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Summary 

Doanh Huy Bui (2019) 

 

Characterization of calcium regulation in boar spermatozoa and the influence of 

sperm storage in vitro 

 

Calcium has been identified as a key component in a range of physiological processes 

in spermatozoa that are essential for fertilization. It serves as a second messenger in 

the control of sperm (hyperactive) motility, capacitation, and acrosome reaction. 

Release of calcium from internal stores through ion channels is receptor-mediated. 

The aim of this study was to examine whether two intracellular calcium release 

channels, gated by inositol 1,4,5-trisphosphate receptors (IP3R) and ryanodine 

receptors (RyR), are involved in the regulation of intracellular calcium concentration in 

boar spermatozoa. Moreover, the impact of hypothermic sperm storage in vitro on the 

receptor function was examined. 

Firstly, the protein expression and the localization of IP3R and RyR were investigated. 

In Western blot analysis, IP3R and RyR were detected with a molecular size larger than 

250 kDa. Using indirect immunofluorescence staining, IP3R was detected in the 

acrosome, post-acrosomal and neck region and the RyR was localized in the 

acrosome and mid-piece.  

Secondly, the aim was to determine the potential involvement of IP3R and RyR-gated 

channels in the regulation of intracellular calcium concentrations. Changes in free 

intracellular Ca2+ concentration were monitored with Fluo-4 in viable spermatozoa 

using continuous flow cytometry. Thimerosal, a sensitizer of IP3R and RyR, induced a 

dose-dependent increase in intracellular Ca2+ levels in a Ca2+-free medium. Blocking 

of either IP3R with 2-aminoethoxydiphenyl borate (2-APB) or of RyR with ruthenium 

red (RR) did not inhibit the thimerosal induced Ca2+ release. Further incubation 

experiments with 2-APB and RR in the presence of 2 mM Ca2+ in the incubation 

medium provided indirect evidence that transient receptor potential cation channel 

subfamily V member (TRPV) are actively involved in the modulation of free intracellular 

calcium contents of boar spermatozoa. 
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Thirdly, it was investigated whether chilling of boar spermatozoa and long-term storage 

in the liquid stage affects the response of IP3R and RyR-gated calcium channels to 

thimerosal. Semen diluted in Beltsville Thawing Solution was stored at 5 °C or 17 °C 

up to five days and then incubated up to 120 minutes at 38 °C before thimerosal was 

added. Thermic incubation led to an increase of intracellular calcium in viable, 

acrosome intact spermatozoa with ongoing storage time in spermatozoa stored at 

5 °C. After 60 and 120 minutes thermic incubation of the stored semen samples, the 

thimerosal response was neither influenced by storage length nor by temperature.  

In conclusion, IP3R and RyR-gated calcium channels are expressed in boar 

spermatozoa at the head and proximal region of the flagellum, and they appear to be 

involved in the regulation of intracellular calcium concentration. There is also indirect 

evidence for the contribution of TRPV to the regulation of calcium influx from 

extracellular sources. Chilling and storage of extended boar semen do not affect the 

functionality of IP3R- and RyR gated calcium channels in viable, acrosome intact 

spermatozoa after rewarming. Therefore, these intracellular calcium channels need 

not to be targeted in the development of novel preservation concepts for boar semen. 
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Zusammenfassung 

Doanh Huy Bui (2019) 

 

Charakterisierung der Regulation von Calcium bei Eberspermatozoen und 

Einfluss der Spermalagerung in vitro 

 

Calcium ist ein Schlüsselelement für eine Vielzahl physiologischer Funktionen, die 

essentiell für die Befruchtungsfähigkeit von Spermatozoen sind. Es dient als Second 

Messenger für die Kontrolle der (hyperaktiven) Spermienmotilität, sowie für die 

Kapazitation und Akrosomreaktion. Die Freisetzung von Calcium aus intrazellulären 

Speichern erfolgt rezeptorvermittelt. Das Ziel dieser Studie war es zu untersuchen, ob 

zwei intrazelluläre Kanäle, die durch Inositol 1,4,5-trisphosphat Rezeptoren (IP3R) und 

Ryanodine Rezeptoren (RyR) gesteuert werden, an der Regulation der intrazellulären 

Calciumkonzentration von Eberspermatozoen beteiligt sind. Weiterhin wurde der 

Einfluss einer hypothermen in vitro-Lagerung von Ebersperma auf die 

Rezeptorfunktion untersucht.  

Zunächst wurde die Proteinexpression und die Lokalisation der IP3R und RyR 

untersucht. Mittels Western Blot wurden beide Rezeptortypen mit einer 

Molekularmasse größer als 250 kDa detektiert. Die indirekte Immunofluoreszenz ergab 

für den IP3R eine Anfärbung im akrosomalen und postakrosomalen Bereich sowie in 

der Spermienhalsregion, während der RyR im Akrosom und im Mittelstück des 

Spermienschwanzes nachweisbar war.  

Das zweite Ziel war, die potenzielle Beteiligung der IP3R- und RyR-gesteuerten Kanäle 

an der Regulation der intrazellulären Calciumkonzentration zu untersuchen. 

Änderungen der Konzentration an freiem intrazellulären Calcium wurden unter 

Verwendung von Fluo-4 bei lebenden Spermien mittels kontinuierlicher 

Durchflusszytometriemessung erhoben. Thimerosal, ein Sensibilisator von IP3R und 

RyR, induzierte in einem Ca2+-freien Medium einen dosisabhängigen intrazellulären 

Ca2+–Anstieg. Die Blockierung von IP3R mit 2-Aminoethoxydiphenyl Borat (2-APB) 

oder von RyR mit Rutheniumrot (RR) führte nicht zu einer Hemmung des 
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thimerosalinduzierten Calciumanstiegs. Weitere Inkubationsexperimente mit 2-APB 

und RR in Anwesenheit von 2 mM Calcium lieferten einen indirekten Hinweis darauf, 

dass der Transiente Rezeptor-Potential-Kationenkanal der Unterfamilie V (TRPV) aktiv 

an der Modulation der freien intrazellulären Calciumkonzentration bei 

Eberspermatozoen beteiligt ist.  

Als Drittes wurde untersucht, ob die Abkühlung und Lagerung flüssigkonservierten 

Eberspermas die Reaktion der IP3R- und RyR-gesteuerten Kanäle auf Thimerosal 

beeinträchtigt. Sperma wurde in Beltsville Thawing Solution verdünnt und bei 5 °C oder 

17 °C bis zu fünf Tagen gelagert. Anschließend wurde es bis zu 120 Minuten bei 38 °C 

inkubiert und dann Thimerosal zugefügt. Mit zunehmender Lagerungsdauer bei 5 °C 

führte die thermische Inkubation zu einem Anstieg des intrazellulären Calciumgehaltes 

in lebenden, akrosomintakten Spermatozoen. Nach 60 und 120 Minuten thermischer 

Inkubation der gelagerten Spermaproben war weder ein Einfluss der Lagerungsdauer 

noch der –temperatur auf die Thimersoalreaktion nachweisbar.  

Schlussfolgernd ist feststellen, dass IP3R- und RyR-gesteuerte Calciumkanäle am 

Kopf und in der proximalen Region des Flagellums von Eberspermatozoen exprimiert 

und an der Regulation der intrazellulären Calciumkonzentration beteiligt sind. 

Weiterhin ergaben sich indirekte Hinweise auf eine Beteiligung von TRPV an der 

Regulation des Einstroms von Calcium aus extrazellulären Ressourcen. Abkühlung 

und Lagerung von verdünntem Ebersperma zeigten nach Wiedererwärmung keine 

Beeinträchtigung der Funktion IP3R- und RyR-gesteuerter Kanäle bei lebenden, 

akrosomintakten Spermatozoen. Daher ist es nicht notwendig, die Funktionalität dieser 

intrazellulären Calciumkanäle bei der Entwicklung neuer Konservierungskonzepte für 

Ebersperma zu berücksichtigen.  
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Chapter 1: General introduction 

1. The role of calcium in the regulation of sperm function 

Calcium has been identified as a key component in a range of physiological processes 

in spermatozoa that are essential for fertilization (BERNABÒ et al. 2010). It is well 

known that cooling and storage of boar semen disturbs intracellular calcium 

homeostasis thereby affecting longevity and fertilizing capacity of sperm (SCHMID et 

al. 2013). Recently, it has been demonstrated that capacitated boar spermatozoa 

respond with hyperactive like motility patterns to change of the extracellular calcium 

concentration (KOJIMA et al. 2015; LUQUE et al. 2018). It could be that hormonal 

changes around ovulation stimulate an increased release of calcium in the oviduct 

lumen. Intracellular calcium levels are tightly regulated in boar spermatozoa. Spatio-

temporal changes in the intracellular calcium concentration are regulated not only by 

passive diffusion gradients but also by a range of ATP dependent transport molecules, 

e.g. sperm-specific sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) (LAWSON et 

al. 2007). The energy metabolism and availability of ATP, therefore, might be a key 

aspect of whether spermatozoa are functionally intact. The energy metabolism and 

ATP are the more important when spermatozoa have been exposed to storage stress 

in terms of time or have experienced a chilling injury, both disturbing the intracellular 

calcium concentration and energy metabolism of spermatozoa (NGUYEN et al. 2016). 

The capabilities of intracellular calcium storage and release are key elements in 

changes of motility patterns, and initiation of hyperactivated motility of sperm in the 

oviduct (HO and SUAREZ 2001b). A controlled release and uptake of external calcium 

may balance calcium levels in the sperm tail for controlling tail bend curvature and 

thereby flagellar wave pattern. Internal calcium stores are located in the acrosome and 

in the redundant nuclear envelope (RNE), an organelle located in the neck region of 

spermatozoa. In boar spermatozoa, receptor-mediated regulation of these intracellular 

calcium stores is as yet unknown. 

Mammalian spermatozoa acquire the fertilizing ability in the female tract in a process 

known as capacitation. Calcium plays an important role in fertilization participating in 

the main function of sperm such as maturation, motility, capacitation, and acrosome 

reaction (HONG et al. 1984). There are two ways for regulation of intracellular calcium 

in human, bovine, and sea urchin spermatozoa: 1) through intracellular stores involving 
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SERCA and channels: Inositol 1,4,5-trisphosphate receptors (IP3Rs) and ryanodine 

receptors (RyRs) and 2) by the extracellular environment involving Ca2+-ATPases, 

Na+ - Ca2+ exchangers and Ca2+ channels in plasma membrane (JIMENEZ-

GONZALEZ et al. 2006; COSTELLO et al. 2009). 

In somatic cells, calcium is a fundamental intracellular messenger, which controls 

many cellular processes such as transcription, cell cycle regulation, differentiation, 

muscle contraction, neurotransmission The regulation of intracellular calcium is 

regulated by complex processes, which can be divided into calcium ‘on’ and ‘off’ 

mechanisms depending on whether they serve to increase or decrease cytosolic 

calcium. The regulatory mechanism may involve the plasma membrane, cytosol, 

mitochondria and endoplasmic reticulum (BOOTMAN et al. 2001). In neuronal cells, 

the concentration of external calcium (1 – 2 mM) is 10,000-fold higher than in the 

cytosol (50–200 nM), and this concentration gradient is maintained by the regulation 

of plasma membrane channels and endoplasmic reticulum Ca2+-ATPases (MATTSON 

and CHAN 2001). In human spermatozoa, the calcium concentration in the cytosolic 

was determined between 25 nM and 75 nM (BREWIS et al. 2000).  

In spermatozoa, several researchers have studied the role of calcium in the regulation 

of cell function at various stages of maturity. In immature sperm, calcium is required to 

produce mature spermatozoa and it is one of the most common intracellular 

messengers inside the cell. Calcium stimulates motility of epididymal sperm in several 

species including bovine, mouse, and hamster (HONG et al. 1984). In all species 

examined, an influx of calcium is required to initiate the acrosomal reaction. The 

necessity of extracellular calcium for capacitation and acrosome reaction of 

mammalian spermatozoa was first noted by IWAMATSU and CHANG (1971), who 

observed that considerably smaller percentage of mouse spermatozoa undergo the 

acrosome reaction in medium without added Ca2+ than in medium with Ca2+. 

Convincing evidence for the essentiality of calcium in the capacitation was later 

presented by YANAGIMACHI (1982) in the hamster. In his study, hamster 

spermatozoa were pre-incubated for 2 - 4 hours in medium without added Ca2+ and 

then exposed to 2 mM calcium. If the spermatozoa had been fully capacitated by the 

end of this pre-incubation in medium without added Ca2+, all or the majority of them 

should have undergone the acrosome reaction upon exposure to calcium but there 

were only some (2 - 12 %) of the spermatozoa which responded quickly to calcium. 
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The author concluded that only relatively few spermatozoa can fully capacitate in the 

medium absence of calcium. 

1.1 Regulation of intracellular calcium by plasma membrane channels 

Intracellular calcium concentrations are regulated through the influx of extracellular 

calcium mediated by several channels located in the plasma membrane and by the 

mobilization of intracellular calcium stores. A large number of different calcium 

channels have been detected in mammalian spermatozoa and these channels respond 

to different cellular processes. 

1.1.1 Voltage-gated calcium channels 

Voltage-gated calcium channels (Cav) play an essential role in the increase of 

intracellular calcium concentration induced by depolarization of membrane potential 

which allows calcium ions to enter the cell from extracellular space. Cav channels are 

divided into two major functional classes: high voltage-activated (HAV) and low 

voltage-activated (LAV) channels (WILLIAM A. CATTERALL and FEW 2008). HAV 

channels include the L-, N-, P/Q-, and R types while LAV channels open and inactive 

faster than HAV channels  (DARSZON et al. 2011). Both channels are formed by 

several subunits and the ion-conducting pore formed by the α1 subunit with 

approximately 200 kDa. The α1 subunit is responsible for voltage sensing and binding 

of channel-specific drugs and toxins (FELIX 2005). Molecular cloning has identified 

three subfamilies: Cav 1 subunits conduct L-type currents involved in physiological 

processes for muscle contraction and gene transcription. Cav 2 conducts N-, P/Q- and 

R-type currents resulting in rapid synaptic transmission. Cav 3 subunits conduct T-type 

currents in LAV (W. A. CATTERALL 2000). Cav channels have been detected within 

immature and mature spermatozoa in several species: human, mouse, and rat 

(DARSZON et al. 2011). Voltage-gated calcium channels are regulated by calcium and 

calmodulin (WILLIAM A. CATTERALL and FEW 2008). Cav channels are also 

regulated by G proteins activated through different pathways: directly between the G 

proteins and channel subunits or indirectly via second messengers and/or by protein 

kinases (DASCAL 2001; DOLPHIN 2003).  

 1.1.2 Cation channel of sperm 

Cation channel of sperm (CatSper) is an LVA, Ca2+ selective, pH-sensitive ion channel 

that controls the entry of positively charged calcium ions into spermatozoa (LISHKO 
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and MANNOWETZ 2018). All four CatSper subunits are present in boar spermatozoa 

and they are located in sperm neck, tail, and cytoplasmic droplets. In addition, 

CatSper1 is distributed on the membrane over the acrosome and CatSper2 and -4 are 

located on the post-acrosome membrane domain (VICENTE-CARRILLO et al. 2017). 

CatSper carries extracellular calcium into the sperm tail and is therefore vital for sperm 

fertility (LISHKO and MANNOWETZ 2018).  

CatSper channels are activated by alkalization. However, the regulation may differ 

significantly between species owing to differences in orthologs of CatSper subunits. In 

human sperm, CatSper is activated by the steroid hormone progesterone via binding 

to the serine hydrolase ABHD2 (MANNOWETZ et al. 2017). Progesterone is known to 

stimulate an immediate increase in intracellular calcium in the flagellum that related to 

hyperactivated motility (SUMIGAMA et al. 2015). In boar spermatozoa, the motility in 

capacitated spermatozoa was not affected by 10 µM progesterone and did not modify 

intracellular calcium levels compared to capacitated sperm without exposure to 

progesterone (VICENTE-CARRILLO et al. 2017). The CatSper channels in mouse 

spermatozoa are regulated by changes in intracellular pH, such that CatSper-1 activity 

increase with an increase in intracellular pH (KIRICHOK et al. 2006).  

Low intracellular ATP levels in spermatozoa of CatSper1 null mice reflects the 

importance of CatSper specific calcium entry in flagella glycolysis. Thus, CatSper 

alone or in combination with intracellular Ca2+ stores is required for sustained ATP 

production to maintain extended motility and hyperactivation of spermatozoa (XIA et 

al. 2007). There are many studies describing the role of CatSper in the regulation of 

hyperactivated motility and acrosome reaction. In mouse spermatozoa, the 

requirement of CatSper1 for hyperactivated motility is consistent with the Ca2+ 

dependence of hyperactivation (HO and SUAREZ 2001a). CatSper1 has a crucial role 

in the regulation of intraflagellar calcium and induce sperm hyperactivation in mouse 

spermatozoa (KIRICHOK et al. 2006). Catsper1 null mice were lacking hyperactivated 

motility and showed a slight or absence of calcium entry (CARLSON et al. 2003). 

Beside, CatSper1, CatSper2 also is essential for the generation of hyperactivation, 

capacitation, and acrosome reaction. Hence, spermatozoa from CatSper2 null mice 

fail to penetrate the zona pellucida of intact eggs (CARLSON et al. 2003). Furthermore, 

the increase of intracellular calcium concentration through CatSper is triggered by zona 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/extracellular-calcium
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pellucida, BSA, cAMP, and other activators, and it starts in the principal piece (SINGH 

and RAJENDER 2015). 

1.1.3 Cyclic nucleotide-gated channels 

Cyclic nucleotide gated channels (CNG) play a role in the regulation of calcium entry 

in sea urchin, mouse and bovine spermatozoa (WEYAND et al. 1994; WIESNER et al. 

1998). There are six different genes encoding CNG channels, four A subunits 

(CNGA1 - 4) and two B subunits (CNGB1 and 3) (KAUPP and SEIFERT 2002). These 

channels are activated by the binding of cAMP and cGMP, however, lower 

concentrations of cGMP are required than cAMP (FELIX 2005; DARSZON et al. 2011). 

CNG channels represent the target of a cGMP-signaling pathway that controls calcium 

entry into sperm (WEYAND et al. 1994). CNGA3 and CNGB1 subunits were expressed 

by cloning cDNA and Northern blot analysis from the testis. They are localized within 

the flagellum of mouse spermatogenic and mature spermatozoa (KAUPP and 

SEIFERT 2002). Immunocytochemical localization of bovine spermatozoa shows that 

CNG channels are present at the midpiece and principal piece of the flagellum 

(WIESNER et al. 1998). CNG channels are involved in a cGMP-stimulated Ca2+ influx 

in intact spermatozoa. Their localization on the flagellum suggests that Ca2+ entry 

through these channels control sperm motility (WIESNER et al. 1998). CNG channels 

contribute to change cyclic nucleotides concentration leading to change the membrane 

potential and intracellular calcium concentration (BIEL and MICHALAKIS 2009). In 

human spermatozoa, cyclic nucleotide signaling has an important role in the regulation 

of sperm function and is essential for capacitation, and acrosome reaction (PUGA 

MOLINA et al. 2018). 

1.1.4 Store-operated calcium channels  

Store-operated calcium channels (SOCs) form a fundamental pathway for calcium 

signaling and serve a wide variety of functions in somatic cells. They are activated by 

the depletion of calcium from the endoplasmic reticulum (ER) (PRAKRIYA and LEWIS 

2015). However, the information about SOC in spermatozoa is not clear. Spermatozoa 

do not contain ER, but internal calcium stores have been reported, such as in the 

acrosome, nucleus envelop, and in mitochondria (HERRICK et al. 2005; COSTELLO 

et al. 2009). In many cases, the processes of calcium influx from the extracellular 

environment and mobilization from calcium stores are combined in order to replenish 
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and mediate long-term cytosol calcium signals. The evidence of SOC in the regulation 

of calcium influx has been reported in sea urchin and human spermatozoa (ROSSATO 

et al. 2001; ARDÓN et al. 2009).  

There are some hypotheses to explain how calcium entry occurs through SOC during 

capacitation. The depletion of calcium stores may trigger release or formation of 

signaling factors in the plasma membrane to activate the channels 

(RANDRIAMAMPITA and TSIEN 1993). SOCs are encoded by the transient receptor 

potential channel TRPC1 and other components may be responsible for SOC entry 

activation (BEECH 2005; AMBUDKAR 2007). Under physiological condition, the 

hypothesis of this mechanism is that extracellular agonists bind to a G coupled-protein 

receptors and activate phospholipase C, which breaks down phosphoinositide in the 

plasma membrane to form IP3. The IP3 triggers Ca2+ release from intracellular stores 

through IP3R and RyR, producing the initial transient increase in the intracellular 

calcium concentration. After a short delay, Ca2+ also enters into the cells from the 

extracellular space (PUTNEY 1986; FELIX 2005; LUIK et al. 2008). Two protein 

families of SOCs have been identified in human spermatozoa: stromal interaction 

molecules (STIM) sensors and calcium release-activated calcium modulators (ORAI) 

channels (COSTELLO et al. 2009; DARSZON et al. 2011). They are located at the 

sperm neck and midpiece and show a lower expression over the acrosomal region 

(COSTELLO et al. 2009). 

Stromal interaction molecules 

Stromal interaction molecule (STIM) are the principal regulating molecules of SOC 

entry. The localization of STIM 1 has been reported in the midpiece and the neck of 

human spermatozoa (DARSZON et al. 2012; LEFIEVRE et al. 2012). They are sensing 

changes in intracellular calcium store levels and directly interact with the ORAI channel 

subunits to open Ca2 + release-activated Ca2 + (CRAC) channels (STATHOPULOS and 

IKURA 2013). Both STIM1 and STIM2 are type I single-pass ER transmembrane 

protein with a luminal NH2 terminus and a cytoplasmic COOH terminus and molecular 

weights of 77 kDa (STIM1) and 84 kDa (STIM2) (PRAKRIYA and LEWIS 2015). STIM1 

is a multidomain protein with a segment, which senses the Ca2+ store (DARSZON et 

al. 2011). It then transmits the information to ORAI channels via domains in C-terminal 

and thus regulates SOC channel opening (LEE et al. 2010). STIM1 carries out two 

basic functions in the CRAC channel pathway: sensing ER Ca2+ store depletion, 
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repletion, and communicating with ORAI channel in the plasma membrane by binding 

to the C-terminal region of ORAI1. STIM1 oligomers open ORAI channels by binding 

to the N-terminal region of ORAI1 (HOGAN et al. 2010). STIM1 is essential for 

generating a Ca2+ influx after the mobilization of luminal Ca2+ at fertilization to refill the 

intracellular stores in pig oocytes (KIHO LEE et al. 2012). Although the structure of 

STIM2 is similar to STIM1, the STIM2 does not translocate or oligomerize and its role 

during SOC activity is still controversial (DARSZON et al. 2011).  

Calcium release-activated calcium modulators  

Calcium release-activated calcium modulator (ORAI) channels have been identified as 

the transmembrane protein of Ca2+-release activated Ca2+ (CRAC) channels in human 

and chicken spermatozoa (DARSZON et al. 2012; LEFIEVRE et al. 2012; NGUYEN 

TMD et al. 2016). In human spermatozoa, ORAI1 is located in the acrosome, and 

midpiece (DARSZON et al. 2012) and in chicken spermatozoa, it is expressed in the 

head of the sperm with a molecular weight of 50 kDa (NGUYEN TMD et al. 2016). 

ORAI proteins are highly glycosylated with cytoplasmic C- and N-terminus and have 

three isoforms (ORAI1-3) (HOGAN et al. 2010). They are small proteins (28-33 kDa) 

with four transmembrane domains to form the ion channel pore (DARSZON et al. 

2011). ORAI1 proteins form the CRAC channel itself when they are co-expressed with 

STIM1. Mutations in STIM1 and ORAI1 or disruption of their expression may influence 

cell functions. Loss-of-function mutation of ORAI1 causes deficiency of Ca2+ release-

activated Ca2+ current (ICRAC) in T-cells (FESKE et al. 2006). In spermatozoa, the 

contributions of ORAI2 and ORAI3 to native Ca2+ signaling pathways are currently 

unknown. 

1.1.5 Transient receptor potential channel 

Transient receptor potential channels (TRPC) are widely distributed in many types of 

cells, including spermatozoa (TREVINO et al. 2001; CASTELLANO et al. 2003). TRP 

channels and their various subtypes have a role in regulating calcium homeostasis. 

These channels regulate vital functions of spermatozoa such as sperm motility, 

capacitation, and acrosome reaction (CASTELLANO et al. 2003; KUMAR et al. 2018). 

In human spermatozoa, TRPC was expressed in the flagellum and regulated Ca2+-

dependent events in this region (CASTELLANO et al. 2003). In mouse spermatozoa, 
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TRPC3 was located on the sperm mid-piece and involved in the mobilization of calcium 

in the absence of extracellular Ca2+ (RU et al. 2015).   

1.2 Calcium clearance mechanisms 

Calcium clearance mechanisms to maintain low intracellular calcium concentration or 

to decrease intracellular calcium concentration after stimulation are fundamental for 

stringent control of cell signaling events (BERRIDGE et al. 2000). In most cells 

including spermatozoa, this process is controlled by Ca2+-ATP pumps (Ca2+-ATPases), 

Na+-Ca2+ exchangers, and mitochondrial uniporters (WENNEMUTH et al. 2003; 

MICHELANGELI et al. 2005). They are important contributors to Ca2+ removal to the 

extracellular environment, or into intracellular stores (BERRIDGE et al. 2000; 

WENNEMUTH et al. 2003). Plasma membrane Ca2+-ATPase (PMCA) pumps provide 

the fastest regulation of intracellular calcium concentration in spermatozoa, whereas 

Na+-Ca2+ exchangers and mitochondrial Ca2+ uniporter are slower (JIMENEZ-

GONZALEZ et al. 2006).  

1.2.1 Ca2+-ATPases pumps 

Ca2+-ATPases belonging to the superfamily of P-type pumps play an important role in 

maintaining low, nanomolar cytoplasmic Ca2+ levels at rest and priming intracellular 

stores with high levels of Ca2+ for a wide range of signaling functions (DANG and RAO 

2016). Three types of Ca2+-ATPases have been identified in human, bovine and mouse 

spermatozoa: the sarcoplasmic endoplasmic Ca2+-ATPase (SERCA), the secretory 

pathway Ca2+-ATPase (SPCA) and the plasma membrane Ca2+-ATPase (PMCA) 

(WENNEMUTH et al. 2003; MICHELANGELI et al. 2005; JIMENEZ-GONZALEZ et al. 

2006). These three types of Ca2+-ATPases show around 30 % protein sequence 

similarity to each other (GUNTESKI-HAMBLIN et al. 1992).  

PMCAs are the largest of the three types of Ca2+-ATPases. In bovine spermatozoa, 

PMCAs have a molecular weight of 135 kDa (TRIPHAN et al. 2007). They are present 

in four isoforms (PMCA1-4) and approximately 12 splice variants (CARAFOLI and 

BRINI 2000). PMCA1 and 4 are distributed in most somatic cells and are known as a 

housekeeping protein for maintaining intracellular calcium levels in several cell types 

(JIMENEZ-GONZALEZ et al. 2006). Western blotting and immunofluorescent results 

showed that PMCAs are also expressed in the post acrosomal segment and flagellum 

in mouse spermatozoa (OKUNADE et al. 2004; SCHUH et al. 2004). PMCA4 is likely 
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to be central to the maintenance of calcium homeostasis and viability of spermatozoa 

during their storage in the oviduct, capacitation, and acrosome reaction (AL-DOSSARY 

et al. 2013). PMCA1 and PMCA4 null mutant mice suggested that PMCA1 is their 

major housekeeping isoform even when PMCA4 has been ablated (OKUNADE et al. 

2004). PMCA4 is the main isoform present in testis and sperm (more than 90% of 

PMCA proteins) (OKUNADE et al. 2004). PMCA4 deficient male mice are infertile: its 

ablation reduces sperm motility, probably resulting from calcium overload and 

mitochondrial damage (SCHUH et al. 2004). PMCA2 and PMCA3 proteins are 

regularly co-expressed with another isoform and serve tissue-specific functions. 

SERCA proteins are typical of the P-type ATPases and expressed in three different 

isoforms (SERCA1 - 3). SERCA1 is mainly confined to skeletal muscle, while SERCA2 

is widely distributed in most other tissues and type 3 has a limited expression. SERCA2 

is present in mammalian spermatozoa as determined for human, mouse and bovine 

spermatozoa (LAWSON et al. 2007). It is located in the acrosome and midpiece 

regions of human sperm, whereas it was only detected in the acrosome of mouse and 

bovine spermatozoa (LAWSON et al. 2007). Thapsigargin is known to have a specific 

inhibiting function on SERCA. A concentration within 1 - 10 µM is required to produce 

calcium oscillations in human spermatozoa (BLACKMORE 1993; HARPER et al. 

2005). 

SPCA has a role in controlling the levels of both Ca2+ and Mn2+ (MICHELANGELI et 

al. 2005). Two isoforms SPCA (SPCA1 and SPCA2) have been identified with 60 % 

protein sequence similarity to each other in rat testis (GUNTESKI-HAMBLIN et al. 

1992). SPCA1 is located in the neck region and the nuclear envelope in human sperm 

(HARPER et al. 2005). An immunolocalization study indicated that SPCA is located in 

mitochondria of sea urchin spermatozoa (GUNARATNE and VACQUIER 2006). 

1.2.2 Na+-Ca2+ exchanger 

Na+-Ca2+ exchanger (NCX) is a unique mechanism that allows calcium extrusion from 

the cell against its gradient without energy consumption. Na+-Ca2+ exchangers also 

play an important role in the regulation of intracellular calcium content. The activity of 

Na+-Ca2+ exchanger is equally efficient in both ways for import and export of ions which 

help to maintain calcium homeostasis. In human spermatozoa, Na+-Ca2+ exchanger 

plays a crucial role in the regulation of calcium and motility (KRASZNAI et al. 2006). In 
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the spermatozoa of Pacific herring, NCX is present in the mid-piece of spermatozoa 

with a molecular weight of 120 kDa (VINES et al. 2002) 

1.2.3 Mitochondrial calcium uniporter 

Mitochondrial calcium uniporter (MCU) is a transmembrane protein that allows the 

passage of calcium from the cytosol into mitochondria. It helps to maintain low cytosolic 

calcium levels when Ca2+ influx into the cell increased (GLANCY and BALABAN 2012). 

Calcium uptake by mitochondria plays a crucial role in activating mitochondrial 

dehydrogenases, thereby stimulating mitochondrial respiration and ATP production 

(DENTON 2009).  

1.3 Mobilization of calcium stores 

Intracellular calcium stores play an important role in the regulation of cytosolic calcium 

concentration and sperm function including capacitation, hyperactivation, and 

acrosome reaction. Somatic cells contain a number of membrane-bound organelles 

that stored calcium such as ER, mitochondria, nucleus, Golgi complexes, endosome 

and lysosome (MICHELANGELI et al. 2005). The ER is the most important organelle 

to show controllable mobilization of calcium through second messengers acting upon 

intracellular calcium channels as well as their refill via calcium pumps (CORREIA et al. 

2015). Spermatozoa lack ER but have nuclear membrane, acrosome, mitochondrial 

and some poorly-defined, irregular membranous structure in the region of the sperm 

neck which serves as calcium stores (COSTELLO et al. 2009). Inositol 1,4,5-

trisphosphate receptor (IP3R) and the ryanodine receptor (RyR) -gated channels are 

the major channels which regulate the mobilization of calcium stores. The activity of 

intracellular calcium channels depends on the action of the second messenger 

produced by different stimulation and diverse signaling pathways (DARSZON et al. 

2011) as described below. 

1.3.1 Inositol 1,4,5-trisphosphate receptors 

Inositol 1,4,5-trisphosphate receptors (IP3Rs) are expressed in animal cells and 

regulate the release of calcium from stores in response to the binding of IP3 and Ca2+ 

(TAYLOR and TOVEY 2010). The genes of three isoforms have been identified for 

IP3R1, 2 and 3, which code for large proteins containing approximately 2500 – 2700 

amino acids residues with a molecular mass of 310 kDa (JIMENEZ-GONZALEZ et al. 

2006; FOSKETT et al. 2007; TAYLOR and TOVEY 2010). They show greater than 
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74% protein sequence similarity to each other (TAYLOR 1998). The structure of IP3R 

can be subdivided into three major domains. The NH2-terminal region has been 

identified as the IP3 binding domain, whereas, the COOH-terminal region is the location 

of the membrane-spanning channel domain. The modulatory or coupling domain 

contains ATP binding sites, phosphorylation sites, and other regulatory protein binding 

sites (JIMENEZ-GONZALEZ et al. 2006; FOSKETT et al. 2007; DARSZON et al. 

2011). The activation of IP3R requires both IP3 and calcium in the cytosol. In the 

absence of cytosolic calcium, IP3 is nearly inactive (TAYLOR and LAUDE 2002; 

FOSKETT et al. 2007). 

Using immunoblotting and PCR, the presence of mRNA for all three isoforms of the 

IP3Rs have been shown in rat testis and rat testicular cell lines with a molecular weight 

of 260 kDa (TOVEY et al. 1997). The evidence of IP3R in mammalian spermatozoa 

has been shown in several studies, including human, bovine, pig, dog, rat, mouse and 

hamster with different anti-IP3R antibodies. The first clear evidence of these proteins 

in mature spermatozoa resulted from the finding of WALENSKY and SNYDER in 1995. 

In Western blotting, the specific band of IP3R of approximately 260 kDa was detected 

in rat, hamster, mouse and dog spermatozoa. Immunostaining showed the localization 

of IP3R in the acrosomes (WALENSKY and SNYDER 1995). Messenger RNAs for 

three IP3R subtypes were found during mouse spermatogenesis. In the early stages of 

spermatogenesis, IP3Rs are distributed in the cytoplasma, and after differentiation 

processes, they become selectively localized to the Golgi complex (TREVINO et al. 

1998). In bovine sperm, IP3R1 is localized over the acrosome and at the sperm neck 

(HO and SUAREZ 2001b). In boar spermatozoa, IP3R1 are present in connecting piece 

and acrosome (HARAYAMA et al. 2005), and GUGSSA et al. (2010) also reported that  

IP3R1 is located in the neck region of the spermatozoa and at lower density along the 

axonemal membrane. In human spermatozoa, immunoblotting showed the expression 

of IP3R1 and 3, but IP3R2 was undetectable (KURODA et al. 1999). This study showed 

that IP3R1 is localized in the anterior portion of the sperm head and IP3R3 has been 

identified in the posterior region of the sperm head and in the midpiece and tail. The 

expression of IP3R1 decreased after acrosome reaction and there was only little 

change in the expression of IP3R3 in acrosome-reacted spermatozoa (KURODA et al. 

1999). In addition, in the presence and absence of calcium in medium, the opening of 

IP3R in human spermatozoa led to extracellular calcium influx (LI et al. 2019). Another 
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study in bovine sperm showed that IP3Rs are mainly localized and functionally 

associated with the acrosome region and that the functional size of the IP3 binding 

domain has a molecular weight of 66 kDa (MINELLI et al. 2000). 

1.3.2 Ryanodine receptors 

Ryanodine receptors (RyRs) mediate the release of Ca2+ from intracellular Ca2+ stores, 

along with IP3R, not only in somatic cells, but also in spermatozoa. RyR and IP3R share 

similar sequence identity and IP3R are about half size of RyRs (MIGNERY et al. 1989). 

Three genes encoding RyRs have been identified. They are coding for a large protein 

containing approximately 5000 amino acids and form homotetramers with four subunits 

of 565 kDa each with a huge cytosol NH2-terminal (JIMENEZ-GONZALEZ et al. 2006; 

DARSZON et al. 2011). RyR1 is commonly present in skeletal muscle while RyR2 

protein is the most abundant isoform in cardiac muscle and RyR3 could be found in 

rabbit brain (HAKAMATA et al. 1992; FILL and COPELLO 2002). RyR has a large 

cytoplasmic NH2-terminal which contains ligand and modulatory protein binding sites 

and a transmembrane channel domain in the carboxyl-terminal region (BRINI 2004).  

The RyR gated channels are modulated by several factors, including Ca2+, Mg2+, ATP 

and post-translational modifications, such as oxidation/reduction and phosphorylation. 

In addition, pharmacological agents (ryanodine, caffeine and ruthenium red) regulate 

these channels. RyRs are activated by low intracellular calcium concentration (1 -10 

µM) and inhibited by high calcium concentration (1 – 10 mM) (FILL and COPELLO 

2002). The increase of intracellular calcium levels from an influx of extracellular 

calcium by depolarization of plasma membrane or from intracellular calcium stores 

leads to binding of Ca2+ to RyR2. These facilitate the opening of the channels resulting 

in the release of calcium from stores (VAN PETEGEM 2012). Caffeine was able to 

induce the release of Ca2+ from intracellular stores in spermatogonia and round 

spermatids, but not in mature spermatozoa from mouse (CHIARELLA et al. 2004). 

The evidence concerning the expression of RyRs in mammalian spermatozoa is not 

clear. The initial evidence for the presence of RyRs in adult mouse testis was published 

by GIANNINI (1995). Using both RNAse protection analysis and in situ hybridization, 

RyR1 and RyR3 were demonstrated to the present in mouse testis (GIANNINI et al. 

1995). All three genes encoding RyRs were expressed in mouse spermatogenesis but 

only type 3 is expressed in mature spermatozoa based on immunocytochemical 
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studies (TREVINO et al. 1998). In bovine spermatozoa, RyRs were not found using 

monoclonal anti-RyR antibody whereas BODIPY FL-X ryanodine showed faint, non-

specific labeling along the midpiece of flagella (HO and SUAREZ 2001b) (BODIPY FL-

X is bright, green fluorescent dye with similar excitation and emission to fluorescein 

FITC or Alexa Fluor-488 dye). In human, staining of live spermatozoa with BODIPY 

FL-X ryanodine indicated the localization of ryanodine binding primarily to the caudal 

part of the head and mid-piece (HARPER et al. 2004). Western blot and RT-PCR 

results showed that three RyR isoforms were expressed in male germ cells at different 

stages of maturation in mice with a molecular weight of approximately 560 kDa. RyR1 

was expressed in spermatogonia, whereas RyR2 was found only in the testis of 5 to 

10 day old mice but not in germ cells of adult mice. RyR3 was not expressed by western 

blotting, although it was detected in mixed populations of germ cells by RT-PCR 

(CHIARELLA et al. 2004).  

2. The effect of thimerosal on calcium mobilization and cell function 

The sulfhydryl oxidizing agent, thimerosal, is an organic mercurial compound. It is a 

water-soluble derivative of thiosalicylic acid that prevents the growth of dangerous 

bacteria and fungi (GEIER et al. 2015) and is used as a preservative for vaccines in 

multi-dose vials to keep them free from contamination. In 1999, however, the US Public 

Health Service recommended removing thimerosal from vaccines to reduce mercury 

exposure among infants.  

2.1 Effect of thimerosal on somatic cells 

The effect of thimerosal on the level of free intracellular calcium has been reported in 

different somatic cell types, such as human platelets (HECKER et al. 1989), gastric 

cancer cells (Liu et al., 2007). According to ABRAMSON et al. (1995), in somatic cells, 

thimerosal interacts with sulfhydryl group on the IP3R thus modifying receptor activity 

and responsiveness. The highly conserved sequence containing two cysteine residues 

near the carboxyl terminus of all subtypes of IP3R and RyR are likely targets for the 

thimerosal-induced regulation of channel activity (KAPLIN et al. 1994). The oxidation 

of sulfhydryl groups to disulfides results in 1) stimulation of calcium release across 

sarcoplasmic reticulum vesicle, 2) contraction of skinned muscle fibers, 3) modification 

of the gating characteristic of single calcium channel reconstituted into a planar bilayer 

lipid membrane and 4) alteration of high-affinity IP3 and ryanodine binding to its 
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receptor (ABRAMSON et al. 1995). Studies on human platelets, (HECKER et al. 1989) 

indicated that thimerosal (25 µM) causes a sharp rise of the intracellular calcium signal 

in both media with and without EGTA. However, thimerosal had no effect on either 

calcium release or sequestration in response to thrombin. In human prostate cancer 

cells (PC3), thimerosal (10 – 200 µM) induced an intracellular calcium rise (LIAO et al. 

2011). Thimerosal increased intracellular calcium concentration by induction of Ca2+-

release from intracellular stores or causing Ca2+ influx from extracellular calcium 

solution. The absence of extracellular Ca2+ reduced the thimerosal induced calcium 

release, suggesting the need for extracellular Ca2+ during the whole stimulation period. 

The thimerosal induced Ca2+ entry in PC3 cells appears to be via store-operated Ca2+ 

channels in a protein kinase C-dependent fashion. In addition, thimerosal may induce 

or inhibit cell functions in a concentration-dependent manner: low concentrations of 

thimerosal stimulate calcium release, whereas high concentrations are inhibitory in 

somatic cells (EU et al. 2000; MEISSNER 2010). The studies in cerebellar microsomes 

showed that the effect of thimerosal on IP3 channels depends on the concentration: 

low thimerosal concentration (1 µM) sensitized the channels, high concentration (100 

µM) caused an inhibition of IP3 induced calcium release (SAYERS et al. 1993).  

2.2 Effect of thimerosal on germ cells 

2.2.1 Effect on oocytes 

In mammalian eggs, thimerosal also induced calcium release from stores through IP3R 

and RyR–gated calcium channels. Thimerosal is known to stimulate calcium oscillation 

in hamster oocytes in both media with and without calcium (SWANN 1991) or in bovine 

oocytes (FISSORE et al. 1992). In rabbit oocytes, exposure to 200 – 400 µM thimerosal 

caused calcium rises within 45 minutes by activation of IP3R (FISSORE and ROBL 

1993). In addition, the result in human oocytes indicated that thimerosal (0.67 µM) can 

induce a significant increase in intracellular calcium concentration (SOUSA et al. 

1996). This increase is due to calcium release from intracellular calcium stores 

because it was also obtained in the absence of extracellular calcium. Thimerosal (200 

µM) also induced calcium oscillation in porcine oocytes. The oscillation began with a 

large calcium transient within 10 minutes, which was followed by some additional 

smaller spikes (DAY et al. 1999). In mouse oocytes, high concentration of thimerosal 

(200 µM) caused calcium oscillations, however, lower concentration (25 µM) did not 

cause calcium oscillation, but could sensitize an IP3-induced calcium release 
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(MEHLMANN and KLINE 1994). Similarly, in hamster oocytes, thimerosal (200 µM) 

caused calcium oscillations by a gradual increase of intracellular calcium concentration 

after 2 – 3 minutes (MIYAZAKI et al. 1992).  

2.2.2 Effect on spermatozoa 

Thimerosal is one of the most effective artificial activators that increase the intracellular 

free calcium concentration not only in oocytes but also in spermatozoa of many 

species. In mouse spermatozoa, thimerosal (100 µM) potently induced acrosomal 

exocytosis in the presence of extracellular calcium; the increase of thimerosal 

concentration from 100 to 250 µM did not affect either the extent or initial rate of 

exocytosis (HERRICK et al. 2005). Thimerosal activates the IP3R gated calcium 

channel, thereby triggering the release of calcium from intracellular stores resulting in 

acrosome reaction in mouse spermatozoa (HERRICK et al. 2005). This study also 

indicated that thimerosal was not effective in the absence of extracellular calcium. 

Taken together extracellular calcium is required to mobilize acrosomal calcium via the 

IP3R pathway (HERRICK et al. 2005).  

The increase of intracellular calcium levels is associated with mouse sperm 

hyperactivated motility (YANAGIMACHI 1994). Thimerosal has also an influence on 

the kinematic parameters. In bovine spermatozoa, the addition of 20 to 100 µM 

thimerosal in TALP medium induced 70% to 85% of hyperactivated motility in both 

capacitated and non-capacitated spermatozoa (HO and SUAREZ 2001b). Thimerosal 

stimulates the release of Ca2+ from internal stores and increases hyperactivated 

motility of mouse frozen-thawed spermatozoa. In addition, 50 µM thimerosal increased 

the curvilinear velocity (VCL) and amplitude of lateral head displacement (ALH) of 

frozen-thawed sperm similar to values in fresh spermatozoa (WANG et al. 2011). 

Similarly, 50 µM thimerosal induced hyperactivated motility (90-100 % of spermatozoa) 

and increased intracellular calcium content in wild-type mouse spermatozoa 

(MARQUEZ et al. 2007). In human spermatozoa, treatment with 5 µM thimerosal 

increased intracellular calcium levels from the mobilization of intracellular calcium 

stores and induced strong, sustained hyperactivated motility (ALASMARI et al. 2013). 

Interestingly, in boar spermatozoa, thimerosal (25 µM) immediately induced 

hyperactivated motility in 30 % of the spermatozoa, however, within 30 minutes of 

incubation with thimerosal, the percentage of motility decreased gradually and 

hyperactivation was abolished (OTSUKA and HARAYAMA 2017). 

https://pubchem.ncbi.nlm.nih.gov/compound/calcium
https://pubchem.ncbi.nlm.nih.gov/compound/calcium
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3. Aim of the study 

The aim of the project was firstly, to investigate the expression and localization of 1,4,5-

trisphosphate receptors (IP3R) and ryanodine receptors (RR) in boar spermatozoa.  

Secondly, the functionality of IP3R and RyR-gated channel for calcium release 

dynamics in viable boar spermatozoa was tested using a pharmacological approach.  

The third aim was to investigate whether chilling of boar spermatozoa and subsequent 

storage alters the dynamics of modulator-induced calcium release from intracellular 

stores through IP3R-gated and RyR-gated channels. 

Overall, knowledge on physiology and pathophysiology of calcium regulation in 

spermatozoa may provide new starting points for improved semen preservation 

strategies in assisted reproductive techniques. 
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1. Abstract 

The controlled release of calcium from intracellular stores in spermatozoa plays a pivotal role 

in regulating the acrosome reaction and hyperactivation prior to fertilization. The role of inositol 

1,4,5-trisphosphate receptors (IP3R) in these processes is well-documented, but a contribution 

by ryanodine receptors (RyR) remains controversial. The aim of this study was to investigate 

the expression, localization, and contribution of both receptor types to a calcium release from 

intracellular stores in boar spermatozoa. We identified the expression of both receptors by 

Western blot. By immunofluorescence analysis the receptors were found to be differentially 

distributed in the acrosome and only colocalized in the apical acrosomal area. Calcium influx 

was monitored in viable, Fluo-4 loaded spermatozoa by continuous flow cytometry assessment. 

Thimerosal, an IP3R and RyR sensitizer, induced in calcium-free conditions a calcium release 

from intracellular stores in a dose-dependent fashion. Specific blocking of either IP3R with 2-

aminoethoxydiphenyl borate, or RyR with ruthenium red was used to dissect the contribution 

of each receptor type to the calcium release. The presence of extracellular calcium elevated the 

baseline levels for free intracellular calcium in viable cells, which dampened the capacity of 

IP3R- and RyR-mediated calcium release. Indirect evidence suggested that calcium influx from 

the extracellular medium through transient receptor potential channels in the plasma membrane 

triggered a calcium-induced calcium release through IP3R and/or RyR. In conclusion, IP3R- and 

RyR-gated calcium channels have a high capacity to modulate the free intracellular calcium 

concentration in viable boar spermatozoa and appear to be functionally coupled to transient 

receptor potential channels. 

2. Introduction 

Calcium has been identified as a key component in a range of physiological processes in 

spermatozoa that are essential for fertilization [1]. It serves as a second messenger during 

capacitation, in the control of hyperactivated motility, and the acrosome reaction [2-4]. The 
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free intracellular calcium concentration is tightly regulated in spermatozoa to about 100 nM [1, 

5]. The controlled release of calcium from intracellular stores to generate spatiotemporal 

calcium spikes in the cytosol takes place through 1,4,5-trisphosphate receptors (IP3R) and 

ryanodine receptors (RyR) which act as calcium-release channels predominantly in intracellular 

organelles [6]. IP3Rs have been identified and localized in the spermatozoa in a range of species 

[7-9] and been implicated to be functionally involved in the acrosome reaction and initiation of 

hyperactivation [10, 11]. The situation for RyR is more controversial. Although RyRs were 

identified by mass spectrometry in bovine spermatozoa [12], they were not detected by indirect 

immunofluorescence [11]. In contrast, RyR type 3 were expressed and localized in human and 

mouse spermatozoa [13-15]. In porcine spermatozoa, the presence of RyR has been predicted 

by proteomic screening [16], but evidence for their functionality and distinct localization in the 

cell is lacking. Therefore, the aim of this study was to investigate the expression and localization 

of 1,4,5-trisphosphate receptors (IP3R) and ryanodine receptors (RyR) in boar spermatozoa and 

the contribution of each channel type to the calcium release dynamics from intracellular stores. 

3. Materials and Methods 

Chemicals and reagents 

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (Steinheim, 

Germany), Merck (Darmstadt, Germany), and Roth (Karlsruhe, Germany). Propidium iodide 

(PI) and Hoechst 33342 were purchased from Axxora (Lörrach, Germany). Fluo-4/AM was 

obtained from Invitrogen (Thermo Fisher Scientific, Rockford, USA). The chemicals were of 

analytical grade and the purity was ≥ 95 %. 

Semen samples 

Semen was collected from mature, healthy boars held at the facilities of the Unit for 

Reproductive Medicine at the University of Veterinary Medicine Hannover, Germany. Boars 
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were kept and handled according to the European Commission directive for pig welfare, and 

were approved by the institutional animal welfare committee of the University of Veterinary 

Medicine Hannover. Ejaculates were collected by the gloved hand method and immediately 

transferred to the laboratory. Only ejaculates with a minimum of 70 % motile and 75 % 

morphologically normal spermatozoa were used. The raw semen was diluted to 2 x 107 

spermatozoa/mL with Beltsville Thawing Solution (BTS; [17]). For flow cytometry, samples 

were diluted in an ethylenediamine tetraacetic acid (EDTA)-free BTS extender supplemented 

with 3 mg/mL bovine serum albumin (BSA; Cohn's Fraction V, Sigma-Aldrich) to avoid 

interference with the intracellular calcium levels. The diluted semen samples were kept at room 

temperature (RT) for 90 to 120 minutes, after which they were processed for further analysis. 

Protein extraction and quantification  

Two 50 mL aliquots of diluted semen from the same boar were centrifuged at 1000 g for 10 

minutes at RT. The supernatants were removed and the pellets subsequently resuspended in 30 

mL Tris-buffered saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.6) and centrifuged again to 

remove traces of the semen extender. The resulting pellets were resuspended in 1 mL of TBS 

and combined. After assessing the sperm concentration with a hemocytometer chamber, a total 

of 1x109 spermatozoa were spun down in a fresh tube (1000 g; 10 min; RT) and resuspended 

in 1 mL lysis buffer (50 mM Tris, 300 mM NaCl, 1 % Na-deoxycholate, 2 % NP-40, 0.2 % 

sodium dodecyl sulphate (SDS)) supplemented with protease inhibitors (Halt protease and 

phosphatase inhibitor cocktail; 78440; Thermo Fisher Scientific). The samples were agitated at 

4°C for 45 min with a tube rotator and subsequently centrifuged at 17,000 g for 15 minutes at 

4°C to remove the insolubilized debris. The protein concentration of the supernatant was 

determined using the Bradford method (Quick Start Bradford Protein Assay; BioRad, Munich, 

Germany). 
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Polyacrylamide gel electrophoresis with sodium dodecyl sulphate (SDS–PAGE) and 

Western blot 

For SDS–PAGE separation, 100 µg total protein from each boar semen samples (n = 3 boars) 

or 40 µg total protein of porcine oviduct tissue (positive control) were mixed with Laemmli 

buffer (2 % SDS, 10 % glycerol, 50 mM Tris HCl, 0.01 % bromophenol blue, pH 6.8) plus 50 

mM final concentration of dithiothreitol, heated at 95 °C for 5 min and separated on a 4 % 

polyacrylamide gel. Then, the protein bands were transferred onto polyvinylidene fluoride 

membranes (PVDF; Roth) at 250 mA for 2.5 hours in a wet-blot chamber. The membrane was 

blocked in TBS containing 5 % (w/v) low-fat milk and 0.1 % Tween-20 (Sigma Aldrich) at RT 

for 1 hour. Thereafter, the membranes were incubated either with a monoclonal anti-IP3R 

antibody (1:200 dilution; sc-377518; Santa Cruz Biotechnology, Dallas, USA) or a monoclonal 

anti-RyR antibody (1:200 dilution; sc-376507; Santa Cruz Biotechnology) in TBS solution with 

0.1 % Tween-20 and 5 % low-fat milk overnight at 4 °C. After washing the membranes three 

times each for 10 min in TBS with 0.1 % Tween-20, they were incubated with a secondary anti-

mouse horse-radish peroxidase-conjugated antibody (1:10,000 dilution; 31430; Thermo Fisher 

Scientific) in TBS with 0.1 % Tween-20 for 1 hour at RT. After three times washing in TBS 

with 0.1 % Tween-20 for 30 minutes, protein bands were visualized by chemiluminescence 

(SuperSignal West Femto Maximum Sensitivity Substrate; Thermo Fisher Scientific) and 

recorded by the ChemiDoc XRS System (BioRad).  

Negative controls were obtained by replacing the anti-IP3R antibody with an IgG 2b isotype 

control (MA5-14447; Thermo Fisher Scientific) and the anti-RyR antibody with an IgG 1 

isotype control (02-6100; Thermo Fisher Scientific). All Western blot procedures were repeated 

three times. 
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Immunofluorescent staining 

Diluted semen (5 mL) was fixed with 4 % formaldehyde solution in phosphate-buffered saline 

(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) at RT for 15 minutes, 

recovered by centrifugation (2000 g for 10 min) and resuspended in PBS. After blocking and 

permeabilization in blocking solution (PBS with 5 % (w/v) BSA and 1 % (v/v) Tween-20) for 

30 minutes, the cells were washed two times with PBS and recovered by centrifugation (1000 g, 

5 minutes) and then incubated with the respective anti-IP3R or anti-RyR antibody (both 1:50 in 

blocking solution) at 4 °C overnight. Spermatozoa were washed two times with PBS and 

subsequently incubated in blocking solution with Alexa Fluor 488-conjugated goat anti-mouse 

IgG (1:100 dilution; A28175; Thermo Fisher Scientific) and Hoechst 33342 (final concentration 

3 µg/mL) for two hours at RT in the dark. Finally, the cells were washed two times with PBS, 

mixed with equal volumes of ProLongTM Gold antifade mountant (P10144; Thermo Fisher 

Scientific) dropped onto a microscope slide and covered by a coverslip. In negative control 

samples, the primary antibody was omitted from the protocol. Samples were imaged with an 

epifluorescence microscope (BX41T, Olympus, Hamburg, Germany) with a mercury lamp (100 

Watt) as an excitation source, a 100x objective (Plan NEOFLUAR 100x/1.30 oil immersion) 

and on a DP72 camera (Olympus) controlled by cellSens Dimension software (Olympus). 

Individual filter sets were used to detect fluorescent signals for Hoechst 33342 (excitation 

AR350/50 nm, emission ET460/50 nm) and Alexa Fluor 488-conjugated secondary antibodies 

(excitation 460–490 nm, emission BA520IF). 

Flow cytometry 

Diluted semen was loaded with the calcium-sensitive probe Fluo-4/AM (final concentration 

2 µM) for 30 minutes at room temperature. Extracellular Fluo-4/AM and semen extender were 

removed by density gradient centrifugation with a 35 %/70 % Percoll gradient [18]. The sperm 

pellet was resuspended in EDTA-free BTS at 20 x 106 spermatozoa/mL. 
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The impact of the extracellular calcium concentration was demonstrated by incubating the Fluo-

4 loaded spermatozoa for five minutes in pre-warmed (38 °C) variants of a HBS solution 

(137 mM NaCl, 20 mM HEPES, 10 mM glucose, 2.5 mM KOH, 1 mg/mL BSA, pH 

7.40 ± 0.05, 300 ± 5 mOsmol/kg) which contained either 2 mM CaCl2, no addition of calcium 

salts or contained 1 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

(EGTA), i.e. was calcium-free. All medium variants contained propidium iodide (final 

concentration 2 µg/mL) to distinguish between viable and non-viable spermatozoa. Samples 

were recorded for 30 seconds and the average fluorescence intensity for Fluo-4 in viable cells 

was calculated for this period.  

Next, the impact of thimerosal, a sensitizer for the opening of IP3R and RyR-gated calcium 

channels on intracellular calcium levels was evaluated. A dilution series was performed to 

define a concentration that does not interfere with the viability of the spermatozoa but exerts a 

pronounced increase in intracellular calcium levels. Fluo-4-loaded samples were pre-incubated 

for 5 minutes in pre-warmed HBS solution at 38 °C. Then, thimerosal was added at final 

concentrations of 6 µM, 12.5 µM, 25 µM, 50 µM, 100 µM, and 200 µM. The samples were 

briefly vortexed and immediately put on the flow cytometer for a continuous assessment over 

360 seconds. The delay between the thimerosal addition and data acquisition was ten seconds. 

Control samples were treated with equivalent volumes of dimethyl sulfoxide (DMSO), the 

solvent for thimerosal. 

One thimerosal concentration was selected and experiments repeated with EGTA-containing, 

i.e. calcium-free HBS medium to confirm that changes in intracellular calcium levels are indeed 

due to a release of calcium from intracellular stores. In addition, the impact of the intracellular 

calcium levels on the signal amplitude was evaluated by comparing the responses in calcium-

free HBS and HBS with 2 mM Ca2+.  
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In order to distinguish whether the release of calcium from intracellular stores is predominantly 

mediated by either IP3R-gated channels or RyR-gated channels, spermatozoa were pre-

incubated for 5 minutes at 38 °C with either 10 µM of the IP3R-inhibitor 2-

aminoethoxydiphenyl borate (2-APB), 5 µM of the RyR-inhibitor ruthenium red (RR), or both 

inhibitors before thimerosal was added. The concentrations for 2-APB and RR were based on 

a dilution series, which determined the maximum concentration that did not result in changes 

in intracellular calcium concentration and could thus be used without side effects. The tested 

concentrations were 5 µM, 10 µM and 50 µM for 2-APB and 5 µM, 10 µM, 20 µM and 40 µM 

for RR. The solvent for 2-APB was DMSO, and aqua dest. for RR. Experiments were carried 

out in calcium-free HBS, and HBS with 2 mM Ca2+.  

All samples were analyzed on a DAKO "Galaxy" flow cytometer (DAKO, Hamburg, Germany) 

controlled by "FloMax®" software (version 2.4, Partec, Münster, Germany). The machine was 

equipped with an argon ion laser (488 nm, 20 mW). Emission filters were FL-1 (537.5/22.5 

nm) for green and FL-3 (630 nm LP) for red fluorescent light. A HEPES-buffered saline 

solution (HBS; 137 mM NaCl, 20 mM HEPES, 10 mM glucose, 2.5 mM KOH, 1 mg/ml BSA, 

pH 7.40 ± 0.05, 300 ± 5 mOsmol/kg) was used as sheath buffer. Sample temperature was kept 

stable during measurements by immersion of the sample tube in a beaker with 38 °C warm 

water. The sperm population was identified by characteristic forward and side scatter 

distribution patterns. The average fluorescence intensity for Fluo-4 in live, i.e. PI negative, cells 

was determined for each second of the assessment. The percentage of PI-negative spermatozoa 

was on average higher than 80 % throughout all assessments (Supplemental Tables 2 to 5). 

When applicable, relative changes in free intracellular calcium levels in viable spermatozoa 

were calculated by dividing at each second of the analysis the average fluorescence intensity 

for Fluo-4 in the treated samples (F1) by the fluorescence intensity from the corresponding 

control, i.e. solvent treated, samples (F0). 



Manuscript 1 
 
 

29 
 

Statistical analyses 

Statistical analyses were performed using the SAS Enterprise Guide (version 7.1; SAS Inst. 

Inc.; Cary, North Carolina, USA). Data from all assessments are presented as the mean and SD 

(standard deviation). Data were tested for normal distribution with PROC UNIVARIATE 

through the Shapiro-Wilk test. Intracellular calcium concentrations for sperm in different media 

were compared by Student’s t-test for paired observations (PROC UNIVARIATE). Regression 

curves for changes in intracellular calcium levels were modeled by linear and non-linear 

regressions (PROC REG and PROC NLIN). The level of significance was set at p < 0.05. 

4. Results   

Localization and expression of the inositol trisphosphate receptor  

Indirect immunofluorescence detected the IP3R in the base of the sperm head and in the neck 

region. A dotted signal with slightly lower intensity was present in the apical ridge of the 

acrosomal area (Figure 1A). All spermatozoa from each of the three boars showed the same 

staining pattern. The negative control did not show any signal (Supplemental Figure 1). The 

IP3R in porcine spermatozoa and oviduct tissue was identified as a band with a molecular 

weight of more than 250 kDa (Figure 1B). The corresponding negative control blot did not 

show any band (Figure 1C).  

Localization and expression of ryanodine receptor  

Fluorescence microscopy revealed strong positive staining for the RyR predominantly in the 

proximal part of the mid-piece and an irregular dotted staining in the acrosomal area of the 

sperm head (Figure 2A). The staining pattern was identical for all spermatozoa (n = 3 boars). 

The negative control did not show any signal (Supplemental Figure 2).  

The molecular size for the RyR subunits in muscle and testicular tissue is about 560 kDa [19-

21] which is, in general, in agreement with a relative broad main band of more than 250 kDa 
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weight for boar spermatozoa. Two additional weak bands in a size range between 130 and 250 

kDa and one other at about 100 kDa were visible. The negative control blot with IgG1 did not 

show any band (Figure 2C). 

Impact of extracellular calcium on free intracellular calcium concentrations 

The presence of 2 mM extracellular Ca2+ resulted in elevated fluorescence intensity for Fluo-4 

in live spermatozoa (Supplemental Figure 3). The intracellular calcium levels in a medium with 

2 mM Ca2+ were 1.27 ± 0.05 times higher than in a medium without added calcium salts and 

1.33 ± 0.03 higher than in an EGTA-containing, i.e. virtually calcium-free, medium (p < 0.05; 

n = 3 boars). There was no difference in intracellular calcium levels for viable spermatozoa in 

the medium without added Ca2+ and the medium with EGTA (p > 0.05). 

Impact of thimerosal on free intracellular calcium levels 

Addition of thimerosal to boar spermatozoa induced a rapid rise in the intracellular calcium 

concentration in viable cells (Figure 3A). Changes in intracellular calcium were absent when 

only the solvent (DMSO) was added (Figure 3A). While concentrations from 6 µM to 25 µM 

resulted in linear increases in intracellular calcium levels (Figure 3B), 50 µM to 200 µM 

provoked a logarithmic increase (Figure 3B). A concentration of 200 µM thimerosal resulted 

in a 1.27 ± 0.07 fold elevated intracellular calcium concentration already at the start of the 

recording which was significantly higher as for the concentrations of 50 µM (1.11 ± 0.10 fold) 

and 100 µM (1.14 ± 0.13 fold) and was therefore discarded for further experimentation 

(p < 0.05). A concentration of 100 µM thimerosal was chosen for further experimentation 

because it regularly allowed to have a lag phase in the first ten seconds of the recording before 

the logarithmic rise in intracellular calcium levels and at the same time a maximized response 

(Figure 3A).  
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Pharmacological evidence for a functional role of IP3R- and RyR-gated calcium channels 

in calcium release from intracellular calcium stores  

The rise in free intracellular calcium levels in an EGTA-containing medium upon addition of 

100 µM thimerosal provides evidence that thimerosal-sensitive channels at intracellular 

calcium stores are actively involved in calcium homeostasis in viable boar spermatozoa 

(Figure 4 A-C). The higher intracellular resting levels for free calcium in the presence of 

extracellular calcium resulted in attenuated response dynamics at the time of thimerosal 

addition (Figure 4 A-C; Supplemental Figure 4). Slower increases in intracellular calcium levels 

were indicated by a threefold lower slope in the logarithmic regression curves for the 

fluorescence intensity of Fluo-4 in the pooled dataset (Supplemental Figure 4: 2 mM Ca2+: 

y = 0.2711ln(x) + 0.8031 R² = 0.89; EGTA: y = 0.0893ln(x) + 0.9079 R² = 0.84). Maximum 

free intracellular calcium levels in EGTA-containing medium varied considerably between 

boars, but never exceeded the free intracellular calcium levels that were recorded in the 

presence of 2 mM extracellular calcium (Figure 4 A-C). Noteworthy, the increase in 

intracellular calcium levels appeared to be bi-phasic for samples from all three boars. A first 

plateau value was reached within 60 to 90 seconds after the start of the assessment (70 to 100 

seconds after thimerosal addition) and after approximately 160 to 170 seconds (170 to 180 

seconds after thimerosal addition) a second, lower logarithmic rise was visible in the individual 

response profiles (Figure 4 A-C). Due to slight delays in the response, profiles for the individual 

samples such subtle changes were not visible in the pooled dataset (Supplemental Figure 4) 

Selective blocking of either IP3R or RyR-gated calcium channels 

A dose-response curve showed that neither any 2-APB nor any RR concentration modulated 

the intracellular calcium concentration in EGTA-containing, i.e. calcium-free medium (Figure 

5A and 5C). In the presence of 2 mM extracellular calcium, addition of 50 µM 2-APB resulted 

in a tri-phasic increase in the free intracellular calcium concentration (Figure 5B). Immediately 
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after addition of 2-ABP, a logarithmic increase occurred which was followed after 90 seconds 

by a second phase. Between 240 to 270 seconds of the assessment, intracellular calcium levels 

started to rise again.  

To a lesser extent, 10 µM and 20 µM RR resulted in elevated intracellular calcium levels. 

Higher concentrations of RR (40 µM) induced a reduction of the free intracellular calcium 

levels by 10%, which was compensated for in the first 60 seconds of the assessment (Figure 

5D). Consequently, concentrations of 10 µM 2-APB and 5 µM RR were chosen for further 

experimentation because they showed no impact on the basic free intracellular calcium 

concentration in calcium-free medium or medium with 2 mM extracellular calcium (Figure 5; 

Figure 6). 

2-APB (10 µM) or RR (5 µM) alone were not able to block or modulate the thimerosal-induced 

increase in free intracellular calcium concentrations in live boar spermatozoa in a calcium-free 

medium (Figure 6A). The combination of 2-APB and RR had no effect either (Figure 6A). In 

presence of extracellular calcium, RR did not modulate the thimerosal-induced increase in 

intracellular calcium levels (Figure 6C), while 2-APB led to a steeper increase in the 

intracellular calcium concentration starting between 30 and 60 seconds after the start of the 

assessment (40 to 70 seconds after addition of thimerosal; Figure 6B). The combination of 10 

µM 2-APB and 5 µM RR reduced the thimerosal-induced increase in the free intracellular 

calcium concentration (Figure 6D). A prolonged pre-incubation with 2-APB, RR, or both 

inhibitors for 15 minutes at 38°C provided similar results (data not shown). 

5. Discussion 

The present study demonstrates the presence and functional activity of IP3R and RyR-gated 

calcium channels in boar spermatozoa, and their impact on regulating free intracellular calcium 

levels.  



Manuscript 1 
 
 

33 
 

We provide first evidence that RyRs are expressed in mature boar spermatozoa thus confirming 

the predicted presence of one or more RyR types in porcine spermatozoa by proteomic 

screening [16]. Although RyR was identified by mass spectrometry in bovine spermatozoa [12], 

they were not detected by indirect immunofluorescence [11] but RyR type 3 was localized in 

human [13] and mouse spermatozoa [14, 15]. In analogy to human sperm, we found the most 

intense staining in the proximal part of the midpiece additionally to immunolabelling in the 

acrosomal region. This indicates that this receptor is not only present in the acrosomal area of 

the sperm head but also at the mitochondria level. In somatic cells, mitochondrial RyR (mRyR) 

tone down high local cytoplasmic calcium concentrations in the cytoplasm by influx of calcium 

into the mitochondria [22]. The observations that ruthenium red, a RyR (and transient receptor 

potential vanilloid (TRPV)) antagonist, efficiently inhibits a calcium uptake in the mitochondria 

from ram spermatozoa [23] and that ryanodine, the ligand of RyR, converts irregular 

progesterone-induced oscillations of intracellular calcium into regular patterns in human 

spermatozoa [13] suggests that mRyRs are actively involved in the regulation of intracellular 

calcium levels.  

In this study, Western blot and indirect immunofluorescence have revealed that both RyR and 

IP3R are expressed in boar spermatozoa. In spermatozoa of rat, hamster, mouse, and dog, IP3Rs 

have been described as 260 kDa molecules [9] which is comparable to our result of detecting 

the IP3R in boar spermatozoa as a protein of > 250 kDa size. The gross location of the IP3Rs in 

boar spermatozoa from our study shows a high similarity with human spermatozoa [8]. 

However, the specific location of the IP3R type1 in boar spermatozoa with staining in the 

acrosome and the connecting piece as shown previously [7] is more comparable to bull 

spermatozoa [24]. The monoclonal antibody in our study was raised against the C-terminal 

region of the human IP3R type 2 that shares high sequence homology with all three porcine 

IP3R receptor types. Therefore, we speculate that the additional staining in the postacrosomal 
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area for IP3R in the boar spermatozoa observed in the present study corresponds to the 

localization of the IP3R type 3 in the postacrosomal area of human spermatozoa [8].  

The confined localization of IP3R in the apical part of the boar sperm head is similar to bull, 

dog, hamster and mouse spermatozoa [9, 11]. Electron microscopic images in rat und bull 

spermatozoa suggest a subcellular localization of this receptor in the outer acrosomal membrane 

[9, 24]. IP3-mediated calcium release triggers acrosomal exocytosis in rat sperm [9] and in 

human spermatozoa [25]. However, species-specific conditions may play a role in this process, 

because an induction of the acrosome reaction upon solely IP3R activation with thimerosal, an 

IP3R and RyR activator, could not be demonstrated in capacitated bovine spermatozoa [11] 

while this was the case for mouse spermatozoa, but only when extracellular calcium was present 

in the medium [10]. The role of IP3-gated calcium level in the involvement of acrosome reaction 

in boar spermatozoa remains to be shown.  

The IP3R signal that we detected in the connecting piece of mature boar spermatozoa is in line 

with reports that describe the presence of IP3R type 1 in the neck of boar [7, 26], bovine and 

human spermatozoa [24, 27]. The corresponding structures have been identified as the 

redundant nuclear envelope (RNE) and/or calreticulin-containing vesicular structures [24, 26, 

27]. Both structures serve as small calcium store at the base of the head, which is involved in 

the initiation of hyperactivated motility [11, 24]. Functional implication of calcium stores in the 

RNE in porcine spermatozoa was recently shown by thimerosal-induced hyperactivation 

independent of the presence of extracellular calcium [28]. Noteworthy, the redundant nuclear 

envelope in boar and bull spermatozoa and mouse spermatids stretches towards the first 

mitochondria of the proximal midpiece, which have a longitudinal orientation [11, 29-31]. In 

this region, the most intense staining for the RyR was observed in our samples and in human 

spermatozoa [13]. The close proximity of IP3R and RyR controlled calcium stores suggests a 

functional coupling of entities between the RNE and the mitochondria during calcium signaling 
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in the proximal part of the tail. IP3-induced calcium spikes from the RNE may sensitize the 

opening of RyR in the midpiece. 

Calcium release from intracellular stores was readily demonstrated in our study by a 

pronounced rise in intracellular calcium levels in a virtually calcium-free (EGTA containing) 

medium upon thimerosal application. Thus, IP3R and/or RyR are both functionally active in 

boar spermatozoa. Noteworthy, in none of our tested thimerosal concentrations, a reduction in 

free intracellular calcium levels for the whole measurement period was observed. Only at a 

concentration of 6 µM thimerosal, spermatozoa from all boars were able to stabilize the overall 

intracellular calcium concentration at baseline values for approximately 150 seconds. Already 

at 12.5 µM thimerosal addition, results began to vary considerably between animals. This may 

suggest that there is no closing of the IP3R and RyR-gated channels upon the release of a 

discrete amount of calcium which points to an all or nothing phenomenon. Moreover, the 

calcium indicator itself may bias the cellular system by scavenging released, free-intracellular 

calcium. The gross response of all viable cells in EGTA-containing, calcium-free medium, 

suggests that first, a moderate increase in intracellular calcium levels through only a few 

channels occurs which slowly adds up to a slight increase in free calcium concentration within 

the first 20 to 30 seconds of the assessment. The following steep rise in calcium release is likely 

to be the consequence of a calcium-induced calcium release (CICR) which results in an overall 

opening of the available IP3R and RyR channels [32]. This phenomenon can be best studied in 

single semen samples because averaging of data from several animals obscures the response 

patterns due to slight individual difference in the timing of calcium signaling.  

In an attempt to dissect to which extent the thimerosal-induced calcium increase depends on 

the IP3 or RyR-gated channel type, we pretreated boar spermatozoa with 2-APB, an allosteric 

inhibitor of IP3R [33] and ruthenium red, an inhibitor of RyR [34].  Apparently, neither inhibitor 

had an impact on the thimerosal-induced calcium release in the absence of extracellular calcium 
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reflecting a low specificity of these pharmacological agents to the targeted receptors. 

Interestingly, in the presence of extracellular calcium, pre-treatment with 2-APB gradually 

potentiated the increase in intracellular calcium levels starting approximately 40 to 60 seconds 

after thimerosal application. This time point coincides with reaching the first plateau phase after 

having added thimerosal only and approximately 100 seconds earlier than the second phase of 

a thimerosal-induced rise in intracellular calcium levels. Since 2-APB is also known to 

sensitize, and open TRPV channels [35, 36], we suggest that 2-APB advanced opening of the 

TRPV channels, and thus induced a concomitant calcium influx from the extracellular 

environment. This effect was abolished when RR which acts as a blocker of TRPV channels 

[36, 37] was added in the pre-incubation step. The functional role of TRPV channels in boar 

spermatozoa is further supported by the notion that a higher concentration (40 µM) of RR alone 

temporarily reduced the intracellular calcium levels in presence of extracellular calcium. In line 

with this, treatment with 50 µM 2-APB alone resulted in a tri-phasic rise in intracellular calcium 

levels only in conditions where extracellular calcium was present. While the first rise in 

intracellular calcium levels within 90 seconds may be attributed to solely an opening of TRPV1, 

the second and third rise suggests that the calcium influx triggers subsequently the sensitivity 

of IP3R and RyR culminating in a CICR from intracellular stores. Noteworthy, the pre-

incubation of spermatozoa with 2-APB and RR not only counteracted the effect of 2-APB, but 

even reduced the thimerosal-induced increase in free intracellular calcium levels. This points 

to a synergistic action of IP3R and RyR-gated calcium channels in the intracellular calcium 

stores of boar spermatozoa. The localization of both receptor types in the apical part of the 

acrosomal area suggests that IP3R and RyR form functional entities or cluster in the outer 

acrosomal membrane.  

In conclusion, we demonstrated the expression and localization of IP3R- and RyR-gated 

calcium channels in distinct regions of the boar spermatozoa and the functional capacity of the 
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channels to release calcium from intracellular stores. The calcium release dynamics are 

modulated by the extracellular calcium concentration and thus elevated intracellular levels. 

Indirect evidence for the involvement of TRPV channels in calcium influx from extracellular 

sources was obtained. The functional implication of the IP3R- and RyR-gated calcium channels 

in the hyperactivation and acrosome-reaction of boar spermatozoa warrants further 

investigation.  
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7. Tables and Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A) Indirect immunofluorescent staining of boar sperm with IP3R antibody. IP3R was 

detected in the base of the head, neck and in the apical ridge region of the sperm head. All 

spermatozoa showed the same staining pattern (n = 3 boars). B + C) Western blot of proteins 

from boar spermatozoa and porcine oviduct tissue probed with an anti-IP3R antibody (B) and 

the negative control with IgG 2b (C). A specific band for IP3R was detected with a molecular 

size of more than 250 kDa.  
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Figure 2. A) Indirect immunofluorescent staining against RyR revealed a bright signal in the 

mid-piece and an irregular dotted signal pattern in the acrosomal area which faded fast. All 

spermatozoa had the same staining pattern (n = 3 boars). B + C) representative Western blot of 

proteins from boar spermatozoa and porcine oviduct tissue probed with an anti-RyR antibody 

(B) and a negative control with IgG1 (C). A major band for the RyR was detected with a 

molecular size larger than 250 kDa in boar spermatozoa and oviduct tissue.  
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Figure 3. (A) Exemplary plot for the assessment of the intracellular calcium concentration with 

Fluo-4 after addition of 100 µM thimerosal or the solvent (DMSO). The time delay between 

thimerosal addition and signal acquisition is 10 seconds. (B) Concentrations from 6 µM to 25 

µM thimerosal resulted in a steady linear increase of the intracellular calcium concentration 

(mean values from n=3 boars). (C) concentration from 50 µM to 200 µM thimerosal resulted 

in a logarithmic increase in intracellular calcium concentration in live spermatozoa (mean 

values from n = 3 boars). 
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Figure 4. Data from individual boars for free intracellular calcium levels after thimerosal 

addition (solid lines, 100 µM final concentration) or DMSO (dashed lines) in medium either 

with 2 mM Ca2+ (grey lines) or calcium-free medium (black lines). Red dashed arrow indicates 

moment at which thimerosal or DMSO was added (10 seconds before the start of sample 

assessment)
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Figure 5. Relative changes in free intracellular calcium levels in viable boar spermatozoa upon 

addition of either 5 µM, 10 µM or 50 µM 2-APB (A, B) or 5 µM, 10 µM, 20 µM or 40 µM RR 

(C, D) in EGTA-containing, i.e. calcium-free, medium (A, C) or medium with 2 mM Ca2+ (B, 

D). The red solid line indicates the concentration that was chosen for further experimentation. 

The red arrow indicates the time at which the compound was added. All values are mean values 

for the relative fluorescence intensity (F1/F0) of the inhibitor-treated samples (F1) compared to 

the corresponding solvent-treated control (F0; n = 3 boars). 
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Figure 6. Selective blocking of IP3-receptor-gated and ryanodine receptor-gated channels. 

Spermatozoa were pre-incubated with 10 µM 2-APB or 5 µM RR in EGTA-containing, i.e. 

calcium-free, medium (A) or medium with 2 mM calcium (B, C, D) for 5 minutes at 38°C and 

subsequently thimerosal was added. (A) 2-APB and RR alone were not able to modulate the 

thimerosal-induced increase in free intracellular calcium concentrations in live boar 

spermatozoa in a calcium-free medium. The combination of 2-APB and RR had no effect either. 

In the presence of extracellular calcium, (B) 2-APB alone led to a steeper increase starting 90 

seconds after the start of the assessment. (C) RR alone had no effect, while in the presence of 

2-APB and RR the thimerosal-induced increase in intracellular calcium levels was reduced. The 

red solid line indicates in all samples changes for samples that received only thimerosal. The 

red arrow indicates the time at which 100 µM thimerosal was added to the samples. All lines 

are the mean for n = 3 boars. 
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Supplemental Data 

Supplemental Table 1. List of antibodies used in Western blotting and Immunofluorescence 

Antibody name Reference Company Species Type dilution 

IP3R-I/II/III sc-377518 
Santa Cruz 

Biotechnology 
mouse monoclonal 1:200 

RyR sc-376507 
Santa Cruz 

Biotechnology 
mouse monoclonal 1:200 

Goat anti-Mouse 

IgG (H+L), HRP 
31430 

Thermo Fisher 

Scientific 
mouse 

Secondary 

Antibody 
1:10,000 

Mouse IgG2b 
MA5-

14447 

Thermo Fisher 

Scientific 
mouse 

Isotype 

Control 
1:1,500 

Mouse IgG1 02-6100 
Thermo Fisher 

Scientific 
mouse 

Isotype 

Control 
1:1,500 

Goat anti-Mouse 

IgG (H+L), Alexa 

Fluor 488 conjugate 

A28175 
Thermo Fisher 

Scientific 
mouse 

Secondary 

Antibody 
1:100 

 

Supplemental Table 2. The percentage of viable (propidium iodide negative) cells in the first 

30 seconds and in the last 30 seconds of the assessment for samples treated with different 

concentrations of thimerosal or DMSO (n = 3 boars). Data are from samples in Figure 3. 

 Viability (%) 

Thimerosal 

concentration 

(µM) 

First 30 seconds Last 30 seconds 

DMSO  

(control) 
thimerosal 

DMSO 

(control) 
thimerosal 

6 90.4±2.6 91.3±3.0 87.8±3.7 88.8±3.1 

12.5  92.5±1.1 87.8±4.6 90.6±1.3 85.9±5.1 

25 90.1±1.6 90.8±4.0 87.5±3.0 89.5±4.7 

50 90.4±2.6 88.9±2.5 87.8±3.7 87.1±2.5 

100 89.3±1.5 89.0±3.5 86.3±1.5 88.1±3.9 

200 90.9±1.9 89.8±1.5 87.1±2.5 88.1±1.1 
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Supplemental Table 3. The percentage of viable (propidium iodide negative) cells in the first 

30 seconds and in the last 30 seconds of the assessment in a medium with either 2 mM Ca2+ or 

1 mM EGTA for samples treated with 100 µM thimerosal or DMSO (control; n =  3 boars). 

Data are from samples in Figure 4/Supplemental Figure 4. 

 Viability (%) 

Medium variant Treatment First 30 seconds Last 30 seconds 

EGTA 
DMSO (control) 90.1±0.4 85.7±0.9 

thimerosal 88.6±3.2 85.3±5.0 

2 mM Ca2+ 
DMSO (control) 90.4±0.6 85.9±1.7 

thimerosal 90.9±0.5 88.7±0.5 

 

 

Supplemental Table 4. The percentage of viable (propidium iodide negative) cells in the first 

30 seconds and in the last 30 seconds of the assessment in a medium with either 2 mM Ca2+ or 

1 mM EGTA for samples treated with different concentrations of the IP3R inhibitor 2-

aminoethyl diphenyl borate (2-APB), RyR inhibitor ruthenium red (RR) or the solvents (DMSO 

or Aqua dest.; n = 3 boars). Data are from samples in Figure 5. 

 Viability (%) 

 2 mM Ca2+ 1 mM EGTA 

Treatment First 30 seconds Last 30 seconds First 30 seconds Last 30 seconds 

DMSO (control) 90.5±1.0 85.6±2.9 89.2±0.7 83.5±2.2 

5µM 2APB 90.4±0.6 85.5±2.5 90.9±0.5 86.0±0.8 

10 µM 2APB 91.0±0.1 87.0±1.7 90.7±0.3 86.9±0.9 

50 µM 2APB 90.0±1.0 87.6±1.7 90.5±1.4 88.3±1.3 

     

Aqua dest. (control) 81.8±9.1 76.0±10.9 87.3±2.1 82.6±3.5 

5 µM RR 86.8±3.0 79.8±8.0 89.0±2.1 83.2±1.0 

10 µM RR 81.9±9.8 76.7±13.6 88.7±1.9 85.1±1.7 

20 µm RR 87.2±1.7 82.2±3.8 88.5±1.3 84.5±1.7 

40 µM RR 85.9±6.3 81.7±12.7 89.0±1.8 86.5±1.6 
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Supplemental Table 5. The percentage of viable (propidium iodide negative) cells in the first 

30 seconds, and in the last 30 seconds of the assessment in a medium with either 2 mM Ca2+ or 

1 mM EGTA  for samples treated with 100 µM thimerosal, 10 µM aminoethyl diphenyl borate 

(2-APB) or 5 µM ruthenium red (RR). In addition, samples were treated with thimerosal after 

5 minutes pre-incubation with either 10 µM 2-APB or 5 µM RR (n = 3 boars). Data are from 

samples in Figure 6. 

 Viability (%) 

Treatments 

2 mM Ca2+ 1 mM EGTA 

First 30 seconds Last 30 seconds First 30 seconds Last 30 seconds 

2-APB only 87.5±1.8 82.7±3.1 87.4±0.8 80.7±2.2 

RR only 89.0±1.8 84.4±2.4 88.3±2.3 82.4±3.3 

Thimerosal only 89.8±1.2 86.8±1.3 88.1±1.5 85.6±2.0 

     

RR + thimerosal 89.6±2.1 86.9±1.5 88.2±2.4 86.2±2.7 

2APB + thimerosal 89.5±0.9 86.1±1.3 88.2±2.1 84.6±2.2 
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Supplemental Figure 1. Negative control samples for immunofluorescent detection of IP3R in 

boar spermatozoa. The primary antibody was omitted from the staining protocol.  
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Supplemental Figure 2. Negative control samples for immunofluorescent detection of RyR in 

boar spermatozoa. The primary antibody was omitted from the staining protocol.  
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Supplemental Figure 3. Exemplary plot depicting stable fluorescence intensity for Fluo-4, i.e. 

free intracellular calcium levels, in viable boar spermatozoa during flow cytometric assessment 

for 30 seconds (A). Average signal intensity depended on the presence of extracellular calcium 

(B) Different small letters (a,b) indicate significant differences (n = 3 boars; p < 0.05) 

 

 

 

Supplemental Figure 4. The relative increase in free intracellular calcium levels in live boar 

spermatozoa after thimerosal addition in medium with either 2 mM Ca2+ (grey line) or EGTA-

containing, i.e. calcium-free, medium (black line). Values are means from n = 3 boars.  
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1. Abstract 

In mammalian spermatozoa, intracellular calcium is tightly regulated and plays a 

central role in fertility. Semen processing for assisted reproduction techniques may 

affect sperm function, possibly related to disturbed calcium homeostasis. The 

regulation depends on the influx of extracellular calcium through plasma membrane 

channels and the mobilization of calcium from internal stores. Inositol 1,4,5-

trisphosphate receptor (IP3R) and ryanodine receptor (RyR) gated channels are the 

main intracellular calcium channels responsible for releasing stored calcium in 

spermatozoa. The aim of this study was to investigate whether chilling of boar 

spermatozoa and long-term storage in the liquid stage affects the function of IP3R and 

ryanodine receptor (RyR) gated calcium channels. Semen was diluted in Beltsville 

Thawing Solution and stored at 5 °C or 17 °C up to five days. Fluo-4/AM-loaded 

aliquots of stored samples were incubated in bicarbonate– and Ca2+-free Tyrode’s 

medium at 38°C. After 3, 60 and 120 minutes, thimerosal, a sensitizer of IP3R and 

RyR, was added and subsequent changes in the free intracellular Ca2+ concentration 

were monitored in viable, acrosome intact spermatozoa using continuous flow 

cytometry measurements for 6 minutes. Spermatozoa stored at 17 °C had higher free 

intracellular calcium contents than those stored at 5 °C (p < 0.05). Thermic incubation 

led to increase of intracellular calcium with ongoing storage time in spermatozoa stored 

at 5 °C, but not when stored at 17 °C. Thimerosal induced a storage-time related 

increase in cytosolic calcium only at 3 minutes of incubation. After 60 and 120 minutes 

of thermic incubation, the thimerosal response was neither influenced by storage 

length nor by temperature. In conclusion, chilling and storage do not affect the 

functionality of IP3R- and RyR gated calcium channels in viable boar spermatozoa after 

rewarming.  

  

2. Introduction 

Calcium (Ca2+) has been identified as a key component for sperm function in several 

mammalian species (Hong et al., 1984). It serves as a crucial second messenger in 

physiological processes in mature spermatozoa, such as hyperactivation, chemotaxis, 

capacitation, and the acrosome reaction, which are all essential in route to successful 

fertilization (Baldi et al., 1996; Marín-Briggiler et al., 2003; Yeste et al., 2015). The 
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capability for intracellular calcium storage and release is a key element in changes of 

motility patterns and initiation of hyperactivated motility of sperm in the oviduct (Hong 

et al., 1984). 

In order to elicit the appropriate spatio-temporal oscillations in cytoplasmic calcium 

levels, free intracellular calcium levels are tightly regulated in spermatozoa. The 

regulatory machinery includes a variety of calcium transporters, e.g. Ca2+-ATPases, 

Na+- Ca2+ exchangers (Harper et al., 2005; Krasznai et al., 2006) and Ca2+ channels 

in the plasma membrane (Tamburrino et al., 2014; Vicente-Carrillo et al., 2017), 

calcium binding structures in the cytoplasm (calmodulin; (Gugssa, 2010; Naaby-

Hansen et al., 2010) and intracellular calcium stores in the acrosome, the redundant 

nuclear envelope and the mitochondria (Gugssa, 2010; Ho & Suarez, 2001; Walensky 

& Snyder, 1995). The calcium stores have a central role in the regulation of the 

intracellular calcium concentration and are operated mainly by sarcoplasmic-

endoplasmic reticulum ATPases, and channels for mobilization of stored calcium, such 

as inositol 1,4,5-trisphosphate receptor (IP3R) - and ryanodine receptor (RyR) - gated 

channels (Chiarella et al., 2004; Ho & Suarez, 2001; Walensky & Snyder, 1995).  

Semen handling for assisted reproduction techniques (ART), including centrifugation, 

freezing or cooling, and subsequent storage at suprazero temperatures, disturbs the 

intracellular calcium homeostasis, calcium signaling and ultimately sperm function 

(Kim et al., 2008; Schmid et al., 2013). These phenomena are mainly attributed to an 

increased leakiness for (calcium) ions at the plasma membrane level as a 

consequence of lipid phase transitions and phase separations processes with a 

concomitant reorganization of integrated and associated proteins (Schmid et al., 2013). 

In boar spermatozoa, chilling and storage-induced disturbance of calcium homeostasis 

results in a decreased response of viable sperm to the capacitation stimulus of 

bicarbonate (Henning et al., 2012; Schmid et al., 2013). To what extent a dysregulation 

of the intracellular calcium stores and in particular their receptor-gated calcium 

channels is contributing to this phenomenon is as yet not clear. This can be ideally 

studied in boar spermatozoa because they are highly sensitive to cold shock and 

therefore commonly stored at 15 to 17 °C for routine use in artificial insemination. 

Moreover, currently, novel concepts for hypothermic storage at 5 °C evolve to allow 

the reduction of antibiotic use in semen extenders (Waberski et al. 2019 under review). 

Expanding our knowledge about pathophysiological changes in calcium-dependent 
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sperm function may provide new starting points for improved semen preservation 

techniques.  

Recently, we described the presence and functional activity of IP3R-gated and RyR-

gated calcium channels in freshly ejaculated boar spermatozoa (Bui et al. 2019 

submitted). The aim of the current study was to investigate whether chilling of boar 

spermatozoa and subsequent storage alters the dynamics of modulator-induced 

calcium release from intracellular stores through IP3R-gated and RyR-gated channels. 

A kinematic flow cytometric single cell approach was used to study the intracellular 

calcium signaling pattern in the subpopulation of viable (plasma membrane intact) 

spermatozoa with intact acrosomes. 

3. Materials and methods 

Chemicals and reagents 

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (Steinheim, 

Germany), Merck (Darmstadt, Germany), and Roth (Karlsruhe, Germany). Propidium 

iodide (PI) and Hoechst 33342 were purchased from Axxora (Lörrach, Germany). Fluo-

4/AM and PNA-Alexa FluorTM 647 were obtained from Invitrogen (Thermo Fisher 

Scientific, Rockford, IL, USA). Thimerosal was obtained from Sigma-Aldrich 

(Steinheim, Germany). 

Semen collection and dilution 

Semen samples were collected from a total of six mature, clinically healthy boars 

(Pietrain, German Large White and crossbred animals) that were housed at the Unit 

for Reproductive Medicine, University of Veterinary Medicine Hannover, Hannover, 

Germany. Boars were kept and handled according to the European Commission 

directive for pig welfare and were approved by the institutional animal welfare 

committee of the University of Veterinary Medicine Hannover. Semen was collected 

using the “gloved hand” technique and filtered through gauze to remove the gel 

fraction. Immediately after collection, semen samples were transferred in insulated 

boxes to the laboratory. Sperm concentration and motility were assessed. Only 

normospermic ejaculates were used for the experiments i.e. ejaculates with ≥ 100 mL 

volume, ≥ 160 x 106 sperm/mL concentration, ≥ 70 % motile spermatozoa, ≤  25 % 

morphological abnormal sperm, and ≤ 15 % sperm with cytoplasmic droplets. 
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All semen samples were diluted to a concentration of 20 x 106 sperm/mL with a pre-

warmed (32 °C) Beltsville Thawing Solution (BTS: 176.61 mM glucose, 20.4 mM tri-

sodium citrate dihydrate, 15,47 mM NaHCO3, 10.73 mM KCl, 3.49 mM Na2-EDTA and 

260 µg/mL gentamycin sulfate (SERVA, Heidelberg, Germany); 300 ± 5 mOsmol/kg; 

pH 7.0 at room temperature). 

Diluted semen samples were kept at 22 °C for 120 minutes after which a subsample 

was analyzed and the remainder of the samples moved to a 17 °C storage unit. 

Samples designated for final storage at 5 °C were held for 120 min at 17 °C, before 

being transferred to a 5 °C storage unit. 

Diluted semen was analyzed for sperm motility, viability and acrosome integrity and 

changes of intracellular calcium levels upon stimulation with thimerosal two hours after 

dilution and after 1 day, 3 days and 5 days of storage at 17 °C or 5 °C. 

Assessment of sperm motility 

Diluted semen samples were incubated for 30 min at 38 °C in a water bath and 

assessed by computer-assisted sperm analysis (CASA) using AndroVision V 9.1 

(Minitube, Tiefenbach, Germany) as described in Henning et al. (2019). Five 

successive fields in the central axis of a chamber were recorded as a video (0.8 s, 60 

frames per sec) at 60 frames per second. AndroVision software considered 

spermatozoa to be motile when their amplitude of lateral head displacement (ALH) was 

higher than 1.0 µm and their curvilinear velocity (VCL) was greater than 24.0 µm/s. 

Spermatozoa were considered to be progressively motile when the radius was lower 

than 5.0° or exceeded 30.0°, the rotation was lower than 0.8, VCL was greater than 

55.0 µm/s and straight line velocity exceeded 10.0 µm/s. 

Sample incubation and flow cytometry 

Aliquots of diluted semen were incubated with 2 µM of the calcium-sensitive probe 

Fluo-4/AM and 0.375 μg/mL Hoechst 33342 for 30 minutes at room temperature. 

Subsequently, 10 µL stained spermatozoa were added to 1990 µL pre-warmed 

(38 °C), calcium-free Tyrode’s medium supplemented with Hoechst 33342 (final 

concentration: 0.6 µg/mL), PI (2 µg/mL) and PNA-Alexa Fluor™ 647 (3 µg/mL). The 

calcium-free Tyrode’s medium consisted of 112 mM NaCl, 3.1 mM KCl, 1 mM Na2-

EGTA, 0.4 mM MgSO4, 5 mM glucose, 0.3 mM KH2PO4, 20 mM HEPES, 21.6 mM 

sodium lactate, 1 mM sodium pyruvate, 3 mg/mL bovine serum albumin (BSA; Cohn’s 



Manuscript 2 
 
 

60 
 

Fraction V, fatty acid free, Sigma-Aldrich, Steinheim, Germany), 100 µg/mL 

gentamycin sulfate and 20 µg/mL phenol red with a final osmolality of 300 ± 5 

mOsmol/kg. The pH was adjusted to 7.4 at 38 °C using NaOH. Subsequently, samples 

were incubated in a metal heating block at 38 °C for 3 minutes, 60 minutes or 120 

minutes, respectively. After each incubation time, samples were assessed on a 

CytoFlex flow cytometer (Beckman Coulter, Brea, CA, USA) controlled by "CytoExpert" 

software (version 2.3, Beckman Coulter, Brea, CA, USA). Laser lines for excitation 

were at 405 nm (80 mW), 488 nm (50 mW) and 638 nm (50 mW), respectively. 

Emission filters for detection of blue fluorescence (450/45 nm; Hoechst 33342), green 

fluorescence (525/40 nm, Fluo-4), orange fluorescence (585/42 nm; propidium iodide) 

and red fluorescence (660/10 nm; PNA-Alexa FluorTM 647) were used. A silicon tubing 

(length: 12 cm, inner diameter: 0.3 mm; order no. 14164, Reichelt Chemietechnik, 

Heidelberg, Germany) was placed on the sample pick up probe and inserted into the 

sample tube. This setup made it possible to keep the sample tube in the metal heating 

block at 38 °C during the assessment and add compounds at designated time points. 

Samples were read at a flow rate of 100 to 200 events per second for a total period of 

six minutes. The first 30 seconds of the recording served to assess baseline values for 

the fluorescence intensity of Fluo-4 in viable, acrosome intact single spermatozoa 

before thimerosal at a final concentration of 25 µM, 50 µM or 100 µM was added to the 

sample. Control samples were run with the addition of the solvent only, i.e. distilled 

water. Data from the second 10 to second 30 of the baseline reading were used to 

assess the percentage of viable, acrosome intact spermatozoa as a basic measure of 

sperm quality. 

The gating strategy started by defining a logical gate for DNA containing events 

(Hoechst 33342 positive) with a forward scatter signal in the size range of single 

spermatozoa. By this, debris and agglutinated spermatozoa were excluded from the 

evaluation. Next, the population of viable spermatozoa with intact acrosomes (PI 

negative and PNA-Alexa FluorTM 647 negative) was defined. An overlap of emission 

spectra for PI and PNA-Alexa FluorTM 647 was corrected after the acquisition by 

mathematical compensation. Values for the Fluo-4 fluorescence intensity in viable, 

acrosome intact single spermatozoa were exported to an Excel file and the average 

free intracellular calcium concentration, i.e. Fluo-4 fluorescence intensity, for viable, 

acrosome intact, single spermatozoa calculated by Kaluza software (version 2.1, 
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Beckman Coulter, California, USA) for each second of the measurement. A 

representative flow cytometry plot for the changes in the free intracellular calcium 

concentration in viable, acrosome intact single spermatozoa upon addition of 

thimerosal and the corresponding graphs are given in Figure 1.  

In order to compare changes in dynamic rise of intracellular calcium levels between 

samples, 20 seconds intervals which represented the baseline calcium levels, i.e. the 

Fluo-4 fluorescence intensity from second 10 to 30, calcium levels at 1 minute (80 to 

100 seconds), 3 minutes (200 to 220 seconds), and 5 minutes (320 to 340 seconds), 

after addition of thimerosal were determined (Figure 1E). 

Statistical analysis 

Data were analyzed using a statistical package SAS Enterprise Guide for Windows 

(version 7.1, SAS Inst. Inc., Cary, North Carolina, USA). Data from all assessments 

are presented as mean+SD (standard deviation). Data were tested for normal 

distribution with Shapiro-Wilk test (PROC UNIVARIATE) and for equality of variances 

with Mauchly’s test for sphericity. One-way and two-way ANOVA for repeated 

measurements were performed to analyze the effect of storage time, and/or storage 

temperature, or thimerosal concentrations on changes in the intracellular calcium 

concentration at defined moments after thimerosal addition. The global test was 

followed by either two-sided Dunnett t-tests to identify after which time of storage the 

response differed from the response recorded in fresh diluted samples or by paired 

Student’s t-test to compare samples stored at 5 °C and 17 °C or samples exposed to 

different thimerosal concentrations. A probability value of p < 0.05 was considered as 

statistically significant. 

4. Results 

Motility parameters 

Total motility and progressive motility were significantly influenced by semen storage 

temperature (p < 0.05, Table 1). Total motility and progressive motility after 24 hours 

storage at 5 °C (65.3 % and 60.6 %, respectively) were significantly lower compared 

to samples at RT (88.4 % and 85.8 %; p < 0.05). Samples stored at 17 °C did not show 

a decline in motility. The storage time had no effect on sperm motility at either 

temperature (p > 0.05). 
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Most of the average motility descriptors for progressively motile spermatozoa were not 

influenced by storage time or temperature (Table 1). Only after five days of storage, 

VSL and consequently LIN were significantly lower for samples stored at 5 °C 

(p < 0.05). 

Viability and acrosome integrity 

The general impact of storage temperature and storage time was assessed on values 

after 3 minutes of incubation time. Storage time had no effect on the percentage viable, 

acrosome intact spermatozoa in samples stored at 17 °C (Figure 2A). A storage 

temperature of 5 °C reduced the viable, acrosome intact fraction within 24 hours of 

storage (p < 0.05) but prolonged storage time had no further effect (Figure 2B).  

The thermic stress at 38 °C led to a significant decline in the viable, acrosome intact 

sperm population for samples at all storage times and temperatures (p < 0.05; Figure 

2A and 2B).  

Impact of storage temperature and storage time on free intracellular calcium 

levels 

Changes in free intracellular calcium levels that are caused by storage temperature 

and storage time were evaluated from baseline values for the fluorescence intensity of 

Fluo-4 in control samples after 3 minutes incubation. The storage temperature had a 

significant effect (F(1, 5) = 31.240, p < 0.01) on the free intracellular calcium content 

in boar spermatozoa as well as storage time (F(2, 10) = 10.538, p < 0.01; Figure 3). 

Samples stored at 17 °C had consistently higher free intracellular calcium levels than 

samples stored at 5 °C (p < 0.05). The effects of storage temperature (F(1, 5) = 7.882, 

p < 0.05) and storage time (F(2, 10) = 4.221, p < 0.05) were weaker after incubation 

for 60 minutes 38 °C (Supplemental figure 1A) and absent after 120 minutes incubation 

(p > 0.05; Supplemental Figure 1B). 

Impact of thermic stress on free intracellular calcium levels 

Samples were challenged by thermic stress (38 °C) for up to 120 minutes. In fresh 

diluted samples (day 0), the incubation time had no significant effect on free 

intracellular calcium levels (Figure 4A). The same was observed for samples stored for 

one or three days at 17 °C (Figure 4A). A rise in free intracellular calcium levels upon 

incubation at 38 °C was only observed after 120 minutes incubation. 
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A trend for increasing intracellular calcium levels for samples stored at 5 °C was noted 

already after 1 day of storage (Figure 4B). After three or five days of storage, gradually 

increasing intracellular calcium levels during a subsequent incubation at 38 °C became 

obvious.  

Dose-response effect of IP3R and RyR sensitizer thimerosal on intracellular 

calcium concentration 

Addition of thimerosal to boar spermatozoa induced a rapid and dose-dependent rise 

in intracellular calcium concentration (Figure 5A). The intracellular Ca2+ did not change 

in the control samples (addition of aqua dest; Figure 5A). Changes in intracellular 

calcium levels are reported as relative changes with the baseline value serving as a 

reference point for each reading. Exemplary dose-response curves are depicted in 

Figure 4A. A concentration of 100 µM was chosen for further experimentation because 

it provided the most distinct changes at all evaluated times (1 minute, 3 minutes and 5 

minutes) after addition of the compound (Figure 5B). 

Effect of storage time and storage temperature on thimerosal-induced release of 

calcium from intracellular stores 

The response curves after 3 minutes incubation at 38 °C at the day of semen dilution 

served as a reference point for assessing changes with respect to semen storage time. 

For samples stored 17 °C, the relative change in intracellular Ca2+ level was altered 

(Figure 6) at 1 minute (F(3, 15) = 6.558, p < 0.01), 3 minutes (F(3, 15) = 14.025, 

p < 0.001), and 5 minutes (F(3, 15) = 10.315, p < 0.01), after the addition of thimerosal. 

The response curves were less steep as indicated by a lower factor at 1 minute after 

thimerosal addition and the relative increases in intracellular calcium levels were lower 

(c.f. values at 3 minutes and 5 minutes after the addition of thimerosal) at all storage 

times (Figure 6A; p < 0.05). Similarly, a significant effect of semen storage on the 

thimerosal-induced changes in free intracellular calcium levels was noted for samples 

stored at 5 °C at 1 minute (F(3, 15) = 5.328, p < 0.05), 3 minutes (F(3, 15) = 7.333, 

p < 0.01), and 5 minutes (F(3, 15) = 5.836, p < 0.01), after the addition of thimerosal 

(Figure 6D). A reduced steepness and lower relative amplitude in the increase in free 

intracellular calcium was noted for samples stored for 24 hours and 72 hours (Figure 

6D). After 120 hours storage at 5 °C, the initial (at 1 minute) rise in free intracellular 

calcium after thimerosal addition was not different to that at the day of semen collection 
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(p > 0.05), but the amplitude at 3 and 5 minutes after addition tended to be lower 

(Figure 6D). 

Incubation of stored semen for 60 minutes or 120 minutes at 38 °C resulted in a 

thimerosal-induced calcium release with similar relative changes as observed for 

samples at the day of semen collection (17 °C storage: Figure 6B and 6C; 5 °C 

storage: Figure 6E and 6F). 

Data plotted for the comparison of temperature effects are presented in Supplemental 

Figure 2. An effect of storage temperature on thimerosal-induced calcium release from 

intracellular stores was absent after 24 hours storage (p > 0.05). A significant effect of 

storage temperature was mainly noted after five days storage after 3 minutes pre-

incubation of the samples (F(1, 5) = 6.691, p < 0.05) and a similar trend was depicted 

after 60 minutes pre-incubation (F(1, 5) = 4.497, p = 0.087; Supplemental Figure 2). At 

both times samples stored at 5 °C tended to have a higher amplitude in the initial 

increase in intracellular calcium levels, i.e. at one minute after thimerosal addition. In 

addition, the maximum increase in intracellular calcium levels at three minutes and five 

minutes after addition of thimerosal tended to be higher.  

5. Discussion 

Understanding functional alterations in viable spermatozoa are essential for elucidating 

the impact of ART-related stressors on the sperm’s fertilizing capacity. The present 

study shows that chilling and storage has no pronounced effect on the kinematics of 

modulator-induced calcium release from intracellular stores through IP3R-gated and 

RyR-gated channels in boar spermatozoa.  

It is well established and confirmed in the present study that parts of the heterogenous 

sperm population sensitively react to moderate chilling injury with loss of motility and 

membrane integrity, especially when stored in a simple short-term semen extender as 

used here. Surviving sperm of a more resistant population may experience sublethal 

damage affecting essential steps of fertilization, many of them being tightly regulated 

by cytosolic calcium. The main objective of the present study was to investigate 

whether semen chilling and storage affect the function of intracellular calcium stores in 

viable boar spermatozoa through altered regulatory capability of IP3R-gated and RyR-

gated channels. IP3R and RyR represent the two principal intracellular calcium 

channels responsible for releasing stored calcium (Ho & Suarez, 2001). Mobilization 
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of in calcium from intracellular stores is a key event in capacitation, hyperactivation 

and acrosome reaction (Costello et al., 2009; Darszon et al., 2006). Recently, evidence 

was provided that, similar spermatozoa from human and some other mammalian 

species, boar spermatozoa express IP3R-gated and RyR-gated channels in the 

acrosomal area of the sperm head and additionally in the postacrosomal area and neck 

(IP3R) and the proximal part of the mid piece (RyR), respectively. It was also shown 

that they are dose-responsive to the sulfhydryl reagent thimerosal, an IP3R and RyR 

sensitizer (Bui et al. 2019, submitted).  

After ejaculation and before activation of spermatozoa in the female reproductive tract 

cytosolic calcium key levels in functionally intact spermatozoa are maintained on a low 

level (less than 100 nM; (Ho et al., 2002)). Increased cytosolic calcium concentrations 

in freshly ejaculated or stored semen sample are associated with membrane 

destabilization and premature stages of capacitation caused either by uptake of 

external calcium or release from internal stores (Bailey & Buhr, 1995; Green & Watson, 

2001). For examing alterations in the mobilization of internal calcium stores, in the 

present study, all steps of semen processing, i.e. dilution, chilling, storage, rewarming, 

were performed in a calcium-free environment. Initial baseline levels of free 

intracellular calcium were lower in viable, acrosome intact spermatozoa of chilled 

samples (5 °C) compared to spermatozoa in control fresh samples (D 0, RT) and 

samples stored at the conventional temperature (17 °C). In contrast, an earlier 

fluorometry study describes a significant increase in internal calcium immediately after 

chilling of boar spermatozoa in an essentially calcium-free PBS medium (without 

added calcium chelator) which then was reversed after incubation at 25 °C for 150 min 

(Bailey & Buhr, 1995). In the present study calcium concentrations exclusively were 

studied in a subpopulation of plasma membrane intact, uncapacitated spermatozoa 

without signs of acrosomal exocytosis. It can be suggested that the cell population 

surviving the chilling injury (here: around 50 %) possess a highly efficient regulatory 

system to maintain low cytosolic calcium concentration. Accordingly, a moderate 

temperature decrease to 17 °C seems to be less selective for spermatozoa with higher 

resistance to stress-induced disruption of internal calcium stores. This becomes 

evident from higher baseline levels of free intracellular calcium in spermatozoa from 

17 °C samples compared to fresh control samples (D 0, RT). Storage length seems to 

exert less stress to the calcium regulating system than cooling. Temperature and 
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storage effects on the intracellular calcium levels became less expressed with ongoing 

rewarming of the samples to body temperature. At the end of incubation (120 minutes), 

preceding storage temperature did no more influence cytosolic calcium levels 

indicating a high efficiency of internal calcium regulatory mechanism to restore calcium 

homeostasis. We suggest that warming reactivates ATP dependent calcium regulating 

units which activate calcium uptake into intracellular stores. Calcium transport from the 

cytosol into stores normally occurs against the electrochemical gradient and therefore 

requires energy. Typically, this is achieved by ATPase pumps such as the 

sarcoplasmic-ER calcium ATPase (SERCA) or secretory pathway calcium ATPases 

(SPCA). Additionally, calcium exchangers may be involved (Costello et al., 2009). In 

boar semen stored for three days at 5 and 17 °C, respectively, ATP content and energy 

charge were found to be highly correlated with sperm viability (Nguyen et al., 2016) 

suggesting that surviving cells maintain an efficient energy metabolism which allows to 

reconstitute their calcium regulation.  

Addition of thimerosal to the calcium-free, non-capacitating medium induced a dose-

dependent increase of internal calcium within seconds. To assess the thimerosal-

induced response of internal calcium stores in chilled/stored spermatozoa, 100 µM 

thimerosal was used for illustrating the relative change of cytosolic calcium although a 

lower concentration (25 µM) was also effective. Hyperactivated motility has been 

induced with different thimerosal concentrations: 20 - 100 µM (bovine: (Ho & Suarez, 

2001), 25 µM (boar: (Otsuka & Harayama, 2017), human: 5 µM (Alasmari et al., 2013) 

and with 50 µM (mouse: (Marquez et al., 2007; Wang et al., 2011). Kinematics of 

calcium release revealed a dose-dependent relative increase of internal calcium during 

five minutes after the addition of thimerosal. Storage reduced the sperm’s response to 

thimerosal regardless of the temperature. However, rewarming of the samples prior to 

challenging with thimerosal abolished the storage effect supporting the idea of active 

energy and/or ion flux dependent restore mechanism of intracellular calcium 

homeostasis. Noteworthy, hypothermic semen storage at 5 °C compared to 17 °C prior 

to rewarming did not affect the thimerosal-induced calcium mobilization from the 

internal stores. Likewise, the level of the response to thimerosal in 5 °C and 17 °C 

stored spermatozoa was on a similar level regardless of the duration of preincubation 

at 38 °C. Together these observations point to an efficient and robust activation 

mechanism of IP3 and Ry receptors thus enabling a well-controlled calcium release in 
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spermatozoa that have survived chilling stress. Whether chilling affects upstream 

components of the phosphoinositide signaling system leading to the generation of IP3 

or interferes with the formation or function of RyR activators was not subject of the 

present study. Since the activity of IP3R and RyR gated channels are modulated by 

several factors including calcium, magnesium, ATP and post-translational modification 

(Costello et al., 2009; Fill & Copello, 2002) altered mobilization of the internal calcium 

stores due to chilling-induced imbalances in these components cannot be ruled out. 

Studies in boars (Kim et al., 2008) and mice (Wang et al., 2011) indicate that 

cryopreservation affects the sperm’s response to modulators of internal calcium stores, 

even though the pathophysiological mechanisms remain to be elucidated.  

In conclusion, chilling and storage do not affect the functionality of IP3R- and RyR gated 

calcium channels in viable boar spermatozoa. Hence, presently evolving hypothermic 

preservation concepts for boar semen need not to be targeted IP3R and RyR-gated 

internal calcium stores. Instead, the equilibrium of intrinsic modulators of receptor 

activity should be maintained to avoid disruption of calcium homeostasis in 

hypothermically stressed semen. 
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7. Table and Figures 

Table 1.  Motility parameters for boar spermatozoa after chilling to room temperature (RT) and subsequent storage at 5 °C or 17 °C for 

up to 5 days. All data are mean and standard deviation (mean±SD). Different letters (a-b) within a row indicate significant differences (p 

< 0.05; n = 6 boars). VCL, curvilinear velocity; VSL, straight line velocity; VAP, average path velocity; ALH, amplitude of lateral head 

displacement; BCF, beat cross frequency; LIN, linearity (VSL/VCL). (*) Mean values for progressively motile spermatozoa. 

 Day 0 Day 1 Day 3 Day 5 

 
RT 17°C 5°C 17°C 5°C 17°C 5°C 

Total motility (%) 88.4±2.5a 88.2±2.8a 65.3±10.8b 87.1±2.5a 61.2±6.6b 84.6±3.3a 61.4±9.4b 

Progressive motility (%) 85.8±3.1a 84.2±3.7a 60.6±11.3b 83.4±2.8a 56.1±6.8b 80.1±3.0a 56.4±9.7b 

VCL* (µm/s) 135.8±24.9 128.4±23.1 123.6±22.3 131.7±23.1 146.3±26.0 129.4±24.6 157.2±30.5 

VSL* (µm/s) 71.9±8,8a 65.4±9.2ab 61.4±7.0ab 69.8±5.6ab 61.2±2.5ab 66.5±8.7ab 59.5±2.7b 

VAP* (µm/s) 78.3±11.0 71.7±10.6 69.6±8.3 76.5±7.1 74.8±5.0 73.2±10.5 77.4±6.1 

BCF* (Hz) 33.1±2.0 33.4±3.3 31.3±4.1 33.3±5.0 32.0±3.4 32.3±3.7 31.2±3.6 

ALH* (µm) 1.03±0.20 0.99±0.17 0.95±0.18 1.00±0.17 1.15±0.23 0.99±0.19 1.27±0.28 

LIN* (VSL/VCL) 0.54±0.06a 0.52±0.05ab 0.52±0.09ab 0.54±0.08a 0.43±0.09ab 0.52±0.06ab 0.39±0.10b 
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Figure 1. Representative flow cytometry plot for the changes in the free intracellular 

calcium concentration in viable, acrosome intact single spermatozoa upon addition of 

100 µM thimerosal or the solvent (aqua dest; control). Data were gated to restrict the 

analysis to single, viable and acrosome intact spermatozoa (Hoechst 33342 positive, 

PI negative and PNA-Alexa FluorTM 647 negative. The flow cytometry plot shows the 

change in fluorescence intensity for Fluo-4 based on the raw single sperm data during 

the assessment (A and B). The corresponding graph depicts the average change in 

fluorescence intensity for each second of the assessment (C and D). For systematic 

comparisons of response curves, fluorescence intensities over  20 seconds (10 to 30 

seconds) interval were averaged to represent baseline calcium values, and calcium 

levels at 1 minute (80 to 100 seconds), 3 minutes (200 to 220 seconds), and 5 minutes 

(320 to 340 seconds) after addition of thimerosal/aqua dest were determined (E). 
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Figure 2. Changes in the viable, acrosome intact sperm population in diluted semen 

stored for up to 5 days at 17 °C (A) or 5 °C (B) in semen extender (mean ± SD, n = 6 

boars). At each storage day, samples were incubated for 3 minutes, 60 minutes and 

120 minutes at 38 °C in a non-capacating, calcium-free Tyrode’s medium. Different 

letters (a-c) indicate significant differences between the incubation times at a given day 

of storage (p < 0.05). Asterisks indicate a significant difference between the day of 

collection (day 0, RT) and a given day of semen storage (p < 0.001).  
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Figure 3. Intracellular calcium levels in viable, acrosome intact spermatozoa of 

samples chilled to room temperature (RT) (day 0) and subsequently stored at 5 °C or 

17 °C for up to 5 days (mean ± SD, n = 6 boars). Baseline values of the average 

fluorescence intensity for Fluo-4, i.e. the free intracellular calcium level, after 3 minutes 

incubation at 38 °C in a non-capacating, calcium-free Tyrode’s medium have been 

plotted. Storage temperature (17 °C vs 5 °C) and storage time (day 1 vs day 3 vs day 

5) had a significant effect on the intracellular calcium levels (p < 0.05). Different small 

letters (a-c) indicate significant differences (p < 0.05). An asterisk indicates significant 

differences between a given storage time by temperature combination and the 

reference point, i.e. the sample at the day of dilution (Day 0; p < 0.05). 
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Figure 4. Change of intracellular calcium levels during incubation at 38 °C in viable, 

acrosome intact spermatozoa of samples chilled to room temperature (RT, day 0) and 

subsequently stored at 17 °C (A) or 5 °C (B) for up to 5 days (mean ± SD, n = 6 boars). 

Baseline values of the average fluorescence intensity for Fluo-4, i.e. the free 

intracellular calcium level, after 3 minutes, 60 minutes and 120 minutes incubation at 

38°C in a non-capacitating, calcium-free Tyrode’s medium have been plotted. 

Incubation time had a significant impact on intracellular calcium levels (p < 0.05). 

Different small letters (a-c) indicate significant differences within each day of storage 

(p < 0.05). At the day of dilution (day 0), intracellular calcium levels did not change 

(p > 0.05). 
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Figure 5 A) Exemplary plot illustrating the response of viable, acrosome intact 

spermatozoa to increasing concentrations of thimerosal or its solvent (aqua dest.; 

control). Fluorescence intensities were calculated for 20 seconds intervals directly 

before the addition of thimerosal (baseline), or 1 minute, 3 minutes or 5 minutes after 

the addition of thimerosal (shaded areas). B) Relative changes in fluorescence 

intensity after addition of the compound or the solvent were calculated in relation to the 

baseline values of each curve. Different small letters indicate significant differences 

between treatments at a given time point (p < 0.05; mean ± SD, n = 6 boars). 
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Figure 6. Changes in free intracellular calcium levels in viable, acrosome intact 

spermatozoa after 3 minutes (A, D), 60 minutes (B,E) and 120 minutes (C, F) 

incubation at 38 °C of samples chilled to room temperature (RT) and subsequently 

stored at 17 °C (A - C) or 5 °C (D - F) for up to five days (mean± SD, n = 6 boars). 

Changes in fluorescence intensity for Fluo-4 (F1) in relation to a reference point (F0), 

i.e. the baseline fluorescence intensity before the addition of thimerosal, have been 

calculated (relative intracellular calcium level = F1/F0). An asterisk indicates significant 

differences compared samples at the day of semen collection (day 0; p < 0.05). 
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Supplemental Figure 1. Intracellular calcium levels in viable, acrosome intact 

spermatozoa of samples chilled to room temperature (RT) (day 0) and subsequently 

stored at 5 °C or 17 °C for up to 5 days (mean ± SD, n = 6 boars). Baseline values of 

the average fluorescence intensity for Fluo-4, i.e. the free intracellular calcium level, 

after (A) 60 minutes or (B) 120 minutes incubation at 38 °C have been plotted. Storage 

temperature (17 °C vs 5 °C) and storage time (day 1 vs day 3 vs day 5) had a significant 

effect on the intracellular calcium levels (p < 0.05). Different small letters (a-c) indicate 

significant differences (p < 0.05). An asterisk indicates significant differences between 

a given storage time by temperature combination and the reference point, i.e. the 

sample at the day of dilution (Day 0; p < 0.05). 
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Supplemental Figure 2. Changes in free intracellular calcium levels in viable, 

acrosome intact spermatozoa after 3 minutes (A, D, G), 60 minutes (B, E, H) and 120 

minutes (C, F, I) incubation at 38 °C of samples chilled and subsequently stored at 

17 °C (A - C) or 5°C (D - F) for up to five days (mean ± SD, n = 6 boars). Changes in 
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fluorescence intensity for Fluo-4 (F1) in relation to a reference point (F0), i.e. the 

baseline fluorescence intensity before the addition of thimerosal, have been calculated 

(relative intracellular calcium level = F1/F0). An asterisk indicates significant 

differences between samples stored at different temperatures (p < 0.05). 
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Chapter 4: General discussion 

Regulation of intracellular calcium is essential for sperm fertility. Calcium serves as the 

second messengers in essential steps of fertilization, such as hyperactivation, 

capacitation and the acrosome reaction (BALDI et al. 1996; MARÍN-BRIGGILER et al. 

2003; YESTE et al. 2015). The regulation of intracellular calcium concentration comes 

from two resources: the influx of extracellular calcium and mobilized from intracellular 

calcium stores. In boar spermatozoa, receptor-mediated regulation of these 

intracellular calcium stores is yet unknown. IP3P and RyR-gated channels are major 

intracellular Ca2+ channels that have been identified in several species (WALENSKY 

and SNYDER 1995; HARPER et al. 2004; MICHELANGELI et al. 2005; LI et al. 2019). 

In boar spermatozoa, immunolocalization of IP3R has been described (HARAYAMA et 

al. 2005; GUGSSA et al. 2010), but evidence for the expression of RyR is as yet 

missing. Knowledge about the presence and function of intracellular calcium stores 

may be relevant for semen preservation. The aim of the first part of the present thesis 

was to examine the expression and function IP3R and RR-gated calcium channels in 

viable boar spermatozoa. 

During in vitro storage, cytosolic calcium concentration of intact spermatozoa is 

maintained at low levels, less than 100 nM (HO et al. 2002). Chilling and storage of 

spermatozoa might affect the ability of intracellular stores to maintain calcium 

homeostasis. Therefore, it was the aim of the second part of this thesis to investigate 

whether chilling of boar spermatozoa and subsequent storage alters the function of 

IP3R-gated and RyR-gated calcium channels.  

1. The expression and localization of calcium receptor gated channel in boar 

spermatozoa   

In the first part of the study, the localization and expression of IP3R- and RyR-gated 

calcium channels in boar spermatozoa was investigated. It was demonstrated that both 

receptors located in the acrosome region of the sperm head, while additional 

expression in the post-acrosomal area and neck (IP3R) and the proximal part of the 

midpiece (RyR) were detected. In Western blot analysis, IP3R and RyR were detected 

with a molecular size larger than 250 kDa. In spermatozoa from different species 
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(mouse, rat, hamster, and dog), IP3Rs have been described as 260 kDa molecules 

(WALENSKY and SNYDER 1995) which are comparable to our result of detecting the 

IP3R in boar spermatozoa as a protein higher than 250 kDa size. Immunoblot analyzes 

showed the expression of IP3R type 1 and type 3 in human (KURODA et al. 1999) and 

IP3R type 1 in rooster spermatozoa with a size of 260 kDa (NGUYEN TMD et al. 2016).  

The gross location of the IP3Rs in boar spermatozoa from the present study shows a 

high similarity with human spermatozoa (KURODA et al. 1999) and HARAYAMA et al. 

(2005) showed that IP3R type 1 in boar spermatozoa was located in the acrosome and 

the connecting piece. The monoclonal antibody used in this study was raised against 

the C-terminal region of the human IP3R type 2 that shares a high sequence homology 

with all three porcine IP3R receptor types. Therefore, it can be suggested that staining 

in the postacrosomal area for IP3R in the boar spermatozoa corresponds to the 

localization of the IP3R type 3 in the postacrosomal area of human spermatozoa 

(KURODA et al. 1999). 

The location for IP3R in the apical part of the sperm head is similar to mouse, rat, 

hamster, dog and bovine spermatozoa (WALENSKY and SNYDER 1995; HO and 

SUAREZ 2001b). The acrosome serves as a large intracellular calcium store 

(HERRICK et al. 2005; COSTELLO et al. 2009). Upon binding of zona pellucida 

proteins to G-protein coupled receptors in the plasma membrane of the apical sperm 

head, phospholipase C is activated to generate IP3 by hydrolysis of 

phosphatidylinositol 4, 5-bisphosphate (PIP2) at the inner leaflet of the plasma 

membrane band which diffuses towards to outer acrosome membrane and binds to 

IP3Rs (BOOTMAN et al. 2001). The zona pellucida-binding domains in viable boar 

spermatozoa are located in the apical ridge of the anterior sperm which is exactly the 

same location as observed for the IP3R in this experiment (PETERSON et al. 1981; 

BURKIN and MILLER 2000). The close proximity of these components is even 

reinforced by the stable docking between the plasma membrane and outer acrosomal 

membrane during in vitro capacitation. Recent data demonstrate that specifically the 

IP3R type 1 is involved in the IP3-mediated acrosome reaction in rat (WALENSKY and 

SNYDER 1995) and human spermatozoa (LI et al. 2019). However, this process could 

be dependent on species-specific conditions (HO and SUAREZ 2001b; HERRICK et 

al. 2005). Taken together, the involvement of IP3R-gated calcium channels in the 

acrosome reaction in boar spermatozoa remains to be shown.  
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The functional implication of the IP3R in the postacrosomal location is far from clear. 

Similar IP3R expression has been described for human spermatozoa (KURODA et al. 

1999) and a (peri-)nuclear expression of IP3R was observed in rooster spermatozoa 

(NGUYEN TMD et al. 2016). In somatic cells, the presence of IP3R in the nuclear 

envelope has been associated with a local Ca2+ release mechanism into the nucleus 

which induced removal of histone deacetylases (HDACs) from the nucleus and a de-

repression of transcription (WU et al. 2006). Whether similar functional implications 

can be envisioned for the IP3R in spermatozoa at the time of fertilization or pronuclear 

formation remains open. However, HDACs are present in the nucleus of ejaculated 

human spermatozoa (KIM et al. 2014) and an active role for the nuclear envelope in 

intranuclear calcium signaling and regulation of gene transcription is emerging 

(CÁRDENAS et al. 2005; SMRCKA 2015). Two alternative options for IP3R-related 

calcium signaling machinery in the postacrosomal area of the sperm head may be that 

on the one hand, a yet-to-be-defined calcium signaling structure in the postacrosomal 

area provides a communication bridge between calcium signaling in the acrosomal 

area and the sperm neck and proximal tail. Moreover, an opposite function can be 

hypothesized in the sense that the nuclear envelope serves as a buffering region to 

separate calcium signals between the acrosomal area which facilitate the acrosome 

reaction and the calcium signals in the sperm tail that is in control of hyperactivation.  

The IP3R signal detected in the connecting piece (neck) of mature boar spermatozoa 

is similar with reports that describe the presence of IP3R type 1 in the neck of boar 

spermatozoa (HARAYAMA et al. 2005; GUGSSA et al. 2010), as well as in bovine and 

human spermatozoa (NAABY-HANSEN et al. 2001; HO and SUAREZ 2003). The 

corresponding structures have been identified as the redundant nuclear envelope 

and/or calreticulin-containing vesicular structures, which serve as small calcium store 

at the base of the head, and are involved in the initiation of hyperactivated motility (HO 

and SUAREZ 2003; HARAYAMA et al. 2005; GUGSSA et al. 2010). 

This study provides the first evidence that RyRs are expressed in mature boar 

spermatozoa thus confirming the predicted presence of one or more RyR types in 

porcine spermatozoa by proteomic screening (FEUGANG et al. 2018). In bovine 

spermatozoa, RyR were identified by mass spectrometry (PEDDINTI et al. 2008) but 

they were not detected by indirect immunofluorescence (HO and SUAREZ 2001b). In 

human spermatozoa, RyR type 1 and type 3 were localized in the neck and mid-piece 
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region (HARPER et al. 2004; LEFIEVRE et al. 2007) and mouse spermatozoa 

(TREVINO et al. 1998; ZHOU et al. 2013). In human spermatozoa, RyR type 1 and 3 

are located in the neck and midpiece region (LEFIEVRE et al. 2007). This indicates 

that this receptor is not only present in the acrosomal area of the sperm head but also 

at the mitochondria level. In somatic cells, mitochondrial RyR (mRyR) has a role in the 

regulation of cytoplasmic calcium levels (BEUTNER et al. 2005). In addition, the 

involvement of mRyRs in the regulation of intracellular calcium levels has been 

reported in ram and human spermatozoa (BREITBART et al. 1996; HARPER et al. 

2004).  

Noteworthy, the redundant nuclear envelope in boar, bovine spermatozoa and mouse 

spermatids stretches towards the first mitochondria of the proximal midpiece which 

have a more longitudinal orientation (NICANDER and BANE 1962; SERGI BONET et 

al. 2000; HO and SUAREZ 2001b; HO 2010). In this region, the most intense staining 

for the RyR was observed here and in human spermatozoa (HARPER et al. 2004). 

The immunolabeling for RyR in the midpiece indicates a localization at the 

mitochondrial level but this assumption requires further proof. However, in somatic 

cells the mRYR is present in the inner mitochondrial membrane and shows high 

functional similarity with RyR type 1 (BEUTNER et al. 2005; RYU et al. 2010; JAKOB 

et al. 2014). Moreover, specific antibodies against RyR type 1 also detected the mRyR 

in Western blot which suggests a structural similarity between these receptors 

(BEUTNER et al. 2005). It might thus be likely that in the present study mitochondrial 

RyR was detected in boar spermatozoa. Nonetheless, these results confirm the 

predicted presence of one or more RyR types in boar spermatozoa from proteomic 

studies (FEUGANG et al. 2018). 

2. Pharmacological evidence for a functional role of IP3R- and RyR-gated 

calcium channels in calcium release from intracellular calcium stores 

To verify whether IP3Rs and RyRs were effectively functional in evoking Ca2+ release 

from intracellular stores, a flow cytometry analysis of cytoplasmic Ca2+ levels in boar 

spermatozoa loaded with Fluo-4/AM after stimulation with thimerosal was performed. 

The sulfhydryl reagent thimerosal acts as a sensitizer of IP3Rs and RyRs (GOTH et al. 

2006). It was found that the free intracellular calcium levels in the medium with 

extracellular calcium were significantly higher than in a medium without added Ca2+ 

and in a calcium-free medium containing EGTA. The free intracellular calcium levels 
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were not significantly different between medium without Ca2+ and the calcium-free 

EGTA (Supplemental Figure 3, chapter 2). These results indicate that the role of 

membrane channels in the regulation of free intracellular calcium contents in boar 

spermatozoa. The influx of calcium via plasma membrane channels has been reported 

in spermatozoa such as voltage-gated Ca2+ channel (TREVINO et al. 2004; MARQUEZ 

et al. 2007; LUQUE et al. 2018), Cyclic nucleotide gated channel (CNG) (WIESNER et 

al. 1998), Transient receptor potential channel (TRPC) (TREVINO et al. 2001).  

The investigation of the modulator effect in live cells has some challenges. Non-

specific effects could be added to the regulating mechanism of modulator that might 

not be focus but cause a change in the measurement parameter. Therefore, the 

determination of an optimal effective concentration of the modulator is a pre-

requirement for any further experiment. The present results show that thimerosal 

induced calcium release from internal stores is dose-dependent. Low thimerosal 

concentration led to a linear rise of intracellular calcium, while high concentration 

provoked a logarithmic increase (Figure 3B and 3C, chapter 2). Noteworthy, in none 

of our tested thimerosal concentrations, a reduction in free intracellular calcium levels 

for the whole measurement period was observed. Only at a low concentration (6 µM), 

spermatozoa from all boars were able to stabilize the overall intracellular calcium 

concentration at baseline values for approximately 150 seconds. Already at 12.5 µM 

thimerosal addition, results began to vary considerably between animals. This may 

suggest that either there is no closing of the IP3R and RyR-gated channels upon the 

release of a discrete amount of calcium which points to an all or nothing phenomenon. 

Moreover, it should not be neglected that the calcium indicator itself could bias the 

cellular system by scavenging released, free-intracellular calcium. By this mode of 

action, calcium levels that slow down the sensitivity of the IP3R or RyR may not be 

reached. Also, the continuous presence of the sensitizer thimerosal in the suspension 

may prohibit a physiological closing of the channels. 

Several studies in somatic cells have also demonstrated that thimerosal-induced 

calcium release from intracellular calcium stores is dose-dependent in media with and 

without Ca2+, as reported for human parathyroid and oral cancer cells (MIHAI et al. 

1999; KUO et al. 2009). Similarly, in human oocytes, in the absence of extracellular 

Ca2+, thimerosal remained effective on Ca2+ mobilization (SOUSA et al. 1996). In 

mouse spermatozoa, thimerosal induces Ca2+ release from intracellular stores via IP3R 
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(HERRICK et al. 2005) and induces calcium release in CatSper1 and CatSper2 null 

mouse spermatozoa (MARQUEZ et al. 2007). In human spermatozoa, thimerosal also 

induced an increase of intracellular calcium levels (ALASMARI et al. 2013).  

Calcium release from intracellular stores was readily demonstrated in our study by a 

pronounced rise in intracellular calcium levels in a virtually calcium-free, i.e. EGTA 

containing, medium upon thimerosal application to boar spermatozoa. The results in 

chapter 2 show a thimerosal induced calcium release while the control sample (added 

DMSO) did not show any change in the free intracellular calcium levels (Figure 3A, 

chapter 2). This result provides evidence about the involvement of IP3R and/or RyR in 

the regulation of intracellular calcium content. Interestingly, free intracellular calcium 

concentration in medium with 2 mM Ca2+ was higher than medium with EGTA, 

however, the relative increase of calcium content in medium with EGTA was higher 

(Figure 4, Supplemental figure 4, chapter 2). Thus, IP3R and/or RyR are both 

functionally active in boar spermatozoa.  

A signal from the environment, e.g. binding to the zona pellucida, can activate G 

protein-coupled receptors in the plasma membrane of the apical sperm head. This 

induces a signaling cascade which results in the production of IP3 from 

phosphatidylinositol 4, 5-bisphosphate (PIP2) through activation of phospholipase C 

(PLC). The generated IP3 can bind to IP3Rs and then activate the channels for 

releasing calcium from intracellular stores (BOOTMAN et al. 2001). The increase of 

intracellular calcium concentration in turn can activate other channels on the 

membrane and increase calcium influx or induce a calcium release from calcium 

stores. Entrance from extracellular calcium could then activate other mechanisms 

leading to a further increase of the calcium concentration. Stored operated calcium 

channels (SOC) and TRPC on the plasma membrane could be activated by these 

mechanisms. Calcium-induced calcium release (CICR) is a process whereby calcium 

is able to activate calcium release from calcium stores. IP3Rs and RyRs show CICR 

activity (ENDO 2009; LOCK et al. 2012). In cultured aortic endothelial cells, the 

increase of cytosolic Ca2+ through CICR via IP3R was enhanced by oxidant-induced 

glutathionylation (LOCK et al. 2012). However, calcium can release through RyRs 

without the help of any other agents or stimulate (FOSKETT et al. 2007). Nonetheless, 

the present results suggest that first, a moderate increase in intracellular calcium levels 

occurs. This slowly adds up to a slight increase in free calcium concentration within the 
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first 20 to 30 seconds of the assessment after which a steep rise in calcium release 

follows which is likely the consequence of a CICR (Figure 4, chapter 2).  

The presence of extracellular calcium increased the free intracellular calcium levels 

and modulated the response profiles to thimerosal. The most obvious changes where 

that a) there was almost no rise in the intracellular calcium concentration within the first 

30 seconds after the assessment which may be a result from the inhibitory effect of an 

elevated cytoplasmic calcium concentration in the IP3R and RyR (LAVER et al. 1997; 

GOMEZ and YAMAGUCHI 2014), b) the overall increase in free intracellular calcium 

levels was considerably lower than in calcium-free conditions, and that c) a second, 

delayed intracellular calcium increase approximately 2.5 minutes after thimerosal 

addition occurred. It is likely that the latter is due to the influx of calcium from the 

extracellular medium because a similar second rise was not observed for spermatozoa 

in calcium-free medium (Figure 4, chapter 2). Such a calcium-induced calcium influx 

from the extracellular environment can be mediated through store-operated calcium 

channels such as Orai proteins or TRPVs that are activated by STIM1 (NUMATA et al. 

2011). Transient receptor potential vanilloid receptor 1 (TRPV1) is present in boar 

spermatozoa in all locations that also harbor the presence of IP3R or RyR 

(MACCARRONE et al. 2005; BERNABÒ et al. 2010) while STIM1/Orai have not been 

described as yet in porcine spermatozoa, yet, but were identified in rooster, human 

and mouse spermatozoa (LEFIEVRE et al. 2007; DARSZON et al. 2012; NGUYEN 

TMD et al. 2016).  

2-APB is known as an allosteric inhibitor of IP3R (MARUYAMA et al. 1997; BILMEN et 

al. 2002). Interestingly, in this study, 50 µM 2APB resulted in a tri-phasic rise in 

intracellular calcium levels in boar spermatozoa only in conditions where extracellular 

calcium was present. 2-APB is also known to sensitize and open TRPV channels 

(CHUNG et al. 2004; HU et al. 2004). Therefore, this observation indicates a functional 

activity of TRPV in boar spermatozoa. While the first rise in intracellular calcium levels 

within 90 seconds may be attributed to solely an opening of TRPV1, the second and 

third rise suggests that the calcium influx due to opening of TRPV1 triggers 

subsequently the sensitivity of IP3R and RyR that respond with a moderate release of 

calcium from intracellular stores. Transient receptor potential vanilloid receptor 1 

(TRPV1) is present in boar spermatozoa in all locations where also of IP3R or RyR 

were described (MACCARRONE et al. 2005; BERNABÒ et al. 2010). 
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As described above, thimerosal can act as a sensitizer for both IP3R and RyR. In an 

attempt to dissect to which extent the thimerosal-induced calcium increase depends 

on the respective channel type, we pretreated boar spermatozoa with either 10 µM 2-

ABP to block the IP3R and  5 µM ruthenium red (RR)  to block the IP3R (ZUCCHI and 

RONCA-TESTONI 1997). Apparently, neither inhibitor had an impact on the 

thimerosal-induced calcium release in the absence of extracellular calcium. Thus, no 

final conclusions on the involvement of IP3R or RyR could be drawn. Our observation 

adds to the controversial perception of 2-APB as a specific inhibitor of IP3R 

(BOOTMAN et al. 2002). 

In the presence of extracellular calcium pre-treatment with 2-APB gradually potentiated 

the increase in intracellular calcium levels starting approximately 100 seconds after 

thimerosal application. This time point coincides with reaching the first plateau phase 

after having added thimerosal only. We hypothesize that 2-ABP is sensitizing TRPV1 

channels in boar spermatozoa which leads in presence of extracellular calcium to 60 

seconds advanced opening of the TRPV and concomitant calcium influx from the 

extracellular environment (COLTON and ZHU 2007). The observation that this 

advancement was abolished when adding 10 µM RR in the preincubation step 

suggests that the TRPV sensitization through 2-APB was antagonized by RR, which 

acts as a blocker of TRPV channels (CLAPHAM et al. 2005). This is in line with the 

observation that higher concentrations of RR (40 µM) temporarily reduced the 

intracellular calcium levels in presence of extracellular calcium, probably by blocking 

TRPV channels. This strengthens the notion that boar spermatozoa possess a fine-

tuned machinery for modulating intracellular calcium signals.  

Attempts to evoke hyperactivated motility in boar spermatozoa with 25 µM thimerosal 

resulted in a hyperactivation-like motility pattern in more than 30 % of the spermatozoa 

immediately after addition of the compound (OTSUKA and HARAYAMA 2017) which 

corresponds to an overall thimerosal-induced increase in free intracellular calcium by 

10 % in the present experiments. Noteworthy, prolonged incubation in the presence of 

thimerosal for 30 minutes resulted in a reduction of the overall number of motile sperm 

and a complete loss of hyperactivation (OTSUKA and HARAYAMA 2017). Similar 

observations were made already within 5 minutes after thimerosal addition which 

coincided with considerably increased intracellular calcium levels (Figure 3; own 

observations, unpublished). Thus, responses either need to be assessed quickly (HO 
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and SUAREZ 2001b; OTSUKA and HARAYAMA 2017) or ideally, perfusion conditions 

would be established in which modulators can be applied for restricted periods of time 

to avoid overly intracellular flooding of the spermatozoa with calcium.         

3. The influence of storage temperature and time on the regulation of 

calcium levels by receptor-gated calcium channels in liquid preserved boar 

spermatozoa 

It was examined whether semen storage at 17 °C or 5 °C for up to 5 days is leading to 

disturbed intracellular calcium concentrations that are caused by altered resting levels 

of free intracellular calcium in viable spermatozoa and/or altered dynamics of calcium 

release from intracellular stores through IP3R-gated and RyR-gated channels. 

Within a few hours after collection, ejaculated sperm are activated by seminal plasma 

component and lose their fertilization capacity (WABERSKI 2018). Semen 

preservation allows to maintain the fertilizing potential of spermatozoa for several days 

and to produce multiple insemination doses. Noteworthy, compared to spermatozoa 

from other mammalian species, boar spermatozoa are very sensitive to cold-shock. 

Low temperature decreases motility, membrane integrity and energy metabolism of 

boar spermatozoa (DZIEKOŃSKA et al. 2009; SCHMID et al. 2013; NGUYEN et al. 

2016). The membrane of boar spermatozoa has low cholesterol content and high ratio 

of unsaturated fatty acids in phospholipids. Chilling increases phospholipid disorder 

leading to disruption of membrane integrity and sperm function. Extended boar semen, 

therefore, is commonly stored at relatively high temperature (16 – 18 °C) for use in 

artificial insemination. Concepts for hypothermic storage at 5 °C are currently evolving 

to reduce bacterial growth and to facilitate temperature control during transport to sow 

farms (WABERSKI et al. 2019, under review). For the development of new semen 

preservation strategies, it would be important to know whether low temperature storage 

affects the regulation of intracellular calcium stores.   

In accordance with previous reports (SCHMID et al. 2013), GACZARZEWICZ et al. 

2015), chilling at 5 °C led to a decrease of sperm motility and membrane integrity, 

whereas the long-term storage up to five days had only a moderate influence on sperm 

quality. In the present study, a simple short-term semen extender was used which only 

has little capacity to preserve sperm quality under hypothermic long-term storage 

conditions. This was done to provoke some chilling injury in order to study the chilling 
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effect on the intracellular calcium homeostasis. Noteworthy, calcium-induced 

responses to thimerosal were studied in a subpopulation of viable (plasma membrane 

intact) sperm population with intact acrosomes. Approximately 50 % of the 

spermatozoa survived the chilling injury which corresponds to the percentage of sperm 

that commonly survives to freeze and thawing processes. It is well known that the 

surviving sperm population experience sublethal damage affecting their ability to 

undergo essential steps of the fertilization process, many of them linked to calcium 

signaling (BAILEY and BUHR 1995; GREEN and WATSON 2001; SCHMID et al. 

2013).  

In this study, the intracellular calcium signaling pattern in response to the IP3R and 

RyR sensitizer thimerosal was investigated in the subpopulation of spermatozoa that 

survived chilling and storage. The main finding was that chilling and storage has no 

pronounced effect on the kinematics of modulator-induced calcium release from 

intracellular stores through IP3R-gated and RyR-gated channels in viable boar 

spermatozoa. Moreover, the effect of thermic incubation at 38 °C up to 120 minutes 

before the addition of thimerosal was considered. Storage but not chilling slightly 

reduced the sperm’s response to thimerosal but upon rewarming the thimerosal-

induced calcium mobilization from the internal stores did not differ from fresh sperm 

controls. Previous studies showed that spermatozoa surviving chilling injury maintain 

efficient energy metabolism and high ATP levels (NGUYEN et al. 2016). Thus, 

rewarming allows restoring sufficient energy supply to reconstitute an efficient 

regulation of internal calcium stores.  

Nevertheless, the effect of chilling and/or storage on upstream components of the 

phosphoinositide signaling system leading to an altered generation of IP3 or 

interference with the formation or function of RyR activators cannot be ruled out. 

Indications for disturbed calcium homeostasis in chilled spermatozoa are reported in 

boars (KIM et al. 2008) and mouse (WANG et al. 2011). However, in contrast to the 

present study, the effects were not studied exclusively in the population of viable 

spermatozoa. It is likely that dead spermatozoa display an enhanced intracellular 

calcium concentration due to leakage of their plasma membranes (WHITE 1993), 

hence leading to an uncontrolled influx of calcium from the extracellular environment.  



General discussion 
 
 

93 
 

4. Conclusions 

In conclusion, the results of the present thesis demonstrate the expression and 

localization of IP3R- and RyR-gated calcium channels in boar spermatozoa and the 

functional capacity of the channels to release calcium from intracellular stores. The 

calcium release dynamics are modulated by the extracellular calcium concentration 

and thus elevated intracellular levels. Indirect evidence for the involvement of TRPV 

channels in calcium influx from extracellular sources was obtained. Storage of semen 

at low temperature has an impact on membrane integrity and motility. However, chilling 

and storage do not affect the functionality of IP3R- and RyR gated calcium channels in 

viable boar spermatozoa. The functional implication of the IP3R- and RyR-gated 

calcium channels in the hyperactivation and acrosome reaction of boar spermatozoa 

warrants further investigation.  
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