany) or Roth (Karlsruhe, Germany) and 

were of analytical grade or higher purity. 

3.3.2. Media 

Four variants of HEPES-buffered saline medium (HBS) were used as the vehicles for volumetric 

measurements. The basic variant HBS-300 (300 mOsm kg
-1

) consisted of 137 mM NaCl, 10 mM 

glucose, 2.5 mM KOH, and 20 mM HEPES buffered with NaOH to pH 7.4 at 38°C. The variants 

HBS-360 (360 mOsm kg
-1

), HBS-285 (285 mOsm kg
-1

) and HBS-200 (200 mOsm kg
-1

) were 

prepared by adjusting the NaCl content to approximately 167, 127 and 85 mM respectively. 

A sodium sulfate-based Hepes-buffered medium was used in experiments requiring a chloride-

free medium. The variant designed to be isotonic with caudal epididymal plasma (HBSulf-360, 

360 mOsm kg
-1

) consisted of 109 mM Na2SO4, 10 mM glucose, 2.5 mM KOH, 20 mM Hepes 

buffered with NaOH to pH 7.4 at 38°C. The variant used for hypotonic stress (HBSulf-285, 

285mOsm kg
-1

) was prepared by adjusting the Na2SO4 content to 84 mM. 

For experiments requiring a sodium-free medium, an analogous choline-chloride based Hepes-

buffered medium was used. The variant isotonic with epididymal plasma (HBChol-360, 

360 mOsm kg
-1

) consisted of 167 mM choline chloride, 10 mM glucose, 20 mM Hepes buffered 
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with KOH to pH 7.4 at 38°C (about 5 mM KOH). The variant used for hypotonic stress 

(HBChol-285, 285 mOsm kg
-1

) was prepared by adjusting the choline chloride content to 127 

mM. All media were passed through a 0.22 μm filter before use to minimize particulate „„noise‟‟ 

during cell volume measurements. 

3.3.3. Seminal plasma separation 

Ejaculates from fertile Holstein bulls were generously provided by NORDRIND 

(Rinderproduktion Niedersachsen, Bremen-Hannover, Germany). Within 15 min after collection, 

the seminal plasma was freed from sperm by centrifugation at 700g for 15 min at 4°C followed 

by an additional centrifugation step of the supernatant at 1000g for 15 min. The seminal plasma 

pool was stored at -20°C until use. 

3.3.4. Preparation of epididymal spermatozoa 

Bovine testes with epididymides attached were obtained from a local slaughterhouse and were 

brought at ambient temperature to the laboratory within 30 min. Only epididymides that were 

macroscopically normal were used for the experiments. Cauda and caput sperm were prepared in 

parallel from each epididymis, and only those pairs in which the cauda sperm had motility 

exceeding 80% were used. To obtain cauda sperm, several incisions (approximately 1.5 cm long 

and 0.5 cm deep) were made with a scalpel blade in the middle and distal part of the cauda, and 

the gushing fluid rich in sperm was collected with a plastic pipette. To obtain caput sperm, 4 or 5 

pieces were cut from the caput epididymidis tubules and transferred into a Petri dish with 10 mL 

HBS-360 (at ambient temperature, ~22ºC), after which the caput epididymal sperm were released 

by gentle shaking of the Petri dish. (Caput and cauda anatomical regions of the epididymis were 

identified as defined by Hafez 1974). Both cauda and caput sperm preparations were washed 

twice with HBS-360 at ~22ºC by centrifuging at 400g for 10 min to remove cell debris. In 

experiments involving investigation of sodium and chloride uptake both washing and subsequent 

incubation were performed in the corresponding HBSulf-360 or HBChol-360 media. 
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3.3.5. Investigation of volume regulatory ability 

Specific details for each experimental series are given in the relevant Results section. The general 

protocol was as follows:  

Aliquots of the washed sperm suspension were diluted at ambient temperature (~22ºC) in the 

chosen incubation medium (final sperm cell concentration ~ 1 x 10
7
 mL

-1
) and incubated at 

~22ºC for 15 min. Samples of 40-80 µL were then transferred to 5 mL of the „stress‟ medium at 

38°C (including isotonic controls), and incubated further (final sperm concentration ~1 x 10
5
 mL

-

1
). These sperm suspensions were sampled for cell volume measurements after pre-determined 

periods (5 and 20 min).  

3.3.6. Cell volume measurements 

The volumetric methodology used was based on earlier studies of sperm volumetric behaviour 

(Petrunkina and Töpfer-Petersen 2000; Petrunkina et al. 2004a; 2004b). These earlier 

publications may be consulted for further details and an explanation of the approach or technical 

principles. 

At each sampling time, a single sample from each incubated sperm suspension was passed 

through a CASY 1 cell counter (Schärfe Systems, Reutlingen, Germany), which produced cell 

volume information on the basis of cell frequency distribution within 1024 electronic cell size 

channels. The capillary measuring chamber was 60 µm in diameter, the sample volume setting 

200 μL, and the size scale 10 µm. Each sampling obtained data from more than 10 000 cells. 

Because the test solutions had different electrical conductivities, it was necessary to use 

correction factors obtained by comparison of volume measurements of standard latex beads (3.4 

μm diameter; Sigma-Aldrich) in the different media at 38°C (c.f. Petrunkina and Töpfer-Petersen 

2000). The calculated correction factors were as follows: 1.22 (HBS-200), 1.07 (HBS-285), 1.05 

(HBS-300), 0.97 (HBS-360); 0.99 (HBSulf-285), 0.90 (HBSulf-360); 1.12 (HBChol-285), 1.02 

(HBChol-360). Care was taken to flush the measuring chamber with 400 μL of the appropriate 

medium between measurements in different media; on each such occasion. Before analysis of the 



3. Paper Ι: Control of bull sperm cell volume during epididymal maturation 

29 

 

sperm samples, test counts were made on media without cells. Real cell volumes are presented in 

femtoliters (1 fL = 10
-15

 L). 

3.3.7. Analysis of volumetric data 

Analysis was based on the modal value of the volume distribution curve, as it was found to be a 

more sensitive parameter of volume change than the mean value (Petrunkina and Töpfer-Petersen 

2000). The relative volume shift Vr was used as a measure of volume regulation in response to 

hypo-osmotic conditions (Petzoldt and Engel 1994; Petrunkina et al. 2001). It was defined as 

Vr = Vhypo/Viso where Vhypo is the cell volume under the stress osmotic condition and Viso the 

volume under the initial osmotic condition. The relative volume decrease RVD, also used as an 

evaluation parameter, was defined as the difference between the relative volume shifts after 5 and 

20 minutes of exposure to hypotonic conditions: RVD = Vr20 – Vr5. RVD represents a measure of 

the relative cell volume recovery (Petrunkina et al. 2001; 2004c). 

3.3.8. Flow cytometric evaluation of plasma and acrosome membrane 

integrities associated with cell volume measurements 

The integrities of the plasma and acrosomal membranes were assessed by flow cytometry using a 

Galaxy flow cytometer (Dako, Hamburg, Germany). A combined labeling with propidium iodide 

(PI) and FITC-conjugated peanut agglutinin (PNA) was used to distinguish the different 

categories of cells: either intact (PI- and PNA-negative), or plasma-membrane defective but 

acrosome-intact (PI-positive but PNA-negative), or both membranes defective (PI- and PNA-

positive). The methodology and system settings were essentially as described by Petrunkina et al. 

(2005a; 2005b); however, forward- and side-scatter settings were adjusted separately for caput 

and cauda epididymal sperm. Membrane integrity was assessed after 5 and 20 min incubation in 

the different media. The percentage of cells in each category was calculated using FloMax 

Software (Version 2.0, 1999; Partec, Münster, Germany).  
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3.3.9. Statistical analysis 

Analysis of data was performed using Excel (Microsoft Office Professional Edition 2003, 

Microsoft Corporation, Version: 11.0.7969.0, Redmond, Washington, United States), CASYStat 

(Schärfe Systems, Reutlingen, Germany), FloMax (Version 2.0, 1999; Partec, Münster, 

Germany), SigmaStat 2.03 (SPSS Inc. Chicago, IL, USA) and SAS-software (SAS Institute Inc., 

Cary, NC, USA) platforms. 

Results are presented as arithmetic means and s.e.m., unless otherwise specified. To compare the 

effects of different factors on cell volume (e.g. maturational stage, media, osmolalities, and times 

of exposure, derived volumetric parameters, and membrane integrity), paired Student‟s t-tests and 

Wilcoxon tests were performed. Probabilities less than 0.05 were considered as statistically 

significant. Values presented are from paired Student‟s t-tests, which were confirmed by 

Wilcoxon tests. 

3.4. Results 

3.4.1. Functional consequences of exposure of epididymal spermatozoa to 

hypo-osmotic artificial media and to seminal plasma 

Both cauda and caput epididymal spermatozoa were always recovered in a medium whose 

osmolality was equal to that of caudal epididymal plasma (HBS-360; 360 mOsm kg
-1

). In order to 

establish an optimal experimental system for physiological studies on cell volume, we compared 

the effects of incubation in three different media: (1) medium isotonic with caudal epididymal 

plasma (HBS-360), (2) medium hypotonic to caudal epididymal plasma but isotonic with seminal 

plasma (HBS-300; 300 mOsm kg
-1

), and (3) seminal plasma (hypotonic stress similar to that 

occurring at ejaculation). After incubation, spermatozoa were exposed to HBS, either isotonic or 

hypotonic relative to the primary incubation medium. Thus sperm incubated in 360 mOsm kg
-1

 

medium were exposed to either 360 mOsm kg
-1

 (HBS-360, no shock) or 285 mOsm kg
-1

 (HBS-

285, shock). Sperm incubated in HBS-300 or seminal plasma were exposed to either 300 mOsm 

kg
-1

 (HBS-300, no shock) or 200 mOsm kg
-1

 (HBS-200, shock). Samples were assessed for 
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membrane integrity and for cell volume characteristics. The experimental approach is 

summarized in Fig. 3-1. 

 

 
 

Figure 3-1: Experimental design of study to investigate optimal methodology for epididymal 

spermatozoa preparation. 
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3.4.2. Membrane integrity 

Cauda sperm samples showed no significant differences with respect to membrane integrity 

between cells incubated in HBS-360 medium and those incubated in HBS-300 (Fig. 3-2A). 

Although reduced levels of membrane-intact sperm were observed in cauda sperm incubated in 

seminal plasma (~12 % more membrane-defective cells), this difference was not statistically 

significant. However, in caput spermatozoa, sperm samples incubated in HBS-360 had 

significantly higher levels of membrane-intact cells than samples incubated in either HBS-300 or 

seminal plasma (7% and 16%, respectively, P<0.05, Fig. 3-2A).  

When cauda sperm were subjected to a hypotonic challenge after primary incubation, there were 

no significant differences in membrane integrity in sperm samples exposed either to HBS-285 

after incubation in HBS-360, or to HBS-200 after incubation in HBS-300. Levels of membrane 

integrity were markedly reduced in some samples incubated in seminal plasma prior to exposure 

to hypotonic shock (HBS-200), though overall the trend was just below significance (P<0.07, 

Fig. 3-2B). 

When caput sperm were subjected to hypotonic challenge in HBS-285 after incubation in HBS-

360, initial membrane integrity levels were maintained. However when they were exposed to 

HBS-200 after incubation in HBS-300 or seminal plasma, levels of membrane integrity were 

reduced (P<0.06 for sperm incubated in HBS-300, P<0.05 for sperm incubated in seminal 

plasma, Fig. 3-2B). 
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Figure 3-2A-B: Membrane integrity of epididymal spermatozoa exposed to media of different 

osmolalities. Epididymal sperm from cauda and caput were pre-incubated for 15 min at ~22ºC in either 

HBS-360, HBS-300 or seminal plasma (SP). They were then diluted and incubated at 38ºC in respectively 

HBS-360, HBS-300 or seminal plasma: „isotonic incubation‟ (Fig. 3-2A), or they were diluted and 

incubated in respectively HBS-285, HBS-200, or HBS-200: „hypotonic incubation‟ (Fig. 3-2B). Samples 

were then stained with propidium iodide and FITC-PNA. The data show the resultant percentage of 

membrane-intact cells. (A schematic description of the experiment is shown in Fig. 3-1). 
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3.4.3. Control of cell volume 

To compare the systems, we examined the primary response to hypotonic challenge and the 

subsequent recovery after hypotonic challenge (RVD). Given the deleterious effect of seminal 

plasma on caput sperm membrane integrity, the effects of different incubation systems on volume 

regulatory function (RVD) were considered only in cauda spermatozoa. 

The sperm samples showed two volumetrically different subpopulations (Fig. 3-3A, 

schematically). In sperm subjected to primary incubation in HBS-360 medium (no osmotic 

challenge for epididymal sperm), these two subpopulations remained present under all 

subsequent osmotic conditions. Moreover, they were observed in all samples subjected to 

primary incubation in HBS-300. However, in three out of six of these latter distributions, the 

lower-volume subpopulation was abolished under subsequent hypotonic conditions (HBS-200), 

and only a more swollen high volume subpopulation was present (Fig. 3-3B). 

In sperm samples incubated initially in either HBS-360 or HBS-300, the lower-volume (major) 

sub-population showed volume regulation (RVD) after hypotonic challenge (Fig. 3-4). The extent 

of RVD was comparable between the two incubation systems (0.72 in HBS-285 after incubation 

in HBS-360 vs 1.02 in HBS-200 after incubation in HBS-300; P>0.05). In contrast, the lower-

volume sub-population that had been incubated in seminal plasma failed to show progressive 

RVD after hypotonic challenge with HBS-200 and continued to swell during 20 min of exposure 

to hypotonic conditions (RVD = –0.44, P<0.05). If incubated initially in HBS-360, the higher-

volume sub-population showed a limited degree of RVD after exposure to HBS-285 (Fig. 3-4); 

however, no RVD was detected after initial incubation in HBS-300 or seminal plasma. 

As a result of these preliminary studies, investigations of volume regulation in caput and cauda 

epididymal spermatozoa were performed on cells recovered and incubated in HBS-360 medium, 

whose osmolality (360 mOsm kg
-1

) was closely comparable to that of epididymal fluid. The 

sperm were then submitted to mild hypotonic stress similar to that occurring at ejaculation (285 

mOsm kg
-1

). 
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Figure 3-3A-B: Volume distributions in cauda spermatozoa exposed to different pre-incubation 

conditions and subsequent exposure to hypotonic stress. A: Cauda spermatozoa in HBS-285 after pre- 

incubation in HBS-360. B: Cauda spermatozoa in HBS-200 after pre-incubation in HBS-300. The arrows 

indicate the modal values of the populations (modal values were used to calculate volume changes – see 

Materials and Methods). 
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Figure 3-4: Regulatory volume decrease (RVD) in cauda spermatozoa after exposure to hypotonic 

conditions. Cauda sperm samples were pre-incubated for 15 min at ~22ºC in either HBS-360, HBS-300 or 

seminal plasma (SP). They were then diluted and further incubated at 38ºC. Those pre-incubated in HBS-

360 were incubated in HBS-360 or HBS-285, those pre-incubated in HBS-300 or seminal plasma were 

incubated in HBS-300 or HBS-200. Volume measurements were made at 5 and 20 min. The behaviour of 

the lower (1st) and higher (2nd) volume populations (see Fig. 3-3A) are shown separately. 

 

3.4.4. Volume regulatory behaviour in caput and cauda spermatozoa 

In both caput and cauda sperm samples, two subpopulations were recorded under all osmotic 

conditions, as already observed in the experimental series above. Henceforth, for brevity, the 

lower-volume subpopulation will be referred to as the first subpopulation, and the higher-volume 

subpopulation as the second subpopulation. Under conditions isotonic with caudal epididymal  
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plasma (360 mOsm kg
-1

), each subpopulation maintained its volume distribution throughout a 20-

min period (no statistically significant differences between 5 and 20 min). However, there were 

significant differences between caput and cauda spermatozoa with respect to the cell volumes of 

both the first (lower-volume) subpopulation (after 20 min) and the second (higher-volume) 

subpopulation (after both 5 and 20 min, P<0.05). The cell volume of the caput spermatozoa was 

significantly higher in all cases (Fig. 3-5A). Similar significant differences between caput and 

cauda were observed for absolute cell volumes recorded after hypotonic stress (data not shown), 

though the relative level of swelling was not different. 

After exposure to hypotonic challenge (HBS-285), both caput and cauda spermatozoa were able 

to reduce their relative volumes in both subpopulations, demonstrating a regulatory volume 

decrease under physiological conditions (Fig. 3-5B). The primary swelling in the second 

subpopulation of cauda spermatozoa was significantly lower (Vr, 5 (2) = 1.60 vs Vr, 5 (1) = 2.11, 

P<0.05). Caput sperm subpopulations had higher isoosmotic volumes than the cauda 

counterparts, and primary swelling was overall lower than in cauda. Differences between the 

levels of primary swelling of the first and second subpopulations were not significant in the caput 

samples, although Vr, 5 (2) = 1.42 was still nominally lower than Vr, 5 (1) = 1.75). As a 

consequence, the nominal RVD of the second population was lower than that of the first 

population in both cauda and caput spermatozoa (cauda: RVD2 = 0.36 vs RVD1 = 0.77; caput: 

RVD2 = 0.22 vs RVD1 = 0.62).  
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Figure 3-5A-B: Volume characteristics of cauda and caput sperm subpopulations. Sperm samples 

were pre-incubated for 15 min at ~22ºC in HBS-360 and then diluted and incubated further at 38ºC in 

HBS-360 or HBS-285. Volume measurements were made after 5 and 20 min. A: Absolute volume (in 

femtolitres) of the modes of the lower (1st) and higher (2nd) volume subpopulations incubated in HBS-

360. B: Relative volume shift, i.e. volumes in HBS-285 (hypotonic stress) compared with HBS-360 

(isotonic control). 
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3.4.5. The origins of the differences between caput and cauda spermatozoa 

and between first and second subpopulations with respect to volume 

regulation 

The presence of two subpopulations in all sperm samples suggested that the higher volume sub-

population was composed of cells that had swollen prematurely. Studies on ejaculated 

spermatozoa have shown that one cause of premature swelling is that ion transport is poorly 

controlled under different osmotic conditions. To test this hypothesis, caput and cauda 

spermatozoa were recovered and incubated in parallel in three different media: 1) HBS-360 

medium, 2) medium of similar composition but in which sodium chloride was replaced with 

sodium sulfate (HBSulf-360) and 3) medium in which sodium chloride was replaced with choline 

chloride (HBChol-360). After incubation the samples were exposed to hypotonic versions of the 

same media (HBS-285, HBSulf-285 and HBChol-285). The concept was that replacement of 

chloride with sulfate and sodium with choline would obviate any swelling due to uptake of 

sodium chloride and associated water. 

After recovery and 20 min incubation in control HBS-360, two subpopulations were observed in 

all samples; however, the volumes of both the caput sperm subpopulations were greater than 

those of cauda spermatozoa. This difference was significantly reduced or completely abolished 

when sperm were recovered and incubated in HBSulf-360 or HBChol-360 (Fig. 3-6), although 

two subpopulations continued to be observed. The different media had no significant detrimental 

effects on the plasma membrane or acrosomal integrities of the spermatozoa (P>0.05, data not 

presented). 
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Figure 3-6: Effect of chloride-free or sodium-free environments on cell volumes of epididymal 

spermatozoa. Cauda and caput sperm samples were pre-incubated for 15 min at ~22ºC in either HBS-360 

(HBS), HBSulf-360 (SO4) or HBChol-360 (Choline). They were then greatly diluted and incubated 

further at 38ºC in the same media. Volume measurements were made after 20 min. Results are given for 

both lower (1st) and higher (2nd) volume subpopulations. 

3.5. Discussion 

3.5.1. Experimental system to study the control of cell volume in epididymal 

spermatozoa  

Hitherto, almost all studies on physiology of epididymal sperm involving have involved recovery 

into a medium isotonic with seminal plasma or even into seminal plasma as substitute for 

ejaculation (e.g. Dott et al. 1979; Schweisguth and Hammerstedt 1992; Gwathmey et al. 2003; 

Jones et al. 2008). However, given that the osmotic pressure of epididymal fluid, especially that 

in the cauda, is considerably higher than that of seminal plasma (or blood), such treatment of the 
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spermatozoa may constitute a significant hypo-osmotic stress. This would be of especial concern 

if studies on volumetric control in epididymal sperm were contemplated. 

To test the effect of hypotonic stress on subsequent physiological responses, we tested three 

osmotically different treatment systems on mature (caudal) and immature (caput) sperm (see 

Fig. 3-1 for scheme). To standardize the starting material, all samples were recovered in a 

medium isotonic with caudal epididymal plasma (HBS-360). They were then incubated either in 

the same medium (no osmotic challenge) or in a medium isotonic with seminal plasma (HBS-

300, osmotic challenge), or in homologous seminal plasma (osmotic challenge similar to that 

encountered on ejaculation). 

Primary incubation in either HBS-360 or HBS-300 had no effect on the membrane integrity of 

cauda sperm; however, incubation in seminal plasma had a tendency to reduce membrane 

integrity, though this effect fell short of significance. The membrane integrity of caput sperm was 

compromised by incubation in HBS-300 as well as seminal plasma (Fig. 3-2). 

More important in the present study was the effect of the different treatments on sperm 

volumetric response to hypotonic challenge. (We tested this only in cauda sperm because we had 

already obtained evidence that primary incubation in media hypotonic to cauda epididymal 

plasma affected caput sperm adversely). With respect to the major lower-volume subpopulation, 

primary incubation in HBS-300 treatment (hypotonic with respect to epididymal plasma) did not 

affect regulatory volume decrease (RVD) as compared with the control (primary incubation in 

HBS-360); however, RVD was abolished after primary incubation in seminal plasma (Fig. 3-4). 

After incubation in HBS-360 (control treatment), the higher-volume sub-population showed a 

reduced RVD as compared to the lower-volume sub-population, and no RVD was detectable after 

the sperm had been incubated in HBS-300 or seminal plasma (Fig. 3-4). 

Our results further emphasize that exposure of bovine epididymal sperm to pooled homologous 

seminal plasma for any significant period of time is a sub-optimal strategy for subsequent 

physiological studies. Seminal plasma has been reported previously to have a detrimental effect 

on mammalian spermatozoa. Although primary contact with seminal plasma can be beneficial, as 

seen in ram (Dott et al. 1979) and stallion (Braun et al. 1994), it has nevertheless been shown in 

ram, bull and rabbit that longer exposure to seminal plasma causes a loss of sperm motility: in 
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ram even a 15-min exposure to the fluid reduced subsequent survival in seminal plasma-free 

medium (Dott et al. 1979). One may presume that the positive and negative effects of seminal 

plasma are not due to the same factors, rather that the stimulatory effects are due to one group of 

factors and the detrimental effects are due to another group (see Maxwell et al. 2007, and 

references therein). Moreover, it should be noted that because the different contributions of the 

male reproductive tract are voided in a specific sequence, whole seminal plasma is probably an 

artificial mixture and does not necessarily represent the sperm‟s environment within the vagina; 

indeed, the fertilizing sperm may well never come into contact with most of the seminal plasma 

components. 

Primary incubation in HBS-300 medium (hypotonic compared with caudal epididymal plasma) 

was also potentially detrimental to cauda sperm. In three out of six samples, hypotonic challenge 

caused an ablation of the volumetric heterogeneity always observed in the control HBS-360-

treated samples (compare Fig. 3-3A with 3-3B): most cells were greatly swollen after hypotonic 

stress, and, even after 20 min, a sub-population of cells with smaller volume was not seen. 

In this work we have used for primary recovery and incubation of both caput and cauda sperm a 

medium designed to be isosmotic with cauda epididymal plasma. It should be noted, however, 

that the osmotic environment in the caput is somewhat different from that of the cauda. In most 

species, caput epididymal fluid has lower osmolality than cauda (as reviewed by Cooper and 

Yeung 2003; Yeung et al. 2006), though no data are available for the bull. Moreover, it is known 

that the potassium/sodium gradient in epididymal plasma increases markedly during epididymal 

transit (see Mann and Lutwak-Mann 1981, and references therein); this might affect the 

concentrations of these ions within the sperm and result in a differential sperm response to 

osmotic stimuli. Nevertheless, we found (1) that the caput sperm were less viable in media 

isosmotic with seminal plasma, (2) that the volumes of the caput sperm subpopulations were 

always higher than those of the cauda sperm (recovery of the caput sperm into an environment of 

higher osmolality should have caused them to shrink). 
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We conclude that recovery and incubation in a medium isotonic with caudal epididymal plasma 

(360 mOsm kg
-1

) is a superior method for providing both caput and cauda epididymal 

spermatozoa for subsequent physiological studies. 

3.5.2. Volume heterogeneity in epididymal sperm populations  

Two main sub-populations were observed in cell volume distributions of epididymal spermatozoa 

(Fig. 3-3A). Similar observations have been reported previously on volume distributions of 

ejaculated spermatozoa in different mammalian species (bull: Kulkarni et al. 1997; dog, pig: 

Petrunkina et al. 2004a; 2005a). However, interpretation of the phenomenon is not 

straightforward, especially for epididymal sperm. It might be argued that the second (higher 

volume) sub-population in cauda sperm samples is due to immature cells bearing cytoplasmic 

droplets, and indeed the distance between the two volumetric peaks corresponds approximately to 

the reported volume of the droplet (O‟Donnell 1969; Brotherton 1975). Nevertheless, 

spermatozoa of the first (lower-volume) sub-population (which are droplet-free) can swell after 

osmotic stress to the same volume as the original second sub-population. Moreover, in caput 

sperm samples, which also display two clearly defined sub-populations, all cells have attached 

cytoplasmic droplets. It therefore seems very unlikely that the second sub-population simply 

represents sperm with attached droplets. 

Such volume heterogeneity in ejaculated spermatozoa has been attributed mainly to uncontrolled 

ion uptake (boar spermatozoa, Petrunkina et al. 2005a), or to possible interaction of transport 

mechanism and cytoskeleton at different ambient temperatures (Petrunkina et al. 2004a; 2004b). 

We tested the effect of ion-substituted media on volume distribution to see if there was evidence 

for uncontrolled sodium and chloride uptake. However, although the substituted media indeed 

caused a reduction in the volumes of each of the caput sperm sub-populations, the second 

population was not abolished, and there was no significant effect of these media on the volumes 

of the two cauda subpopulations (data not shown). Although the two populations were present 

after recovery and incubation in medium isotonic with caudal epididymal plasma (i.e. under 

optimal recovery conditions), we suspect that the second population represents swollen cells 

whose physiology has been compromised in some way. At present we have no hypothesis to 
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identify the nature of the higher volume sub-population in epididymal sperm. Clearly, further 

investigation is needed on this point. 

3.5.3. Changes in volume regulation during maturation 

It has been reported that in mouse and macaque monkey spermatozoa the ability to adjust cell 

volume after a hypotonic challenge (RVD) is acquired during epididymal maturation (Yeung et 

al. 2002; 2004). However, our studies have shown that in bull RVD appears to be developed to 

the same degree in both caput and cauda spermatozoa (Fig. 3-5B). Although there may be species 

variation, another explanation may be the differences in our experimental approach compared 

with that used by Yeung et al. (2002; 2004). The use of a volumetric cell counter to measure cell 

volume allows for higher sensitivity and yields exact size data unlike does flow cytometric 

monitoring of cell size by light scatter. The latter does not allow per se quantification in physical 

units, and represents only a relative correlate of size (see review of Petrunkina et al., 2007). 

Indeed, the volumetric heterogeneity we observed was not detected by any published studies 

using flow cytometric volume measurements. Moreover, as we have demonstrated, for studies on 

epididymal sperm the choice of recovery and primary incubation system is important; also, the 

subsequent incubation under capacitating conditions leads to limitations in volume regulatory 

ability (Petrunkina et al. 2004b). The physiological abilities of sperm may be compromised by 

release into a medium of lower tonicity than epididymal plasma, and subsequent incubation in a 

medium supporting capacitation (as used by Yeung et al. 2004).  

The major difference between caput and cauda sperm was the higher isotonic volumes of the 

subpopulations in the former (Fig. 3-5A). This difference was abolished by substituting sulfate 

and choline for chloride and sodium in the recovery and incubation media (Fig. 3-6). The effect 

was observed in both first and second subpopulations. Our finding suggests strongly that the 

increased volume of both caput sperm subpopulations relative to those in cauda samples results 

from poorly controlled sodium and chloride ion uptake from the external medium. We believe 

this is due to open channels which allow uncontrolled entry of these ions and associated water 

into the cell. Such channels are maintained closed in mature cells, whereby their isotonic volume 

is minimized. It would therefore appear that caput spermatozoa have not yet acquired full ability 
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to control the ion uptake from the environment, and that development of this ability takes place 

during later maturation.  

The lower osmotic swelling of caput sperm after hypotonic stress probably results from their 

already higher initial isotonic volume. We have shown that caput sperm have RVD ability 

(Fig. 3-5B). It is known that RVD takes place through volume-activated opening of potassium 

and chloride channels (e.g. Petrunkina et al. 2001; 2004c; 2007a), and the amount of initial 

swelling after hypotonic stress reflects to a degree the time taken for the activation process to 

proceed. Because the caput sperm are already „swollen‟, the mechanism for opening volume-

regulated ion channels may already have been initiated, whence RVD would set in rapidly after 

hypotonic exposure, and initial swelling (Vr,5) would be reduced. Such a phenomenon has already 

observed in ejaculated boar sperm (Petrunkina et al. 2005a). 

By analogy with other species, one could expect that protein phosphorylation and 

dephosphorylation balance would control channel activity. In a preliminary investigation, we 

have observed that tyrosine phosphorylation is lower in caput spermatozoa (Fig. 3-7). Previous 

studies by our group have shown that tyrosine kinase activity is involved in closing volume-

activated channels, so low tyrosine kinase activity (or increased phosphatase activity), leading to 

decreased phosphorylation, would tend to keep the channels open (Petrunkina et al. 2007b).  

There may be some physiological „rationale‟ for uncontrolled ion entry in caput spermatozoa. 

During passage through the epididymis, the maturing sperm cytoplasm takes up many osmolytes 

(Cooper and Yeung 2003; Yeung et al. 2006). Control of cell volume during uptake of the 

osmolytes would be facilitated by an ability to equilibrate ions freely across the plasma 

membrane channels. Subsequent closure of the channels in the mature cauda spermatozoa would 

ensure that volume control is maximized during the hypotonic stress occurring during 

ejaculation. 
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Figure 3-7: Tyrosine phosphorylation in epididymal spermatozoa. Washed samples of ejaculated (Ej), 

cauda (Cda) and caput (Cpt) spermatozoa were extracted with 1% w/v SDS in 10% w/v sucrose, 1 mM 

EDTA, 1 mM phenylmethylsulfonylchloride, 20 mM orthovanate, 10 mM Tris-HCl pH 7.2 for 10 min at 

95ºC. The extracts, together with standard proteins (Std, molecular weights shown as kilodaltons), were 

subjected to SDS-PAGE followed by western blotting onto PVDF membranes. The blots were blocked 

with 5% w/v BSA in tris-buffered saline overnight at 4ºC before being probed first with mouse anti-

phosphotyrosine monoclonal 1G2 and then with peroxidase-labelled anti-mouse IgG. Peroxidase detection 

was by standard procedures. Note the similarity of the cauda and ejaculated sperm extracts and the 

difference between these and the caput sperm extract. This blot is representative of three repetitive 

experiments. 
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4.1. Abstract 

The male reproductive tract of ungulates contains two protein families bearing tandemly arranged 

fibronectin II (Fn2) modules; one (small Fn2 proteins) bears two modules (e.g. BSP-A1/2), the 

other (long Fn2 proteins) bears four (e.g. epididymal sperm binding protein 1, (ELSPBP1)). 

While it is well known that small Fn2 proteins are present in bull semen, nothing is known about 

long Fn2 proteins. In the present study, the presence of ELSPBP1 proteins in the bull epididymis 

and their association with maturing spermatozoa were investigated using a specific antibody 

against canine ELSPBP1. Analysis of western blots showed ELSPBP1 to be present in the caput, 

corpus and cauda regions of the epididymis. The protein, which bound phosphorylcholine (PC) 

strongly, appeared to associate with the sperm during maturation because it was absent from 

caput sperm but present on cauda sperm. Immunocytochemistry of the cauda sperm showed the 

protein to be bound to the post-acrosomal and midpiece regions. ELSPBP1 could not be detected 

on freshly ejaculated sperm but was revealed after a capacitating treatment.  

Our previous studies have shown differences between bovine caput and cauda sperm in terms of 

their ability to control cell volume. Because of the close homology of BSP-A1/2 PC binding 

regions with Fn2 regions in ELSPBP1, we used BSP-A1/2 as a model to investigate the effect of 

a PC-binding Fn2 protein on cell volume control. While the protein had no effect on cauda 

sperm, it caused caput sperm to swell more in response to hypotonic stress in a similar fashion to 

cauda sperm.  

4.2. Introduction  

The male genital tract expresses a variety of proteins which interact with the sperm surface 

during sperm transit through the epididymis and also later at ejaculation. In ungulates, the major 

seminal plasma proteins are characterized by their content of two tandemly arranged gelatin-

binding fibronectin II (Fn2) modules (Töpfer-Petersen et al. 1995; Töpfer-Petersen 1999; Fan et 

al. 2006). Sperm binding of this protein family (known as small Fn2-type proteins) has been 

shown to be mediated via specific interactions with sperm membrane lipids bearing the 

phosphorylcholine head group (Desnoyers and Manjunath 1992, 1993; Wah et al. 2002; Ekhlasi-



4. Paper ΙΙ: Fibronectin type II-module proteins in the bovine genital tract and their putative 

role in cell volume control during sperm maturation 

53 

 

Hundrieser et al. 2005; 2007). The most prominent representatives are reported in cattle 

(collectively called bovine seminal plasma proteins (BSPs) and designated as BSP-A1/2,-A3, -

30k), in horses (seminal plasma proteins, SP-1/2) and in pigs (pB1) (Töpfer-Petersen et al. 1995; 

Töpfer-Petersen 1999; Fan et al. 2006; Calvete and Sanz 2007; and references therein). BSP-

A1/2 (also called PDC-109) is the most extensively studied male Fn2 protein and represents a 

mixture of the non-glycosylated and O-glycosylated molecules (Calvete et al. 1994). It is 

produced by the bovine seminal vesicles and is present in large quantities in the seminal plasma 

(Esch et al. 1983; Calvete et al. 1994; Manjunath et al. 1994). More recently, long Fn2-type 

proteins have been identified in the male genital tract of humans, dogs, horses and pigs. These 

proteins contain four tandemly arranged Fn2 modules (Saalmann et al. 2001; Schäfer et al. 2003; 

Ekhlasi-Hundrieser et al. 2005; 2007). They have been named epididymal sperm-binding protein 

1 (ELSPBP1) due to their highly regionalized expression in the epididymis, and represent a 

highly conserved protein family, displaying more than 80% of interspecies sequence identity 

(Saalmann et al. 2001).  

The crystal structure of BSP-A1/2 with bound phosphorylcholine has elucidated the structure of 

the lipid-binding pockets in the molecule (Wah et al. 2002). A pattern of invariant amino acids, 

which is strictly conserved in the small Fn2 proteins, forms the choline-binding pocket of each 

Fn2 module (Wah et al. 2002). Sequence comparison and modeling of the Fn2 domains of equine 

and porcine ELSPBP1 indicate a similar topology of secondary structural elements, as well as 

conservation of the amino acid residues involved in lipid binding (Ekhlasi-Hundrieser et al. 2005; 

2007).  

Whereas intensive studies have highlighted the diverse roles of the small Fn2 proteins in male 

reproduction (reviewed by Ekhlasi-Hundrieser 2008), the function of the long Fn2 proteins 

(ELSPBP1) remains to be clarified. Indirect evidence for a function comes from their amino acid 

sequences which are highly conserved across the species, as well as from their sperm binding 

features. More particularly, their distinct spatial expression patterns along the epididymal duct 

suggest that ELSPBP1 may have a role in sperm maturation. 

One functional ability which has been the topic of much research in our laboratory has been the 

ability of mammalian spermatozoa to regulate their volume under exposure to osmotic stress 
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(Petrunkina et al. 2001; 2004a; 2005a; 2005b; 2007a). Spermatozoa experience considerable 

changes in their osmotic environment, especially at ejaculation (Yeung et al. 2004). Particularly, 

bull spermatozoa suffer a major and rapid osmotic shock upon ejaculation because the osmolarity 

of caudal epididymal plasma is high compared with that of the seminal plasma and the female 

genital tract (353 mOsm kg
-1

 vs 286 mOsm kg
-1

, Drevius 1972). Spermatozoa must be able to 

maintain cellular functionality in the face of these osmotic changes. They do so by recovering 

their volume after the initial swelling caused by exposure to hypotonic conditions: this function is 

known as regulatory volume decrease (RVD). Spermatozoa of boar, dog, bull and human have 

been shown to exhibit RVD (Petrunkina et al. 2001; 2004a; 2005a; 2007; and references therein 

Yeung et al. 2003). Ability to regulate cell volume is functionally linked to fertility, particularly 

in bull spermatozoa (Khalil et al. 2006). It has been reported that RVD ability in mouse and 

macaque monkey appears to develop during maturation. When spermatozoa were isolated from 

the corpus and caudal region of the epididymis and exposed to hypotonic conditions, they were 

observed to decrease in volume after initial swelling, whereas spermatozoa from the caput region 

swelled but did not subsequently shrink or did not swell at all (Yeung et al. 2002; 2004).  

In the present study, we have investigated the presence and distribution of Fn2-type proteins in 

the bovine male genital tract, and the fate of these proteins during sperm maturation. In an effort 

to understand their biological role, we have studied the effect of Fn2-type proteins on the 

development of volume regulatory ability during maturation, using BSP-A1/2 as a model Fn2 

protein. 

4.3. Materials and methods 

Unless otherwise stated, chemicals were purchased from Sigma-Aldrich (Steinheim, Germany), 

Merck (Darmstadt, Germany) or Roth (Karlsruhe, Germany) and were of analytical grade or 

higher purity. The polyclonal antibody directed against BSP-A1/2 was a generous gift from Dr. 

Beate Wilhelm, Philipps-University, Marburg, Germany. The other antibody used was a 

polyclonal antibody raised against a 20-mer oligopeptide (amino acid 103–122) of canine 

ELSPBP1, designated as anti-Ce12 (Saalmann et al. 2001). It was a generous gift from Prof. Dr. 
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Kirchhoff, University Hospital, Hamburg-Eppendorf, Germany. Unless otherwise stated, 

procedures were carried out at ambient temperature (~22ºC). 

4.3.1. Media  

Two variants of a HEPES-buffered saline medium were used as the vehicles for volumetric 

measurements. The variant isotonic with epididymal plasma (HBS-360; 360 mOsm kg
-1

) 

consisted of 167 mM NaCl, 10 mM glucose, 2.5 mM KOH, and 20 mM HEPES adjusted with 

NaOH to pH 7.4 at 38°C. The variant isotonic with seminal plasma (HBS-285, 285 mOsm kg
-1

) 

was prepared by adjusting the NaCl content to approximately 127 mM. To minimize detection of 

particulate „noise‟ during cell volume measurements, the media were passed through a 0.22 μm 

filter before use (Minisart; Sartorius AG, Göttingen, Germany). 

Tris-buffered saline (TBS: 150 mM NaCl, 50mM Tris-HCl pH 7.4) and phosphate-buffered 

saline (PBS: 135 mM NaCl, 10 mM sodium phosphate pH 7.4) were used as wash and incubation 

media in different steps of biochemical analysis. 

The capacitation medium (CM) was a modified Tyrode‟s medium, buffered with 

bicarbonate/CO2 and containing 0.6% (w/v) fatty acid-free BSA fraction V (Parrish et al. 1988). 

4.3.2. Ejaculated spermatozoa 

Bovine ejaculates were either generously provided by NORDRIND (Rinderproduktion 

Niedersachsen, Bremen-Hannover, Germany) or were from the Clinic for Cattle (University of 

Veterinary Medicine Hannover, Foundation, Hannover, Germany) from fertile and healthy bulls. 

Only samples with motility exceeding 80% were used. After concentration of the sperm by 

centrifugation at 400g for 10 min, the spermatozoa were washed twice by centrifugation with 

10 mL HBS-285 for 10 min at 400g. For capacitation treatment, the pellets of spermatozoa were 

resuspended in CM to a concentration of 50 ×10
6
 cells mL

-1
, and 15 mg mL

-1 
heparin (a 

necessary agent for capacitation of bovine spermatozoa in vitro: (Parrish et al. 1988) was added. 

The resultant suspensions were incubated at 38.5°C under 5% v/v CO2 in air and 100% humidity 

for up to 4 h. 
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4.3.3. Epididymal spermatozoa 

Bovine testes with epididymides attached were obtained from a local slaughterhouse and were 

brought to the laboratory within 30 min. Only epididymides that were macroscopically normal 

were used for the experiments. Cauda and caput sperm were prepared in parallel from each 

epididymis, and only those pairs in which the cauda sperm had motility exceeding 80% were 

used. To obtain cauda sperm, several incisions (approximately 1.5 cm long and 0.5 cm deep) 

were made with a scalpel blade in the middle and distal part of the cauda, and the gushing fluid 

rich in sperm was collected with a plastic pipette. To obtain caput sperm, 4 or 5 pieces were cut 

from the caput epididymis tubules and transferred into a Petri dish with 10 mL HBS-360, after 

which the caput epididymal sperm were released by gentle shaking of the Petri dish. (Caput and 

cauda anatomical regions of the epididymis were identified as defined by Hafez 1974). Both 

cauda and caput sperm preparations were washed twice with 10 mL HBS-360 by centrifuging at 

400g for 10 min, a process which also removed cell debris. 

4.3.4. Protein extraction 

Epididymides were dissected to obtain caput, corpus and cauda regions. The sections were 

minced and homogenized on ice in TBS containing 2 mM PMSF (phenylmethylsulfonylfluoride) 

using a UItra-Turrax homogenizer, followed by centrifugation at 13,000g for 10 min at 4°C. 

After removal of the supernatants, the pellets were extracted on ice with 2 mL TBS containing 

1% w/v CHAPS (3[(3Cholamidopropyl)dimethylammonio]-1-propanesulfonate) and a dissolved 

Complete Protease Inhibitor Cocktail mini-tablet (Roche, Mannheim, Germany). Further 

centrifugation (13,000g for 10 min at 4°C) yielded supernatants designated as CHAPS extracts. 

Protein concentrations were determined using the Bradford assay (Bio-Rad, Munich, Germany) 

according to the manufacturer‟s instructions. 

Alternatively, bovine ejaculates were centrifuged (400g, 10 min) to remove seminal plasma. The 

sperm pellets were washed three times by centrifugation for 10 min at 400g in 5 mL HBS-285 

containing 1 mM PMSF. The washed sperm were diluted to a concentration of 50 x 10
6 

cells mL
-

1
 in extraction buffer (10 mM Tris–HCl, 10% sucrose, 1 mM EDTA and 1 mM PMSF, 1% w/v 



4. Paper ΙΙ: Fibronectin type II-module proteins in the bovine genital tract and their putative 

role in cell volume control during sperm maturation 

57 

 

SDS (sodium dodecyl sulphate), pH 7.2) and extracted at 95°C for 10 min.; cells and debris were 

removed subsequently by centrifugation for 30 min at 13,000g. 

After incubation with BSP-A1/2, epididymal sperm were extracted as described for ejaculated 

sperm, with the sole difference that they were washed in HBS-360 instead of HBS-285. 

The sperm-free extracts were extensively dialyzed (MWCO 6000–8000) against TBS containing 

2 mM PMSF before analysis by SDS–PAGE and western blotting. 

4.3.5. Isolation and characterization of Fn2 type proteins 

Isolation of BSP-A1/2 

Within 15 min after collection of the ejaculates, seminal plasma was freed of sperm by 

centrifugation at 700g for 15 min followed by an additional centrifugation step of the supernatant 

at 1,000g for 15 min. Native BSP-A1/2 was purified from the seminal plasma by a combination 

of affinity chromatography on heparin-Sepharose and DEAE-Sephadex chromatography as 

previously described (Calvete et al. 1996). Protein concentration was determined by the Bradford 

assay (Biorad, Munich, Germany) following the manufacturer's instructions. To check the purity 

of the fractions, SDS-PAGE, western blotting and MALDI-TOF mass spectrometry, were 

performed as described below. The isolated BSP-A1/2 could be shown to contain a mixture of 

two species with isotope-averaged molecular masses of 12 791 and 13 455 Da, which correspond 

to the non-glycosylated and O-glycosylated isoforms of BSP-A1/2 respectively (Calvete et al. 

1994). 

Characterization of ELSPBP1 

The phosphorylcholine-binding ability of bovine ELSPBP1 was investigated by co-incubation of 

the dialyzed CHAPS-extract (2.5 mL) of the epididymal tissue with 1 mL phosphorylcholine-

agarose (Pierce, Rockford, IL, USA) for 4 h under gentle shaking. The slurry was allowed to 

settle and the sediment was transferred to a column (column dimension 1×1.5 cm). After 

extensive washing of the column with TBS, the bound proteins were eluted with 3 mL 100 mM 

phosphorylcholine (PC) in TBS. The flow-through and PC-binding fractions were dialyzed 
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extensively against water, lyophilized and analysed by SDS-PAGE and western blotting as 

described below. 

4.3.6. Binding of BSP-A1/2 to epididymal spermatozoa 

Epididymal spermatozoa were treated with 250 μg mL
-1

 BSP-A1/2, to reflect the relative 

concentrations of protein found on the sperm surface (Nauc and Manjunath 2000). Two 

incubation protocols were tested. Washed spermatozoa were resuspended in HBS-360 to a 

concentration of 50 ×10
6
 cells mL

-1
 and incubated either at 38°C for 15 min or at ambient 

temperature for 30 min. After incubation, spermatozoa were washed by centrifugation for 10 min 

(400g) to remove unbound BSP-A1/2. The binding of BSP-A1/2 to the sperm surface was 

confirmed by SDS-PAGE and western blot analysis as well as by immunofluorescence 

microscopy as described below. 

4.3.7. Electrophoretic and western blot analysis 

SDS-polyacrylamide electrophoresis was carried out on 15% or 18% polyacrylamide gels 

according to (Laemmli 1970). Samples (10–20 μg protein per lane) were diluted in Laemmli 

sample buffer (50 mM Tris–HCl, pH 6.8, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and 

heated at 95°C before loading. After electrophoresis the gels were blotted onto PVDF membranes 

(Millipore, Schwalbach/Ts., Germany) (for further details see Ekhlasi-Hundrieser et al. 2002).  

The protein blots were blocked with 5% w/v BSA in TBS overnight at 4 °C and sequentially 

probed with the antibody against BSP-A1/2 in rabbit (1:20 000 v/v) and peroxidase-labelled 

antibody against rabbit IgG (1:100 000 v/v) in blocking buffer; each incubation was for 60 min at 

ambient temperature. Blots were washed 3 times after each incubation with TBS containing 1% 

v/v Tween20, and then incubated with chemiluminescent substrate (UptiLight HRP, KMF 

Laborchemie Handels, Lohmar, Germany) according to the manufacturer‟s recommendations; X-

ray films were exposed for 5–30 s. 

Alternatively, after blocking, the protein blots were probed with the guinea pig polyclonal anti-

Ce12 (1:1000 v/v) according to (Schäfer et al. 2003), followed by detection with alkaline 
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phosphatase-labelled anti-guinea pig IgG (1:5000 v/v: Dianova, Hamburg, Germany). Washing 

steps were performed with TBS/Tween20. The immunoreactions were visualized by incubating 

the membranes for 15–30 min in NBT/BCIP-solution (Roche, Mannheim, Germany) according to 

the manufacturer's instructions. 

4.3.8. MALDI-TOF mass spectrometry analysis 

Isolated native BSP-A1/2 was analyzed by mass spectrometry using a MALDI-TOF instrument 

(Kratos Analytical V5.2, Manchester, UK). Aliquots (1 μL) were co-crystallized with α-cyano-4-

hydroxy cinnamomic acid on the target according to (Kussmann et al. 1997). The molecular 

masses were based on the amino acid (Esch et al. 1983) and carbohydrate sequences (Gerwig et 

al. 1996) according to the Swiss protein entry P02784.  

4.3.9. Immunofluorescence microscopy 

Sperm samples were smeared on polylysine-coated slides and fixed with 2% w/v 

paraformaldehyde, 0.2% v/v glutaraldehyde in PBS for 10 min. Excessive aldehyde was removed 

by washing in PBS containing 0.1 M glycine. The smears were air-dried and blocked by 

incubation in PBS containing 5% BSA overnight at 4°C. Immunolocalization was performed by 

sequential incubation with rabbit anti-Ce12 (1:100 v/v) and FITC-conjugated anti-rabbit IgG 

(1:1000 v/v). Alternatively, the immunoreaction was performed by sequential incubation with the 

antibody against BSP-A1/2 in rabbit (1:500) and FITC-anti-rabbit IgG (1:1000 v/v). All 

incubation steps were done in 0.2% BSA in PBS for 60 min at ambient temperature in a humid 

chamber. Between incubations, a washing step (3×5 min in PBS) was performed. Smears were 

rinsed in water, mounted in PBS–glycerol (1:9 v/v) and observed under an Axioskop microscope 

(Zeiss, Göttigen, Germany) or a Nikon Epiphot 300 (Nikon, Düsseldorf, Germany), both 

equipped with epifluorescence optics and integrated digital camera (Olympus DP 50CU, 

Olympus Optical Co. Melville, NY, USA or Leica DC300, Leica Microsystems, Wetzlar, 

Germany). The pictures were recorded with the Olympus AnalySIS soft imaging system. 
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Controls were performed by omission of the specific antibody and by replacement of the specific 

antibody with heat-inactivated preimmune serum (1:100 v/v in PBS). 

4.3.10. Investigation of volume regulatory ability 

Aliquots of washed caput and cauda sperm suspensions were diluted in HBS-360 containing 

predetermined concentration of either BSP-A1/2 (250 µg mL
-1

) or bovine serum albumin (BSA 

fraction V, 1.2 mg mL
-1

). The final sperm cell concentration was ~10 x 10
6
 mL

-1
. After 30 min 

pre-incubation, samples of 40-80 µL were transferred to 5 mL of HBS-360 or HBS-285 (latter 

hypotonic with respect to HBS-360), after which they were incubated at 38°C (final sperm 

concentration ~1 x 10
5
 cells mL

-1
). The sperm suspensions were sampled for cell volume 

measurements after pre-determined periods (5 and 20 min). HBS-360 and HBS-285 without 

added proteins were used as control media. The experiment was repeated four times for 

incubation with BSP-A1/2 and three times for incubation with BSA, each time using sperm 

recovered from a different bull. 

4.3.11. Flow cytometric evaluation of membrane integrity during cell volume 

measurements 

The integrities of the plasma and acrosomal membranes during the tests of volumetric regulation 

were evaluated using a Galaxy flow cytometer (Dako, Hamburg, Germany) with combined 

propidium iodide/FITC-labeled peanut agglutinin staining. The methodology and system settings 

were essentially as described by Petrunkina et al. (2005a; 2005b), except that forward- and side-

scatter settings were adjusted separately for caput and cauda epididymal sperm. Membrane 

integrity was assessed at the same time points as the volume measurements (i.e. after 5 and 20 

min incubation). The percentage of cells in each category was calculated using FloMax Software 

(Version 2.0, 1999; Partec, Münster, Germany). 
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4.3.12. Cell volume measurements 

At each sampling time, a single sample from each incubated sperm suspension was passed 

through a CASY 1 cell counter (Schärfe Systems, Reutlingen, Germany), which produced cell 

volume information on the basis of cell frequency distribution within 1024 electronic cell size 

channels. The capillary measuring chamber was 60 µm in diameter, the sample volume setting 

200 μL, and the size scale 10 µm; each sampling obtained data from more than 10 000 cells. 

Because the electrical conductivity of HBS-360 was higher than that of HBS-285, a correction 

factor was applied to data recorded from sperm suspensions in HBS-360 (obtained by 

comparison of volume measurements of standard 3.4 µm latex beads; Petrunkina et al. 2001). 

Care was taken to flush the measuring chamber with 400 μL of the appropriate medium between 

measurements in different media; on each such occasion, prior to analysis of the sperm samples, 

test counts were made on media without cells. The methodology used here was based on earlier 

studies of sperm volumetric behaviour (Petrunkina et al. 2001; 2004a; 2007). These earlier 

publications may be consulted for further details and an explanation of the approach or technical 

principles. 

4.3.13. Analysis of volumetric data 

Analysis was based on the modal value of the volume distribution curve (shown to be a more 

sensitive parameter of volume change than the mean value (Petrunkina and Töpfer-Petersen 

2000). The relative volume shift Vr was used as a measure of volume regulation in response to 

hypo-osmotic conditions (Petzoldt and Engel 1994; Petrunkina et al. 2001). It was defined as 

Vr = V285/ V360, where V285 was the modal value of the volume distribution in HBS-285 and V360 

was the modal value of the volume distribution in HBS-360. The relative volume decrease RVD, 

also used as an evaluation parameter, was defined as the difference between the relative volume 

shifts after 5 and 20 minutes of exposure to hypotonic conditions: RVD = Vr20 – Vr5. RVD 

represents the measure of the relative cell volume recovery (Petrunkina et al. 2001; 2004a). 
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4.3.14. Statistical analysis 

Analysis of data was performed using Excel (Microsoft Office Professional Edition 2003, 

Microsoft Corporation, Version: 11.0.7969.0, Redmond, Washington, United States), CASYStat 

(Schärfe Systems, Reutlingen, Germany), FloMax (Version 2.0, 1999; Partec, Münster, 

Germany), SigmaStat 2.03 (SPSS Inc. Chicago, IL, USA). Results are presented as arithmetic 

means and SEM, unless otherwise specified. To compare the effects of different factors on cell 

volume, paired Student‟s t-tests were performed. Probabilities less than 0.05 were considered as 

statistically significant. Values presented are from paired Student‟s t-tests. 

4.4. Results 

4.4.1. Testing of antibody specificity 

The specificity of the antibodies used in the work (anti-Ce12 and anti-BSP-A1/2) was tested 

against western blots of isolated BSP-A1/2 and extracts of cauda epididymal sperm and 

epididymal tissues (containing bovine ELSPBP1). Anti-BSP-A1/2 reacted only with BSP-A1/2 

whereas anti-Ce12 reacted only with epididymal tissues and cauda sperm (see Fig. 4-1). 

4.4.2. Distribution of the Fn2-type proteins in the bovine epididymis 

The distribution of Fn2-type proteins along the bovine epididymis was studied by SDS-

electrophoresis and western blotting of CHAPS extracts isolated from defined regions of the 

tissue. Using anti-Ce12 as probe, a strong doublet signal of ~30 kDa was detected in caput, 

corpus and cauda regions (Fig. 4-1A). This accorded well with the electrophoretic characteristics 

of ELSPBP1 as found in human and dog. When extracts of cauda epididymis were subjected to 

affinity chromatography on immobilized phosphorylcholine (PC), only the material eluted with 

100 mM phosphorylcholine was found to contain the same anti-Ce12-reactive doublet protein 

bands (Fig. 4-1A), indicating that they possessed strong PC-binding properties, as might be 

expected of Fn2-type proteins.  
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Figure 4-1 A: Anti-Ce-12 reactivity with western blots of CHAPS extracts of bovine epididymal 

tissue samples. Ct: caput tissue, Cp: corpus tissue, Cd: cauda tissue, PC+: phosphorylcholine-binding 

material isolated from the CHAPS extract of cauda epididymides by PC-agarose affinity chromatography. 

B: Western blot analysis of SDS extracts of bovine spermatozoa probed with anti-Ce-12 (upper 

panel) and anti-BSP-A1/2 (lower panel). BSP: BSP-A1/2, Ct: caput, Cd: cauda, Ejac: ejaculated 

spermatozoa. 

4.4.3. Localization of Fn2-type proteins on bovine sperm 

When protein extracts of caput epididymal sperm were probed, neither ELSPBP1 nor BSP-A1/2 

were detectable, whereas only ELSPBP1 (~30 kDa) was visible in extracts of cauda epididymal 

sperm (Fig. 4-1B). Extracts of ejaculated sperm contained both types of Fn2 proteins, BSP-A1/2 

(~15 kDa) and ELSPBP1 (~ 30 kDa). In order to localize these proteins, sperm of different 

maturation stages were examined by immunofluorescence microscopy. Sperm isolated from the 
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caput region showed no immunoreaction with anti-Ce12 (Fig. 4-2A), whereas sperm from the 

cauda region showed a distinct immunofluorescence pattern for ELSPBP1 in the post-acrosomal 

and midpiece regions (Fig. 4-2B). Surprisingly, ELSPBP1 was not detectable in uncapacitated 

ejaculated sperm (Fig. 4-2C) whereas after 2 h incubation under capacitating conditions, 

ELSPBP1 could be visualized in the post-acrosomal and tail regions similar to its distribution in 

cauda epididymal sperm (Fig. 4-2D). Immunofluorescence microscopy of ejaculated sperm 

showed BSP-A1/2 localized over the whole sperm surface, though especially in the midpiece 

region (see Fig. 4-3D). 

 

 
 
Figure 4-2A-D: Immunolocalization by anti-Ce12 of ELSPBP1 on epididymal and ejaculated 

spermatozoa. Phase contrast pictures are of the same fields. A: Caput spermatozoa (no labelling); B: 

Cauda spermatozoa (labelling in postacrosomal and midpiece regions); C: Freshly ejaculated spermatozoa 

(no labelling); D: Ejaculated spermatozoa after capacitating treatment (labelling similar to cauda 

spermatozoa in postacrosomal and tail regions). Scale bars = 10µm. 
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Figure 4-3A-D: Analysis of binding of BSP-A1/2 to epididymal spermatozoa. A: Western blot analysis 

of SDS extracts of spermatozoa probed with anti-BSP-A1/2. BSP, native BSP-A1/2; Ct, caput 

spermatozoa; Ct + BSP, caput spermatozoa incubated with BSP-A1/2; Cd, cauda spermatozoa; Cd + BSP, 

cauda spermatozoa incubated with BSP-A1/2. B-D: Immunofluorescence images of epididymal and 

ejaculated spermatozoa probed with anti-BSP-A1/2. Phase contrast pictures are of the same fields. B: 

Cauda spermatozoa before incubation with BSP; C: Cauda spermatozoa after incubation with BSP; D: 

Ejaculated spermatozoa. Scale bars = 10µm. 

4.4.4. Role of Fn2-type proteins in volume regulation 

BSP-A1/2 was used as a model to examine the role of Fn2 proteins in volume regulation. 

Incubation of native BSP-A1/2 with epididymal spermatozoa using either protocol led to binding 

of the protein to both caput and cauda spermatozoa, as shown by western blot analysis (Fig. 4-

3A). Immunfluorescence microscopy showed that binding took place in the postacrosomal and 

midpiece regions (compare Fig. 4-3B with 4-3C). 

In order to test the effect of BSP-A1/2 on volume regulation, spermatozoa were preincubated 

with the protein for 30 min at ambient temperature. Similar preincubation with bovine serum 

albumin (BSA) was used as control treatment. Two volumetrically different subpopulations were 
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detected in both caput and cauda sperm preparations; absolute volumes of these two 

subpopulations were in caput: 13.22 fl and 26.45 fl, and in cauda: 11.13 fl and 23.36 fl (mean 

values). BSP-A1/2 treatment did not affect the presence of the two subpopulations in either 

preparation, nor did it affect the absolute volumes of the two subpopulations under isotonic 

conditions (i.e. in HBS-360) (Fig. 4-4A). Moreover, it had no effect on the volumetric response 

of the higher-volume subpopulations to hypotonic stress (exposure to HBS-285 after incubation 

in HBS-360) (data not shown). However, BSP-A1/2 treatment did affect the behaviour of the 

lower-volume caput sperm sub-population. Exposure of untreated preparations to hypotonic 

conditions caused less initial swelling in caput sperm than in cauda sperm (1.33 ± 0.03 vs 1.98 ± 

0.33, Fig. 4-4B, P<0.08). After pre-incubation with BSP-A1/2 the initial swelling of caput sperm 

was significantly higher (1.99 ± 0.26 with BSP-A1/2 vs 1.33 ± 0.03 in control, P<0.05), 

comparable to that of cauda sperm (1.99 ± 0.26 vs 2.07 ± 0.67, P>0.05). After 20 min hypotonic 

exposure, untreated (i.e. „native‟) caput sperm essentially maintained the low swelling level 

observed after 5 min, but those that had been incubated with BSP-A1/2 were able to reduce their 

volume; RVD in treated caput sperm (lower volume population) was 0.57 ± 0.33 whereas in 

control sperm there was no progressive recovery due to low initial swelling after 5 min: RVD =  

–0.26 ± 0.12 (P<0.05). Cauda sperm showed volume regulation after exposure to hypotonic 

conditions, whether or not they had been incubated with BSP-A1/2 (RVD 0.59 ± 0.53 in treated 

sperm, 0.60 ± 0.36 in control sperm). 

To verify that the effects observed with the BSP-A1/2 were specific, we tested another lipid-

binding protein (BSA) that is known to bind to spermatozoa (Blank et al. 1976; De Leeuw et al. 

1993). BSA had no significant effect on volumetric behaviour either in caput sperm (Vr5: BSA-

treated 1.72 ± 0.36 vs control 1.54 ± 0.21; RVD: BSA-treated 0.27 ± 0.18 vs control 0.46 ± 0.01) 

or in cauda sperm (Vr5: BSA-treated 1.43 ± 0.04 vs control 1.37 ± 0.12; RVD: BSA-treated 0.10 

± 0.21 vs control 0.01 ± 0.14; P>0.05).  

Neither BSP-A1/2 nor BSA affected the membrane integrities of treated sperm as measured by 

flow cytometry (e.g. caput sperm: BSP- treated 76% vs control 81%; cauda sperm: BSP-treated 

86.0% vs control 84%).  
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Figure4-4A-B: Effect of treatment with BSP-A1/2 on volumetric characteristics of caput 

spermatozoa (closed bars) and cauda spermatozoa (open bars). A: Cell volumes during incubation 

under isotonic conditions. B: Relative volume shift in response to hypotonic stress. 
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4.5. Discussion 

4.5.1. Fn2 proteins in the bovine genital tract 

Fn2-type proteins produced in the male genital tracts of many mammals are classified into small 

Fn2 proteins (e.g. BSP-A1/2) and long Fn2 proteins (e.g. ELSPBP1). Members of the long Fn2 

family have been detected in humans, dogs, pigs and horses (Saalmann et al. 2001; Schäfer et al. 

2003; Ekhlasi-Hundrieser et al. 2007). In these species, the Fn2 proteins display a highly 

regionalized expression pattern within the male genital tract. In the present study, we have shown 

that ELSPBP1 (long Fn2 protein) is present in the caput, corpus and cauda regions of the bull 

epididymis (Fig. 4-1A) whereas the small Fn2 proteins BSP-A1/2 (this work) and the other BSPs 

(BSP-A3, BSP-30k) are not (Therien et al. 1995). Our results (Fig. 4-1B) show that ELSPBP1 

binds to the spermatozoa during their transit through the epididymis, particularly to the post-

acrosomal and midpiece regions; it was detected in mature (cauda) sperm but not in immature 

(caput) sperm (Fig. 4-2). Upon ejaculation BSP-A1/2, BSP-A3 and BSP-30 associate with the 

sperm (Nauc and Manjunath 2000). The resultant additional surface coat seems to mask the 

antigenic sites on ELSPBP1, because this protein is no longer detectable by immunofluorescence 

until BSP-A1/2 and other coating proteins are lost from the sperm surface during incubation 

under capacitating conditions (see Fig. 4-3). A similar capacitating treatment has been found to 

be necessary to unmask the antigenic sites of ELSPBP1 in ejaculated pig sperm (Ekhlasi-

Hundrieser et al. 2005; Ekhlasi-Hundrieser et al. 2007). Altogether, ungulate species seem to be 

specific in that they express both classes of Fn2 proteins, the small and the long forms with two 

and four Fn2 modules respectively, which bind to the sperm in a sequential order during their 

transit through the male genital tract and at ejaculation. The association sites on the sperm surface 

vary somewhat between ungulate species. In bovine (Figs. 4-2B, 4-3C and 4-3D) and equine 

sperm (Ekhlasi-Hundrieser et al. 2005) both the long and the small Fn2 proteins are essentially 

localized in the post-acrosomal and midpiece regions, whereas in pig sperm ELSPBP1 is found in 

the acrosomal region (Ekhlasi-Hundrieser et al. 2007). 
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4.5.2. Binding characteristics of Fn2 proteins to membranes 

Like its relative BSP-A1/2, bovine ELSPBP1 is a phosphorylcholine-binding protein as we have 

demonstrated (Fig. 4-1A). It has been shown by others that the small Fn2 proteins BSP-A1/2 and 

SP1/2 bind to the sperm plasma membrane via phosphorylcholine head groups in the outer leaflet 

of the lipid bilayer, in which lipids bearing a neutral head group (e.g. phosphatidylcholine and 

sphingomyelin) are concentrated (Nolan et al. 1995). Binding has been shown to be a rapid 

process which leads to a partial insertion of the protein into the hydrophobic part of the 

membrane, resulting in a reduction of lipid mobility within the outer membrane leaflet (Müller et 

al. 1998; Gasset et al. 2000; Greube et al. 2001; Ramakrishnan et al. 2001).  

As determined for the canine, equine, porcine and human members of the ELSPBP1 family, 

modules 1 and 2 of the bovine ELSPBP1 appear similar to those in small Fn2 proteins, whereas 

modules 3 and 4 show similarity to the Fn2 modules of matrix metalloproteinases, factor XII and 

gelatinases (Schäfer et al. 2003; Ekhlasi-Hundrieser et al. 2005; 2007; Fan et al. 2006). The 

pattern of invariant tryptophan and tyrosine residues forming the phosphorylcholine-binding sites 

are strictly conserved within the N-terminal two Fn2 modules of the bovine ELSPBP1 (Fig. 4-5). 

Modeling of these latter Fn2 modules indicates a comparable topology of secondary structure as 

determined for BSP-A1/2 (Fig. 4-5), pointing to a similar architecture of the lipid-binding sites. 

As suggested for the equine and porcine ELSPBP1 proteins, the phosphorylcholine-binding 

property of bovine ELSPBP1 is probably mediated via the N-terminal part of the long Fn2 

protein, involving a comparable binding mechanism to that of the small Fn2 proteins (e.g. BSP-

A1/2 and SP1/2). It may be supposed that such binding will similarly restrict lateral mobility of 

phosphorylcholine-rich domains in the outer plasma membrane leaflet. 
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Figure 4-5: Alignment of amino acid sequences of the N-terminal Fn2 domains (
1
Fn2, 

2
Fn2 

and 
3
Fn2 respectively) of proteins with either two or four Fn2 domains. The amino acid 

sequence of Bos taurus (B.t.) ELSPBP1 was derived from computer predictions and genomic 

sequence analysis (Bos taurus ELSPBP1 XP_600577.3). Sequences of BSP-A1/2 and Canis 

lupus (C.l.) ELSPBP1 are according to (Esch et al. 1983) and (Saalmann et al. 2001) 

respectively. The location of the conserved key amino acids involved in PC-binding (framed 

characters) is shown according to (Wah et al. 2002). The secondary structural elements of BSP-

A1/2 are labelled according to (Wah et al. 2002): grey arrows show β-strands, bold sequences 

show α helices. The secondary structural elements of B.t. ELSPBP1 as determined by 

http://swissmodel.expasy.org. are shown with white arrows. The underlined amino acid sequence 

designates the immunogen used to obtain anti-Ce12 (Saalmann et al. 2001). This peptide 

sequence is highly conserved across species. 

4.5.3. Influence of Fn2 proteins on the acquisition of volume regulation  

In both caput and cauda sperm preparations, two volumetrically different subpopulations were 

present under isotonic as well as hypotonic conditions. Similar observations have been reported 

previously in sperm cell distributions (Kulkarni et al. 1997; Petrunkina et al. 2004b; 2005b). In 

an initial study of bull epididymal sperm (Sahin et al. 2009), as well as confirming the presence 

of the two sub-populations, we observed that the volumetric behaviour of caput sperm differed 

             1Fn2 β1   β2           β3     β4   α1 

                    

BSP-A1/2     CVFPFVYRNRKHFDCTVHGSLFPWCSLDADYVGRWKYCAQRDYAK 

B.t. ELSPBP1 CIFPFTYKGSTYFSCTRANSLSPWCSTRAIYDGRWKHCLTEDYPR 

C.l. ELSPBP1 CVFPFVYKGSSYFSCIKTNSFSPWCATRAVYNGQWKFCMADDYPR 

  

             
2
Fn2 β1′  β2′       β3′    α2  β4′  

3
Fn2 

BSP-A1/2     CVFPFIYGGKKYETCTKIGSMW-MSWCSLSPNYDKDRAWKYC-------- 

B.t. ELSPBP1 CVFPFIYRGKPHNGCITDGSLFGRQWCSVTSSFDEKQQWKYCETNEYGGN  

C.l. ELSPBP1 CIFPFIFRGKSHNSCITEGSFLRRLWCSVTSSFDENQQWKYCETNEYGGN 
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from that of cauda sperm. Both caput sperm subpopulations showed higher isotonic volumes than 

their cauda counterparts, and the lower sub-population swelled less initially when exposed to 

hypotonic stress. Given that in the present study we found ELSPBP1 associated with cauda 

sperm and not with caput sperm, it seemed pertinent to investigate the protein‟s effect on volume 

regulation. 

As outlined above, one may predict that ELSPBP1 and BSP-A1/2 bind to the sperm membrane in 

a closely similar if not identical way, and that BSP-A1/2 can be used as a valid model for 

ELSPBP1. In support of our belief, incubation of cauda and caput sperm with BSP-A1/2 resulted 

in binding of the protein to the postacrosomal and midpiece regions of both caput and cauda 

sperm in a similar pattern to ELSPBP1‟s distribution on cauda sperm (compare Fig. 4-2B with 

Fig. 4-3C). 

Whereas treatment with BSP-A1/2 had no effect on either subpopulation of cauda sperm, it 

altered the ability of the lower-volume caput sperm population to regulate their volume under 

hypotonic stress (Fig. 4-4B); as compared with controls, initial swelling was higher and cell 

volumes were reduced after 20 min incubation. In other words, treatment with BSP-A1/2 

apparently enhanced the caput sperm‟s ability to exhibit RVD.  

Earlier work by our group (Sahin et al. 2009) has provided evidence to suggest that differences in 

volumetric behaviour between caput and cauda sperm may be due to a lower degree of control of 

ion transport in the former. It is now well established that regulatory volume decrease in the face 

of hypotonic stress takes place via the swelling-activated opening of K
+
 and Cl

–
 channels 

(Petrunkina et al. 2001, 2004a). Exiting of these ions leads to re-equilibration of internal with 

external osmolality and reduction in swelling. Opening and closing of the ion channels appears to 

be controlled by signalling pathways involving co-ordinated phosphorylation and 

dephosphorylation of protein serine, threonine and tyrosine residues. We believe that the higher 

isotonic volume and lower apparent swelling after hypotonic shock shown by caput sperm are 

due to the channels in these cells being prematurely activated. Activation under physiologically 

isotonic conditions (i.e. before swelling) would lead to ion and water uptake due to the high 

electrochemical gradient across the sperm membrane in our experimental medium (360 mOsm/ 

kg). This activation would also result in a more rapid RVD in response to hypotonic shock 
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whereby initial swelling has already been reduced after 5 min incubation. We postulate therefore 

that binding of BSP-A1/2 to the caput sperm reverses and prevents premature activation of the 

swelling-activated channels. It is noteworthy that swelling-sensitive K
+
 and Cl

–
 channels are 

localized to the tail, midpiece and post-acrosomal region, very similar to the localization of 

binding of the Fn2 proteins that we have observed (Barfield et al. 2005; Yeung et al. 2005).  

BSP-A1/2‟s effect may be mediated in two ways. Binding of BSP-A1/2 to phosphorylcholine 

headgroups in the plasma membrane is known to lessen the fluidity of the membrane lipids 

(Müller et al. 1998; Gasset et al. 2000; Greube et al. 2001; Ramakrishnan et al. 2001). This may 

directly affect the swelling-activated channel activities via altered lipid-protein interaction ( see 

Tillman and Cascio 2003, and references therein). On the other hand, and perhaps more likely, it 

may affect their activities by disturbing the interaction of the lipid rafts in which the signalling 

protein molecules are thought to be sequestered, with the result that the activity of the signalling 

processes that control the swelling-activated channels are modulated (Tillman and Cascio 2003; 

Girouard et al. 2008; and references therein). Whichever mechanism is involved, it seems highly 

probable that the attachment of ELSPBP1 to the maturing sperm as they pass down the 

epididymis has the same eventual effect, whereby the cauda sperm express normal kinetics 

during regulatory volume decrease. 
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5. General Discussion and Conclusion 

The first challenge of this study was to establish an optimal experimental system to investigate 

the control of cell volume in bull epididymal spermatozoa. In the majority of the preceding 

studies, epididymal sperm have been recovered into a medium isotonic with seminal plasma or 

even into seminal plasma itself (Dott et al. 1979; Schweisguth and Hammerstedt 1992; 

Gwathmey et al. 2003; Jones et al. 2008). While this mimics to some degree the tonicity effect of 

ejaculation, allowing subsequent investigation of the way in which sperm may respond generally 

to osmotic stress (Yeung et al. 2002; 2004), it has an important flaw where physiological studies 

of epididymal maturation are intended. If the immature cells do not possess volume regulatory 

ability, they may be well compromised by the stress they encounter on mixing with medium of 

markedly lower tonicity than their in vivo environment. Very recently, water transport in murine 

epididymal sperm has been investigated after recovery into environment isotonic with epididymal 

plasma (Callies et al. 2008); however, there has been a lack of study on the volumetric behaviour 

of mature and immature epididymal sperm released into different osmotic systems. In the present 

study (Paper Ι), three different treatment systems were tested on caput and cauda epididymal 

spermatozoa. To standardize the starting material, all samples were recovered in a medium 

isotonic with cauda epididymal plasma (HBS-360 mOsm kg
-1

). They were then incubated either 

in the same medium (no osmotic challenge) and or in a medium isotonic with seminal plasma 

(HBS-300 mOsm kg
-1

, osmotic challenge), or in homologous seminal plasma (osmotic challenge 

similar to that encountered on ejaculation). After incubation, spermatozoa were exposed to HBS 

which was either isotonic or hypotonic relative to the primary incubation medium (for further 

details see Paper Ι, Fig. 3-1). Primary incubation in either HBS-360 or HBS-300 had no effect on 

the membrane integrity of cauda sperm; however, incubation in seminal plasma had a tendency to 

reduce membrane integrity. The membrane integrity of caput sperm was compromised by 

incubation in HBS-300 as well as seminal plasma. Moreover, there was an effect of the different 

treatments on sperm volumetric response to hypotonic challenge (Paper Ι). Given the deleterious 

effect of seminal plasma on caput sperm membrane integrity, the effects of different incubation 

systems on volume regulatory function (RVD) were considered only in cauda spermatozoa. The 
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sperm samples showed two volumetrically different subpopulations. No RVD was observed if 

seminal plasma was used as an incubation medium in either of these populations. The 

appearance, position and volume regulatory ability of the cells associated with these two different 

populations indicated that the exposure to the medium isotonic with seminal plasma was less 

beneficial than to the medium isotonic with the cauda epididymal plasma. It is concluded that 

recovery and incubation in a medium isotonic with caudal epididymal plasma (360 mOsm kg
-1

) is 

a superior method for providing both caput and cauda epididymal spermatozoa for subsequent 

physiological studies, especially if their volume regulation ability is concerned. Very recently, Si 

and coworkers (2009) tested osmotic characteristics and fertility of murine sperm collected in 

different solutions. Spermatozoa collected in a hyperosmotic medium (isotonic with cauda 

epididymal plasma 415 mOsm kg
-1

) resulted in an increase in sperm osmotic tolerance to higher 

osmolality compared with spermatozoa collected in isosmotic medium (hypotonic with cauda 

epididymal plasma 290mOsm kg
-1

) and also resulted in high fertility of spermatozoa after 

cryopreservation (Si et al. 2009). These findings underline the present results (Paper Ι) and show 

the importance of the selection of the collection and incubation media for subsequent utilizations. 

 

At the next stage, volume regulatory behaviour in caput and cauda epididymal spermatozoa was 

investigated. Two main subpopulations were observed in cell volume distributions of caput and 

cauda epididymal spermatozoa. Using electronic cell sizing, it was possible to determine the 

absolute cell volumes in physical units rather than as relative correlates of size, and to 

differentiate subpopulations of spermatozoa. In the studies on epididymal spermatozoa utilizing 

flow cytometry, such subpopulations related to different cell size, capable of responding to 

osmotic challenge and to undergo subsequent volume regulation were not detected (Yeung et al. 

2002; 2004). It might be argued that the second sub-population in cauda epididymal spermatozoa 

samples is formed by immature spermatozoa bearing cytoplasmic droplets. Although virtually all 

caput spermatozoa have attached cytoplasmic droplets, they display also two clearly defined sub-

populations. It therefore seems very unlikely that the second sub-population in cauda epididymal 

sperm simply represents spermatozoa with attached droplets. It is suggested that the second 

population represents swollen cells whose volume regulatory ability has been compromised in 
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some way. Such subpopulations of spermatozoa in ejaculated sperm have been observed in 

several species (Curry and Watson 1994; Kulkarni et al. 1997; Petrunkina et al. 2005a; Druart et 

al. 2009). In ejaculated sperm, appearance of subpopulations has been attributed mainly to 

uncontrolled ion uptake (Petrunkina et al. 2005b), or to possible interaction of transport 

mechanism and cytoskeleton at different ambient temperatures (Petrunkina et al. 2004a; 2004b). 

Recently, Druat and coworkers hypothesized that these subpopulations might have different lipid 

compositions or they could be a result of different interactions of seminal plasma substances like 

proteins with different epididymal sperm subpopulations (Druart et al. 2009). Clearly, further 

investigations are needed on this point. 

 

A number of studies suggest that the ability of volume regulation is associated with the 

maturation stage of spermatozoa. It has been reported that mouse and macaque monkey caput 

epididymal spermatozoa did not exhibit any regulatory volume decrease (RVD) as they were 

exposed to hypotonic media whereas cauda spermatozoa showed RVD after initial swelling in 

hypotonic media (mouse: cauda epididymal fluid 430 mOsm kg
-1

, recovery and incubation 

medium 330 mOsm kg
-1

, monkey: cauda epididymal fluid not assessed, recovery and incubation 

medium 290 mOsm kg
-1

) (Yeung et al. 2002; 2004). In contrast, this study presents that in bull 

both caput and cauda epididymal spermatozoa display RVD after exposure to hypotonic 

challenge. Although there may be a species variation, another explanation may be differences in 

experimental approaches, such as volume measuring methods and choice of the experimental 

system. Druat et al. (2009) found that the hypotonic resistance, measured as the ratio of live/dead 

spermatozoa after a hypotonic stress markedly decreased during epididymal maturation and after 

ejaculation. Indeed, critical osmolality at which 50% of all spermatozoa died increased from 

54.7 ± 3.2 to
 
116.7 ± 2.1 mOsm kg

-1
 for the caput and cauda spermatozoa, respectively. The 

result indicates that caput spermatozoa are able to tolerate a more severe osmotic stress than 

cauda spermatozoa, which supports the findings of the present work (Paper I). We also found 

differences between caput and cauda spermatozoa, especially in terms of isotonic volumes of the 

subpopulations. The isotonic volume of caput spermatozoa was always higher compared to cauda 

spermatozoa. It decreased to the levels observed in cauda spermatozoa when in the recovery and 
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incubation media chloride and sodium were substituted by sulfate and choline. Furthermore, 

caput spermatozoa exhibit lower osmotic swelling after hypotonic stress compared to cauda 

spermatozoa, probably due to their already higher initial isotonic volume. Results of this study 

suggests that the increased volume of caput spermatozoa subpopulations relative to those in 

cauda samples results from poorly controlled sodium and chloride ion uptake from the external 

medium (Paper Ι). Inorganic (Na
+
, K

+
) and organic osmolytes (glutamate, myo-inositol and L-

carnitine) are present in high concentrations in epididymal plasma (Crabo 1965; Casillas 1973; 

Gustafsson et al. 1974; Cooper and Yeung 2003). During passage through the epididymis, the 

cytoplasm of maturing spermatozoa takes up many of these osmolytes (Cooper and Yeung 2003; 

Yeung et al. 2006). Control of cell volume during uptake of these osmolytes would be facilitated 

by an ability to equilibrate ions freely across the plasma membrane channels. Subsequent closure 

of the channels in the mature cauda spermatozoa would ensure that volume control is maximized 

during the hypotonic stress occurring during ejaculation. 

 

Previous studies by our group showed that tyrosine kinase activity is involved in closing volume-

activated channels (Petrunkina et al. 2007a). The results of the present study indicate that 

tyrosine phosphorylation is lower in caput spermatozoa compared to cauda spermatozoa. The 

insufficient level of phosphorylation (possibly resulting from low tyrosine kinase activity or 

increased phosphatase activity) could be linked to the failure to closing a channel or to prevent 

premature activation of transport mechanisms favouring the uncontrolled ion uptake (Paper I). 

Findings of Aitken and coworkers in mouse agree with this present result in the level of tyrosine 

phosphorylation of immature spermatozoa compared to mature spermatozoa (Aitken et al. 2007). 

 

Another reason for differences between caput and cauda spermatozoa in their volume regulatory 

ability could partly be attributed to differences in lipid- and protein compositions of the plasma 

membrane, which are known to change during maturation in the epididymis (Nolan and 

Hammerstedt 1997; Kirchhoff 1998; Sullivan et al. 2007). Therefore, the effects of Fn2 proteins 

on the development of volume regulatory ability of spermatozoa during epididymal transit were 

examined in the second study (Paper ΙΙ). The long Fn2 proteins (ELSPBP1) are highly conserved 
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across the species, produced and secreted specifically by the epididymal duct epithelium and 

bound to spermatozoa. Hitherto, ELSPBP1 identified in the epididymis of a number of 

mammalian species e.g. human, dog, horse and pig but not in mice and rats (Saalmann et al. 

2001; Schäfer et al. 2003; Ekhlasi-Hundrieser et al. 2005). In the present study it is shown that 

the long Fn2 protein (ELSPBP1) is present in the caput, corpus and cauda regions of the bull 

epididymis. It binds to the spermatozoa during their transit through the epididymis; it was 

detected in mature (cauda) spermatozoa but not in immature (caput) spermatozoa. Small Fn2 

proteins (BSP proteins) bind to spermatozoa upon ejaculation (Nauc and Manjunath 2000). Both 

the long- and the small Fn2 proteins are localized in the head and midpiece regions of mature 

bovine spermatozoa. In vitro it was demonstrated that long Fn2 proteins bind phosphorylcholine 

head groups similar to small Fn2 proteins. The phospholipid-binding sites of small Fn2 proteins 

have been mapped to a pattern of invariant tryptophane and tyrosine residues which form the 

phosphorylcholine-binding pocket of each Fn2 module (Wah et al. 2002; Fan et al. 2006). The 

amino acids involved in lipid binding are strictly conserved in the small Fn2 proteins and in the 

first two Fn2 modules of the long variants (ELSPBP1). Furthermore, modeling of bovine long 

Fn2 protein indicates a comparable topology of secondary structure elements as shown for bovine 

BSP A1/2, suggesting a similar three-dimensional structure and ligand-binding ability (Paper ΙΙ, 

Fig. 4-5). As BSP-A1/2 is present in the seminal plasma in relatively large quantities, it was used 

as a model protein for Fn2 proteins in the present study. First BSP-A1/2 was isolated from a pool 

of seminal plasma obtained from fertile bulls, and then incubated with epididymal spermatozoa. 

The binding of BSP-A1/2 to epididymal spermatozoa was confirmed by western blot analysis as 

well as by immunofluorescence microscopy. The results of BSP-A1/2 treatment were as 

following: two volumetrically different subpopulations in both caput and cauda spermatozoa 

existed after treatment. On the other hand, the treatment altered the ability of the lower-volume 

caput spermatozoa population to regulate their volume under hypotonic stress as compared with 

controls: initial swelling was higher and cell volumes were reduced after 20 min incubation. In 

other words, treatment with BSP-A1/2 enhanced the caput spermatozoa`s apparent ability to 

exhibit RVD. However, this apparent effect seems to be related rather to slowing down the 

accelerated volume regulation in caput sperm, likely to be caused by the premature activation of 
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ion channels/transport mechanisms. BSP-A1/2 appears to be involved in preventing or 

deactivating this premature activation. Cauda spermatozoa showed progressive volume regulation 

both in the absence and presence of BSP-A1/2 (Paper ΙΙ). 

 

It is suggested that differences in volumetric behaviour between caput and cauda spermatozoa 

may be due to a lower degree of control of ion transport (K
+
, Cl

-
). The structure and function of 

ion channels are sensitive to biophysical properties of their membrane microenvironment (e.g., 

fluidity, lateral pressure profile, and bilayer thickness) (Tillman and Cascio 2003). It is known 

that binding of BSP-A1/2 to membranes has an impact on membrane structure and dynamics. It 

causes a reduction of lipid mobility in plasma membrane of spermatozoa as well as in other lipid 

membranes (Müller et al. 1998; Ramakrishnan et al. 2001; Greube et al. 2004). Moreover, 

swelling-sensitive K
+

 and Cl– channels are localized to the tail, midpiece and post-acrosomal 

region, very similar to the localization of the binding regions of the Fn2 proteins (Paper ΙΙ) 

(Barfield et al. 2005; Yeung et al. 2005). Hence, binding of BSP-A1/2 to phosphorylcholine 

headgroups in the plasma membrane could affect the swelling-activated channel activities via 

altered lipid-protein interactions. On the other hand, it may optimize their activities by 

reorganizing the distribution of the lipid rafts in which the signalling protein molecules are 

thought to be found, with the result that the activity of the signalling processes that control the 

swelling-activated channels are modulated (Tillman and Cascio 2003; Girouard et al. 2008). It 

seems highly probable that the attachment of ELSPBP1 to the maturing spermatozoa as they pass 

down the epididymis has the same eventual effect, whereby the mature (cauda) spermatozoa have 

the full ability to control their volume regulation. 

 

In conclusion, recovery and incubation in a medium isotonic with caudal epididymal plasma (360 

mOsm/kg) is a superior method for processing both caput and cauda epididymal spermatozoa for 

subsequent physiological studies. Caput epididymal spermatozoa are able to undergo RVD after 

hypotonic challenge. However, the mechanisms controlling ion transport under isotonic 

conditions are not fully developed compared to cauda epididymal (mature) sperm. It seems 

highly probable that the attachment of long Fn2 protein to the maturing spermatozoa has a 
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regulatory effect on cell volume control as they pass down the epididymis. For the first time, long 

Fn2 protein was detected in bovine epididymis and it was shown that it plays an important role in 

volume regulation of maturating epidiymal spermatozoa. 



6. Summary 

85 

 

6. Summary 

Evrim Sahin: Biochemical and physiological aspects of volume regulation in immature and 

mature bovine spermatozoa 

Mammalian spermatozoa experience significant osmotic changes during their life span, both 

during ejaculation as well as during the transport in the female genital tract. Mature sperm 

possess a mechanism to maintain their volume and to regulate it after initial swelling following 

exposure to hypoosmotic conditions, named regulatory volume decrease (RVD). In rodents and 

primates RVD appears to be acquired during epididymal maturation, but in large domestic 

animals this aspect has not yet been examined. The aim of this study was to establish an optimal 

experimental system for physiological studies on cell volume of epididymal sperm and to 

investigate 1) whether bull epididymal spermatozoa are able to regulate their volume 2) whether 

this ability differs between caput and cauda epididymal spermatozoa and 3) whether bovine Fn2-

module-containing proteins play a role in acquisition of volume regulation ability during sperm 

maturation. Sperm volumes were measured by electronic cell sizing; evaluation of plasma and 

acrosomal membranes integrities were performed using flow cytometry. It has been shown that 

the recovery and incubation in the medium isotonic with caudal epididymal plasma result in 

better viability and volume regulatory ability of epididymal spermatozoa than conventional 

system of media isotonic with seminal plasma, or seminal plasma itself. This experimental 

system was used for subsequent physiological studies. Two subpopulations were observed in 

volume distributions of caput and cauda epididymal spermatozoa, characterized by differing 

ability to swell in response to hypotonic conditions. Both sperm subpopulations in caput as well 

as in cauda were able to undergo RVD. Caput epididymal spermatozoa had a higher cell volume 

under isotonic conditions compared to cauda epidiymal spermatozoa. Substitution of sodium and 

chloride by choline and sulfate resulted in a decreased caput spermatozoa isotonic volume. 

Furthermore, the differences abolished between caput and cauda epididymal spermatozoa. The 

results of the present study indicate that uptake of Na
+
 and Cl

-
 ions is less controlled in caput 

epididymal spermatozoa than in cauda, probably due to premature activation of transport 

mechanisms. Thus, although spermatozoa from the caput epididymidis are able to undergo RVD 
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after hypotonic challenge, the mechanisms controlling ion transport under isotonic conditions are 

not fully developed. To clarify this mechanism, the role of sperm binding Fn2-module-containing 

proteins was investigated. Mainly two classes exist which differ by having either two Fn2 

modules, as the major member BSP-A1/2 (small Fn2 protein), or having four Fn2 modules such 

as ELSPBP1 (long Fn2 protein). The first two modules have similar three-dimensional structures. 

Both proteins bind to the sperm through interaction with phosphorylcholine. It is shown that long 

Fn2 protein (ELSPBP1) is present in the caput, corpus and cauda regions of the bull epididymis 

whereas it binds to the spermatozoa during their transit through the epididymis; it was detected in 

mature (cauda) spermatozoa but not in immature (caput) epididymal spermatozoa. Small Fn2 

proteins (BSP-A1/2) bind to spermatozoa upon ejaculation. Both the long and the small Fn2 

proteins are essentially localized in the head and midpiece regions of mature bovine spermatozoa. 

These common features suggest similar functions; therefore, BSP-A1/2 was used as a model 

protein. Cauda epididymal spermatozoa showed progressive volume regulation both in the 

absence and presence of BSP-A1/2. The protein treatment caused caput epididymal spermatozoa 

to swell more in response to hypotonic stress after 5 min and to regulate their volume after 20 

min incubation in a similar fashion to cauda epididymal spermatozoa. It is suggested that BSP-

A1/2 affects the premature activation of transport mechanisms (such as ion channels, for 

example). The premature activation of these channels could lead to uncontrolled uptake of Na
+
 

and Cl
-
 ions. This uptake and coupled water transport is the likely cause of elevated isotonic 

volume levels in caput spermatozoa. At the same time, this premature activation accounts for the 

accelerated response to hypotonic challenge as the osmotically induced volume-sensitive 

response would be initiated faster. BSP-A1/2 possibly deactivates this premature activation. 

Therefore, the response to hypotonic conditions becomes slower and the relative volumes in 

caput epididymal spermatozoa match those in cauda epiddiymal spermatozoa. 

 

In conclusion, this study has provided further insights into the mechanism of spermatozoa 

volume regulation during epididymal maturation. A new superior experimental system was 

established for physiological volume regulation studies in bovine epididymal spermatozoa. Caput 

epididymal spermatozoa are able to undergo RVD after hypotonic challenge. However, the 
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mechanisms controlling ion transport under isotonic conditions are not fully developed compared 

to cauda epididymal (mature) sperm. It seems highly probable that the attachment of long Fn2 

protein to the maturing spermatozoa has a regulatory effect on cell volume control as they pass 

down the epididymis. For the first time, long Fn2 protein was detected in bovine epididymis and 

its contribution to volume regulation of maturating epididymal spermatozoa is discussed. 
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7. Zusammenfassung 

Evrim Sahin: Biochemische und physiologische Aspekte der Volumenregulation von 

unreifen und reifen bovinen Spermatozoen 

 

Spermatozoen werden bei der Ejakulation und nach der Deponierung im weiblichen Genitaltrakt 

mit hypotonen Bedingungen konfrontiert, da Seminalplasma und uterine Flüssigkeit eine 

niedrigere Osmolalität aufweisen als die epididymale Flüssigkeit. Die hypotone Belastung führt 

zu einer primären Schwellung der Spermien. Reife Spermatozoen besitzen einen Mechanismus, 

um diese primäre Schwellung der Zelle wieder aufzuheben. Dieser Prozess der regulatorischen 

Volumenabnahme unter hypotonen Bedingungen wird als RVD („Regulatory Volume Decrease“) 

bezeichnet. Bei Nagetieren und Primaten wird vermutet, dass die Fähigkeit zum RVD während 

der Nebenhodenreifung erlangt wird; bei Nutztieren ist dieser Aspekt jedoch noch nicht 

hinreichend untersucht worden. In der vorliegenden Arbeit wurde ein optimiertes System für 

physiologische Studien bei Nebenhodenspermien etabliert, um die folgenden Fragen beantworten 

zu können: 1) Besitzen Nebenhodenspermien von Bullen die Fähigkeit zur Volumenregulation? 

2) Unterscheidet sich die Fähigkeit zur Volumenregulation zwischen Nebenhodenkopf- und 

Nebenhodenschwanzspermien? 3) Sind bovine Fn2-Proteine an dem Erwerb der 

Volumenregulationsfähigkeit der Spermien beteiligt? Die Bestimmung des Zellvolumens erfolgte 

mit Hilfe des elektronischen Partikelzählers CASY 1; die Integritäten von Plasmamembran und 

Akrosom wurden durchflusszytometrisch ermittelt. Wurde für die Gewinnung und Inkubation der 

Nebenhodenspermien ein Medium verwandt, das isoosmotisch zum Plasma des Nebenhoden-

schwanzes war, so wurden im Vergleich zu konventionellen Medien (isoosmotisch zum 

Seminalplasma oder Seminalplasma selbst) eine höhere Vitalität und eine bessere Fähigkeit zur 

Volumenregulation der Nebenhodenspermien erzielt. Daher wurde für die folgenden 

physiologischen Studien ein zum Plasma des Nebenhodenschwanzes isoosmotisches Medium 

eingesetzt. Die Volumenverteilungen von Nebenhodenkopf- und Nebenhodenschwanzspermien 

zeigten zwei Subpopulationen, die durch ihre unterschiedliche Schwellungsfähigkeit unter 

hypotonen Bedingungen gekennzeichnet waren. Beide Subpopulationen von 
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Nebenhodenschwanz- und Nebenhodenkopfspermien zeigten eine RVD. Die 

Nebenhodenkopfspermien hatten gegenüber den Nebenhodenschwanzspermien ein höheres 

Zellvolumen unter isotonen Bedingungen. Durch den Austausch von Natrium und Chlorid gegen 

Cholin und Sulfat im Medium verringerten sich die Volumina der Nebenhodenkopfspermien 

unter isotonen Bedingungen; zudem waren keine Unterschiede zwischen 

Nebenhodenschwanzspermien und Nebenhodenkopfspermien feststellbar. Die Ergebnisse der 

vorliegenden Arbeit weisen darauf hin, dass die Aufnahme von Na
+
- und Cl

-
-Ionen bei 

Nebenhodenkopfspermien, möglicherweise infolge frühzeitiger Aktivierung von 

Transportmechanismen, weniger kontrolliert erfolgt als bei Nebenhodenschwanzspermien. 

Obwohl Nebenhodenkopfspermien nach hypotoner Belastung eine RVD zeigen können, ist der 

Mechanismus, der den Ionen-Transport unter isotonen Bedingungen kontrolliert, noch nicht 

ausgereift. Zur Aufklärung des zugrunde liegenden Mechanismus wurde die Beteiligung der Fn2-

Modul-Proteine untersucht. Hauptsächlich sind zwei Klassen der Proteine vorhanden, die sich 

durch Anzahl der Fn2-Module unterscheiden. Kurze Fn2-Modul-Proteine (BSP-A1/2) besitzen 

zwei Fn2-Module, während lange Fn2-Modul-Proteine, wie ELSPBP1, vier Fn2-Module 

besitzen. Die ersten zwei Module beider Proteine haben vergleichbare dreidimensionale 

Strukturen. Beide Proteine binden an das Spermatozoon durch die Interaktion mit 

Phosphorylcholin. Diese gemeinsamen Eigenschaften deuten auf ähnliche Funktionen hin. 

Deshalb wurde BSP-A1/2 als Modellprotein verwendet. Nebenhodenschwanzspermien zeigten 

mit und ohne Zugabe von BSP-A1/2 eine osmotisch-induzierte Volumenregulation. Nach der 

Zugabe des Proteins zeigten die Nebenhodenkopfspermien erhöhte Schwellungsreaktion nach 5 

Minuten und erhöhte nominelle RVD nach 20 Minuten. Beide Reaktionen waren mit denjenigen 

von Nebenhodenschwanzspermien vergleichbar. Es wird daher angenommen, dass BSP-A1/2 die 

frühzeitige Aktivierung von Transportmechanismen (bzw. Ionenkanälen) beeinflussen kann und 

letztere zu einer unkontrollierten Aufnahme von Na
+
- und Cl

-
-Ionen führt. Ein an diese 

Aufnahme gekoppelter Wassertransport könnte die zu den größeren Zellvolumina der 

Nebenhodenkopfspermien nach Inkubation in isotonen Medien geführt haben. Gleichzeitig ist 

diese vorzeitige Aktivierung für die beschleunigte Reaktion gegenüber hypotonem Stress 

verantwortlich, da die osmotisch induzierte volumen-sensitive Reaktion vermutlich schneller 

http://dict.leo.org/ende?lp=ende&p=wlqAU.&search=haupts%E4chlich
http://dict.leo.org/ende?lp=ende&p=wlqAU.&search=dreidimensional
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eingeleitet wird. BSP-A1/2 deaktiviert offenbar diese frühzeitige Aktivierung der Ionenkanäle. 

Folglich wird die Reaktion unter hypotoner Belastung langsamer und die Volumina der 

Nebenhodenkopf- stimmen mit denen der Nebenhodenschwanzspermien überein.  

 

Es lässt sich schlussfolgern, dass die Gewinnung und Inkubation in einem Medium, das 

isosmotisch zu dem Plasma des Nebenhodenschwanzes (360mOsm kg
-1

) ist, eine geeignete 

Methode zur Durchführung physiologischer Studien über Volumenregulationsprozesse bei 

epididymalen Spermien darstellt. Nebenhodenkopfspermien sind in der Lage, auf hypotonen 

Stress mit einer regulatorischen Volumenabnahme zu reagieren. Dennoch ist im Vergleich zu 

Nebenhodenschwanzspermien der Kontrollmechanismus des Ionentransportes unter isotonen 

Bedingungen noch nicht ausgereift. Das lange Fn2 Protein bindet sich während der Passage der 

reifenden Spermatozoen durch den Nebenhoden an das Phosphorylcholin der Spermienmembran 

und übt so vermutlich einen regulierenden Effekt auf die Kontrolle des Zellvolumens aus. In der 

vorliegenden Arbeit wurde erstmalig langes Fn2 Protein im bovinen Nebenhoden entdeckt und 

seine Beteiligung an der Volumenregulationsfähigkeit reifender epididymaler Spermien 

beschrieben.  

 

 

 

 

 

 

 

 

 

 

 

 



8. References 

91 

 

8. References 

Agre, P., King, L.S., Yasui, M., Guggino, W.B., Ottersen, O.P., Fujiyoshi, Y., Engel, A., and Nielsen, S. 

(2002). Aquaporin water channels--from atomic structure to clinical medicine. J Physiol 542, 3-16. 

 

Aitken, R.J., Nixon, B., Lin, M., Koppers, A.J., Lee, Y.H., and Baker, M.A. (2007). Proteomic changes in 

mammalian spermatozoa during epididymal maturation. Asian J Androl 9, 554-64. 

 

Barfield, J.P., Yeung, C.H., and Cooper, T.G. (2005). Characterization of potassium channels involved in 

volume regulation of human spermatozoa. Mol Hum Reprod 11, 891-7. 

 

Callies, C., Cooper, T.G., and Yeung, C.H. (2008). Channels for water efflux and influx involved in 

volume regulation of murine spermatozoa. Reproduction 136, 401-10. 

 

Calvete, J.J., Raida, M., Sanz, L., Wempe, F., Scheit, K.H., Romero, A., and Töpfer-Petersen, E. (1994). 

Localization and structural characterization of an oligosaccharide O-linked to bovine PDC-109. 

Quantitation of the glycoprotein in seminal plasma and on the surface of ejaculated and capacitated 

spermatozoa. FEBS Lett 350, 203-6. 

 

Calvete, J.J., and Sanz, L. (2007). Insights into structure-function correlations of ungulate seminal plasma 

proteins. Soc Reprod Fertil Suppl 65, 201-15. 

 

Casillas, E.R. (1973). Accumulation of carnitine by bovine spermatozoa during maturation in the 

epididymis. J Biol Chem 248, 8227-32. 

 

Cooper, T.G., and Barfield, J.P. (2006). Utility of infertile male models for contraception and 

conservation. Mol Cell Endocrinol 250, 206-11. 

 

Cooper, T.G., and Yeung, C.H. (2003). Acquisition of volume regulatory response of sperm upon 

maturation in the epididymis and the role of the cytoplasmic droplet. Microsc Res Tech 61, 28-38. 

 

Cooper, T.G., and Yeung, C.H. (2007). Involvement of potassium and chloride channels and other 

transporters in volume regulation by spermatozoa. Curr Pharm Des 13, 3222-30. 

 

Cornwall, G.A. (2009). New insights into epididymal biology and function. Hum Reprod Update 15, 213-

27. 

 

Crabo, B. (1965). Studies on the Composition of Epididymal Content in Bulls and Boars. Acta Vet Scand 

22, SUPPL 5:1-94. 

 



8. References 

92 

 

Curry, M.R., and Watson, P.F. (1994). Osmotic effects on ram and human sperm membranes in relation to 

thawing injury. Cryobiology 31, 39-46. 

 

Dacheux, J.L., Castella, S., Gatti J.L., and Dacheux, F. (2005). Epididymal cell secretory activities and the 

role of proteins in boar sperm maturation. Theriogenology 63, 319-41. 

 

Dacheux, J.L., Gatti, J.L., and Dacheux, F. (2003). Contribution of epididymal secretory proteins for 

spermatozoa maturation. Microsc Res Tech 61, 7-17. 

 

Dott, H.M., Harrison, R.A., and Foster, G.C. (1979). The maintenance of motility and the surface 

properties of epididymal spermatozoa from bull, rabbit and ram in homologous seminal and epididymal 

plasma. J Reprod Fertil 55, 113-24. 

 

Drevius, L.O. (1971). Permeability coefficients of bull spermatozoa for water and polyhydric alcohols. 

Exp Cell Res 69, 212-6. 

 

Drevius, L.O. (1972a). Bull spermatozoa as osmometers. J Reprod Fertil 28, 29–39. 

 

Drevius, L.O. (1972b). Water content, specific gravity and concentrations of electrolytes in bull 

spermatozoa. J Reprod Fertil 28, 15-28. 

 

Druart, X., Gatti, J.L., Huet, S., Dacheux, J.L., and Humblot, P. (2009). Hypotonic resistance of boar 

spermatozoa: sperm subpopulations and relationship with epididymal maturation and fertility. 

Reproduction 137, 205-13. 

 

Ekhlasi-Hundrieser, M., Müller, P., and Töpfer-Petersen, E. (2008). Male secretory proteins – Sperm tools 

for fertilisation. In 'Biology of male germ cells'. (Eds HJ Glande and U Pasch) pp. 173-210 (Shaker Verlag 

GmbH: Aachen).  

 

Ekhlasi-Hundrieser, M., Schäfer, B., Kirchhoff, C., Hess, O., Bellair. S, Müller P., and Töpfer-Petersen, E. 

(2005). Structural and molecular characterization of equine sperm-binding fibronectin-II module proteins. 

Mol Reprod Dev 70, 45-57. 

 

Ekhlasi-Hundrieser, M., Schäfer, B., Philipp, U., Kuiper, H., Leeb, T., Mehta, M., Kirchhoff, C., and 

Töpfer-Petersen, E. (2007). Sperm-binding fibronectin type II-module proteins are genetically linked and 

functionally related. Gene 392, 253-65. 

 

Fan, J., Lefebvre, J., and Manjunath, P. (2006). Bovine seminal plasma proteins and their relatives: A new 

expanding superfamily in mammals. Gene 375, 63-74. 

 



8. References 

93 

 

Frenette, G., Girouard, J., and Sullivan, R. (2006). Comparison between epididymosomes collected in the 

intraluminal compartment of the bovine caput and cauda epididymidis. Biol Reprod 75, 885-90. 

 

Frenette, G., Legare, C., Saez, F., and Sullivan, R. (2005). Macrophage migration inhibitory factor in the 

human epididymis and semen. Mol Hum Reprod 11, 575-82. 

 

Gasset, M., Magdaleno, L., and Calvete, J.J. (2000). Biophysical study of the perturbation of model 

membrane structure caused by seminal plasma protein PDC-109. Arch Biochem Biophys 374, 241-7. 

 

Gatti, J.L., Castella, S., Dacheux, F., Ecroyd, H., Metayer, S., Thimon, V., and Dacheux, J.L. (2004). Post-

testicular sperm environment and fertility. Anim Reprod Sci 82-83, 321-39. 

 

Gilmore, J.A., Du, J., Tao, .J., Peter, A.T., and Critser, J.K. (1996). Osmotic properties of boar 

spermatozoa and their relevance to cryopreservation. J Reprod Fertil 107, 87-95. 

 

Gilmore, J.A., Liu, J., Peter, A.T., and Critser, J.K. (1998). Determination of plasma membrane 

characteristics of boar spermatozoa and their relevance to cryopreservation. Biol Reprod 58, 28-36. 

 

Gilmore, J.A., McGann, L.E., Liu, J., Gao, D.Y., Peter, A.T., Kleinhans, F.W., and Critser, J.K. (1995). 

Effect of cryoprotectant solutes on water permeability of human spermatozoa. Biol Reprod 53, 985-95. 

 

Girouard, J., Frenette, G., and Sullivan, R. (2008). Seminal plasma proteins regulate the association of 

lipids and proteins within detergent-resistant membrane domains of bovine spermatozoa. Biol Reprod 78, 

921-31. 

 

Girouard, J., Frenette, G., and Sullivan, R. (2009). Compartmentalization of Proteins in Epididymosomes 

Coordinates the Association of Epididymal Proteins with the Different Functional Structures of Bovine 

Spermatozoa. Biol Reprod. Jan 21. [Epub ahead of print]. 

 

Golan, R., Shochat, L., Weissenberg, R., Soffer, Y., Marcus, Z., Oschry, Y., and Lewin, L.M. (1997). 

Evaluation of chromatin condensation in human spermatozoa: a flow cytometric assay using acridine 

orange staining. Mol Hum Reprod 3, 47-54. 

 

Greube, A., Müller, K., Töpfer-Petersen, E., Herrmann, A., and Müller, P. (2004). Interaction of 

fibronectin type II proteins with membranes: the stallion seminal plasma protein SP-1/2. Biochemistry 43, 

464-72. 

 

Gustafsson, R., Einarsson, S., Nicander, L., Holtman, M., and Soosalu, O. (1974). Morphological, 

physical and chemical examination of epididymal contents and semen in a bull with epididymal 

dysfunction. Andrologia 6, 321-331. 

 



8. References 

94 

 

Gwathmey, T.M., Ignotz, G.G., and Suarez, S.S. (2003). PDC-109 (BSP-A1/A2) promotes bull sperm 

binding to oviductal epithelium in vitro and may be involved in forming the oviductal sperm reservoir. 

Biol Reprod 69, 809-15. 

 

Hafez E.S.E. (1974). Functional Anatomy of Male Reproduction. In 'In Reproduction in Farm Animals'. 

(Eds RR Ashdown and JL Hancock) pp. 3-24. (Lea & Febiger: Philadelphia).  

 

Hall, J.C., Tubbs, C.E., Li, Y., and Ashraf, S. (1996). Characterization of high-affinity protein D binding 

sites on the surface of rat epididymal spermatozoa. Biochem Mol Biol Int 40, 1003-10. 

 

Jones, R., James, P.S., Howes, L., Bruckbauer, A., and Klenerman, D. (2007). Supramolecular 

organization of the sperm plasma membrane during maturation and capacitation. Asian J Androl 9, 438-

44. 

 

Jones, R., James, P.S., Oxley, D., Coadwell, J., Suzuki-Toyota, F., and Howes, E.A. (2008). The 

equatorial subsegment in mammalian spermatozoa is enriched in tyrosine phosphorylated proteins. Biol 

Reprod 79, 421-31. 

 

Kirchhoff, C. (1998). Molecular characterization of epididymal proteins. Rev Reprod 3, 86-95. 

 

Kirchhoff, C. (1999). Gene expression in the epididymis. Int Rev Cytol 188, 133-202. 

 

Kirchhoff, C., and Hale, G. (1996). Cell-to-cell transfer of glycosylphosphatidylinositol-anchored 

membrane proteins during sperm maturation. Mol Hum Reprod 2, 177-84. 

 

Kulkarni, S.B., Sauna, Z.E., Somlata, V., and Sitaramam, V. (1997). Volume regulation of spermatozoa 

by quinine-sensitive channels. Mol Reprod Dev 46, 535-50. 

 

Lefebvre, J., Boileau ,G., and Manjunath, P. (2008). Recombinant expression and affinity purification of a 

novel epididymal human sperm-binding protein, BSPH1. Mol Hum Reprod. 15(2), 105-14. 

 

Manjunath, P., Bergeron A, Lefebvre, J., and Fan, J. (2007). Seminal plasma proteins: functions and 

interaction with protective agents during semen preservation. Soc Reprod Fertil Suppl 65, 217-28. 

 

Manjunath, P., Lefebvre, J., Jois, P.S., Fan, J., and Wright, M.W. (2008). New Nomenclature for 

Mammalian BSP Genes. Biol Reprod. 80(3), 394-7. 

 

Manjunath, P., and Therien, I. (2002). Role of seminal plasma phospholipid-binding proteins in sperm 

membrane lipid modification that occurs during capacitation. J Reprod Immunol 53, 109-19. 

 



8. References 

95 

 

Müller, P., Erlemann, K.R., Müller, K., Calvete, J.J., Töpfer-Petersen, E., Marienfeld, K., and Herrmann, 

A. (1998). Biophysical characterization of the interaction of bovine seminal plasma protein PDC-109 with 

phospholipid vesicles. Eur Biophys J 27, 33-41. 

 

Nauc, V., and Manjunath, P. (2000). Radioimmunoassays for bull seminal plasma proteins (BSP-A1/-A2, 

BSP-A3, and BSP-30-Kilodaltons), and their quantification in seminal plasma and sperm. Biol Reprod 63, 

1058-66. 

 

Nolan, J.P., and Hammerstedt, R.H. (1997). Regulation of membrane stability and the acrosome reaction 

in mammalian sperm. Faseb J 11, 670-82. 

 

O'Neill, W.C. (1999). Physiological significance of volume-regulatory transporters. Am J Physiol 276, 

C995-C1011. 

 

Okamura, N., Dacheux, F., Venienm, A., Onoe, S., Huet, J.C., and Dacheux, J.L. (1992). Localization of a 

maturation-dependent epididymal sperm surface antigen recognized by a monoclonal antibody raised 

against a 135-kilodalton protein in porcine epididymal fluid. Biol Reprod 47, 1040-52. 

 

Perez-Sanchez, F., Tablado, L., and Soler, C. (1998). Quantitative changes in sperm head morphology 

during passage through the male excurrent duct system of the rabbit. Mol Reprod Dev 51, 203-9. 

 

Petrunkina, A.M., Gropper, B., Töpfer-Petersen, E., and Günzel-Apel, A.R. (2005a). Volume regulatory 

function and sperm membrane dynamics as parameters for evaluating cryoprotective efficiency of a 

freezing extender. Theriogenology 63, 1390-406. 

 

Petrunkina, A.M., Harrison, R.A., Ekhlasi-Hundrieser, M., and Töpfer-Petersen, E. (2004a). Role of 

volume-stimulated osmolyte and anion channels in volume regulation by mammalian sperm. Mol Hum 

Reprod 10, 815-23. 

 

Petrunkina, A.M., Harrison, R.A., Hebel, M., Weitze, K.F., and Töpfer-Petersen, E (2001a). Role of 

quinine-sensitive ion channels in volume regulation in boar and bull spermatozoa. Reproduction 122, 327-

36. 

 

Petrunkina, A.M., Harrison R.A., Tsolova, M., Jebe, E., and Töpfer-Petersen, E. (2007a). Signalling 

pathways involved in the control of sperm cell volume. Reproduction 133, 61-73. 

 

Petrunkina, A.M., Hebel, M., Waberski, D., Weitze, K.F., and Töpfer-Petersen, E. (2004b). Requirement 

for an intact cytoskeleton for volume regulation in boar spermatozoa. Reproduction 127, 105-15. 

 

Petrunkina, A.M., Jebe, E., and Töpfer-Petersen, E. (2005b). Regulatory and necrotic volume increase in 

boar spermatozoa. J Cell Physiol 204, 508-21. 



8. References 

96 

 

Petrunkina, A.M., Petzoldt, R., Stahlberg, S., Pfeilsticker, J., Beyerbach, M., Bader, H., and Töpfer-

Petersen, E. (2001b). Sperm-cell volumetric measurements as parameters in bull semen function 

evaluation: correlation with nonreturn rate. Andrologia 33, 360-7. 

 

Petrunkina, A.M., and Töpfer-Petersen, E. (2000). Heterogeneous osmotic behaviour in boar sperm 

populations and its relevance for detection of changes in plasma membrane. Reprod Fertil Dev 12, 297-

305. 

 

Petrunkina, A.M., Waberski, D., Günzel-Apel, A.R., and Töpfer-Petersen, E. (2007b). Determinants of 

sperm quality and fertility in domestic species. Reproduction 134, 3-17. 

 

Pruneda, A., Yeung, C.H., Bonet, S., Pinart, E., and Cooper, T.G. (2007). Concentrations of carnitine, 

glutamate and myo-inositol in epididymal fluid and spermatozoa from boars. Anim Reprod Sci 97, 344-55. 

 

Ramakrishnan, M., Anbazhagan, V., Pratap, T.V., Marsh, D., and Swamy, M.J. (2001). Membrane 

insertion and lipid-protein interactions of bovine seminal plasma protein PDC-109 investigated by spin-

label electron spin resonance spectroscopy. Biophys J 81, 2215-25. 

 

Saalmann, A., Münz, S., Ellerbrock, K., Ivell, R., and Kirchhoff, C. (2001). Novel sperm-binding proteins 

of epididymal origin contain four fibronectin type II-modules. Mol Reprod Dev 58, 88-100. 

 

Schäfer, B., von Horsten, H.H., Dacheux, J.L., Holtz, W., and Kirchhoff, C. (2003). Cloning and 

characterization of boar epididymal secretory proteins by homology to the human. Reprod Domest Anim 

38, 111-8. 

 

Schweisguth, D.C., and Hammerstedt, R.H. (1992). Evaluation of plasma membrane stability by 

detergent-induced rupture of osmotically swollen sperm. J Biochem Biophys Methods 24, 81-94. 

 

Si, W., Men, H., Benson, J.D., and Critser, J.K. (2009). Osmotic characteristics and fertility of murine 

spermatozoa collected in different solutions. Reproduction 137, 215-23. 

 

Sullivan, R., Frenette, G., and Girouard, J. (2007). Epididymosomes are involved in the acquisition of new 

sperm proteins during epididymal transit. Asian J Androl 9, 483-91. 

 

Tillman, T.S., and Cascio, M. (2003). Effects of membrane lipids on ion channel structure and function. 

Cell Biochem Biophys 38, 161-90. 

 

Töpfer-Petersen, E., Calvete, J.J., Sanz, L., and Sinowatz, F. (1995). Carbohydrate-and heparin-binding 

proteins in mammalian fertilization. Andrologia 27, 303-24. 

 



8. References 

97 

 

Vadnais, M.L., Galantino-Homer, H.L., and Althouse, G.C. (2007). Current concepts of molecular events 

during bovine and porcine spermatozoa capacitation. Arch Androl 53, 109-23. 

 

Visconti, P.E., Westbrook, V.A., Chertihin, O., Demarco, I., Sleight, S., and Diekman, A.B. (2002). Novel 

signaling pathways involved in sperm acquisition of fertilizing capacity. J Reprod Immunol 53, 133-50. 

 

Wah, D.A., Fernandez-Tornero, C., Sanz, L., Romero, A., and Calvete, J.J. (2002). Sperm coating 

mechanism from the 1.8 A crystal structure of PDC-109-phosphorylcholine complex. Structure 10, 505-

14. 

 

Willoughby, C.E., Mazur, P., Peter, A.T., and Critser, J.K. (1996). Osmotic tolerance limits and properties 

of murine spermatozoa. Biol Reprod 55,715–727. 

 

Yeung, C.H., Anapolski, M., Sipila, P., Wagenfeld, A., Poutanen, M., Huhtaniemi, I., Nieschlag, E., and 

Cooper, T.G. (2002). Sperm volume regulation: maturational changes in fertile and infertile transgenic 

mice and association with kinematics and tail angulation. Biol Reprod 67, 269-75. 

 

Yeung, C.H., Barfield, J.P., Anapolski, M., and Cooper, T.G. (2004). Volume regulation of mature and 

immature spermatozoa in a primate model, and possible ion channels involved. Hum Reprod 19, 2587-93 

 

Yeung, C.H., Barfield, J.P., and Cooper, T.G. (2005). Chloride channels in physiological volume 

regulation of human spermatozoa. Biol Reprod 73, 1057-63. 

 

Yeung, C.H., Barfield, J.P., and Cooper, T.G. (2006). Physiological volume regulation by spermatozoa. 

Mol Cell Endocrinol 250, 98-105. 

 

Yeung, C.H., Callies, C., Rojek, A., Nielsen, S., and Cooper, T.G. (2008). Aquaporin Isoforms Involved 

in Physiological Volume Regulation of Murine Spermatozoa. Biol Reprod. 80(2), 350-7. 

 

Yeung, C.H., and Cooper, T.G. (2001). Effects of the ion-channel blocker quinine on human sperm 

volume, kinematics and mucus penetration, and the involvement of potassium channels. Mol Hum Reprod 

7, 819-28. 

 

Yeung, C.H., Sonnenberg-Riethmacher, E., and Cooper, T.G. (1999). Infertile spermatozoa of c-ros 

tyrosine kinase receptor knockout mice show flagellar angulation and maturational defects in cell volume 

regulatory mechanisms. Biol Reprod 61, 1062-9. 

 

 

 

 

 



9. Acknowledgements 

98 

 

9. Acknowledgements 

I wish to thank numerous persons for their great support during my PhD study because, without 

them, I would not have been able to complete it. 

First of all, I want to thank Prof. Dr. Dagmar Waberski for the opportunity to work on this project 

and her support during my thesis. She gave me the opportunity to develop my own ideas and 

solutions.  

Furthermore, I want to thank Prof. Dr. Edda Töpfer-Petersen for her great knowledge; when she 

gave an advice to me, at first, I only understood maybe 20% of it, but it inspired me to learn 

more. Her great brilliance and fascination for science impressed me. I am particularly grateful for 

her interest in my project and her motivating words. 

I am grateful to Dr. Anna Petrunkina; from her I learned analytical thinking. Her great energy, 

brilliance and our discussions about my results brought me forward in my PhD thesis. 

I would like to thank Dr. Robin Harrison, for his interest in my project and his valuable and 

constructive criticism. He made the reviews of original Papers.  

I want to thank my thesis committee Prof. Dr. Christiana Kirchhoff and Prof. Dr. Heinrich 

Bollwein for their useful comments on my project.  

I would like to thank the PhD commission for accepting me into the PhD program; and Dr. 

Marie-Luise Enss and Ms. Sigrid Faber for their invaluable guidance and friendly help. 

Additionally, I am grateful to Dr. Mahnaz Ekhlasi-Hundrieser who supported me in the area of 

Proteomics and her valuable assistance, continuous encouragement and friendliness was greatly 

appreciated. 

I am grateful to Cristiana Hettel for her technical support, strong company, continuous effort, she 

was the one who cried, when it was frustrating, and laughed with me, when we succeeded, in 

laboratory. 

Florencia Ardon Martinez, she was the one who showed me everything in the Andrology-

laboratory and without their (Florencia and Rodney) great friendship, my life would not be the 

same. 



9. Acknowledgements 

99 

 

I would like to thank Yassin Khalil for teaching me the Oviduct-Explant-Assay and for his warm 

friendship. 

Heiko Hennig, I want to thank for the nice team work, inspirational discussions, and lovely 

friendship. 

I am grateful to Duygu Calisici for her perfect technical assistance, wonderful friendship; we 

shared a lot of things during my thesis, even a 10 mt
2
 room. 

It is pleasure to acknowledge the efforts of all staff members at the Unit for Reproductive 

Medicine of Clinics who have contributed to this work: Petra Hasenleder, Erika Schöder, Margret 

Schäfer, Christiane Bode, Olaf Zicher and his team for their cooperation and support. 

Thanks to Seda Güler for correcting the introduction and general discussion regarding linguistic 

matters. 

Thanks to Joeran Riessland for his encouragement, love and support. 

Finally, I want to thank my wonderful parents Muzaffer and Nilbahar Sahin. They always shared 

my happiness and sadness, without their great support I would not be me. 

 

 


