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ABSTRACT 

INHIBITION OF EQUINE SPERMATOZOA MOTILITY USING SODIUM 
TETRAPHENYLBORON AND REACTIVATION WITH CAFFEINE-POTENTIAL 
TO IMPROVE POST-THAW RECOVERY 

Church Humphreys, M.S. 

George Mason University, 2020 

Thesis Director: Dr. A. Alonso Aguirre 

 

Frozen semen provides several advantages relative to fresh or chilled semen for 

conservation of endangered equids. However, cryopreservation results in extensive loss 

of spermatozoa motility and viability arising from freeze-thaw induced membrane 

damage, osmotic stress, and oxidative stress leading to suboptimal fertility outcomes. The 

main objectives of this study were to:1) assess the ability of sodium tetraphenyl boron 

(TPB) to inhibit equine spermatozoa motility, 2) assess the ability of caffeine to reverse 

the inhibitory effects of TPB, and 3) evaluate if the inhibition of equine spermatozoa 

motility prior to cryopreservation improves post-thaw spermatozoa motility. Spermatozoa 

from domestic horse (Equus ferus caballus), Przewalski’s horse (E. f. przewalskii), and 

Persian onager (E. f. hemionus) were exposed to varying concentrations of TPB. Several 

motility characteristics including total motility, progressive motility, curvilinear motility, 

average path velocity, linearity, and straightness of equine spermatozoa were assessed 

using Computer Assisted Sperm analysis (CASA) over 2 h of in vitro incubation. After 2 
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h of incubation, TPB was washed and spermatozoa were resuspended in fresh medium 

containing 10 mM caffeine. Motility parameters described above were analyzed using 

CASA for 2 h of in vitro incubation. In a separate experiment, spermatozoa suspensions 

were pre-treated with 0 mM, 150 mM or 300 mM TPB and cryopreserved using standard 

protocols. Following thawing, spermatozoa were assessed for motility parameters (as 

described above), cell viability and acrosomal integrity. Exposure to TPB (150 mM, 300 

mM and 500 mM) resulted in a significant sharp (P < 0.05) decline in total spermatozoa 

motility and progressive motility within 30 min of in vitro incubation. Caffeine (10 mM) 

failed to restore spermatozoa motility in TPB treated samples. Pre-treatment with TPB 

prior to cryopreservation failed to improve post-thaw sperm cell motility, progressive 

motility, viability or CASA parameters. However, there was no change in acrosomal 

integrity before or after cryopreservation. Overall, although TPB was successful in 

inhibiting sperm cell motility in all three subspecies of equids, contrary to earlier reports 

in human spermatozoa, caffeine was unable to restore motility in TPB treated 

spermatozoa. Furthermore, pre-treatment with TPB failed to improve post-thaw motility 

in equid spermatozoa. Further research is warranted to evaluate alternate cellular 

pathways that regulate reversible inhibition of equid spermatozoa and their effects on 

post-thaw sperm cell survival.  
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INTRODUCTION 

Artificial insemination and sperm cell preservation represent many benefits to 

producers attempting to increase bloodline diversity, decrease breeding-related injury, 

and protect an animal’s reproductive lifespan (Morrell, 2011). This is particularly of 

importance to domestic and endangered equine populations given the emphasis placed on 

breeding for specific bloodlines instead of breeding for a desired phenotype. In the 

domestic equine industry, mares are typically bred to stallions with superior phenotypic 

or performance qualities in the hopes of producing a foal that can eventually be sold for 

profit or trained for competitions. For endangered equids, the emphasis is placed on 

breeding for diversification of bloodlines and to minimize inbreeding. Inbreeding has 

been shown to result in decreased male fertility and increased juvenile mortality (Ralls 

and Ballou, 1982; Ralls et al., 1979; Malo et al., 2010). The complications that arise in 

live transport of animals for breeding purposes due to animal welfare, financial overhead, 

and coordination among several holding institutions around the world have resulted in an 

increased interest in techniques to increase the effectiveness of equine spermatozoa 

cryopreservation and post thaw recovery for broader utilization of assisted reproductive 

technologies. 

Currently, there are two main forms of sperm cell storage; chilling and freezing. 

Chilling involves short-term cooling of liquid sperm cell suspensions that allow for its 

continued effective use for hours and even days later (Gibb and Aitken, 2016). In 
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contrast, freezing spermatozoa in liquid nitrogen allows long-term preservation 

permitting the storage and use of samples for decades (Gibb and Aitken, 2016). However, 

compared to chilling, cryopreservation often results in compromised spermatozoa quality 

often manifested as loss of spermatozoa motility, damaged acrosomal membranes, and 

reduced fertility (Jasko et al., 1992; Pena et al., 2009). Therefore, developing strategies to 

preserve spermatozoa structure and function both during liquid storage and 

cryopreservation, could enhance the utility of stored spermatozoa samples. 

Typically, during chilling semen samples are diluted in a buffered medium 

containing additive (e.g. sugars, egg yolk, antibiotics) to maintain sperm cell viability and 

motility and are then cooled to refrigeration temperature resulting in a decline in energy 

metabolism and subsequent decline in motility (Alamaary et al., 2019). Despite this 

physiological change, spermatozoa maintain low levels of metabolic activity (Gibb, 

2016). Chilling spermatozoa presents a viable method for breeding animals that live far 

apart. However, chilling spermatozoa has its disadvantages when it comes to long term 

species survival planning. When stored for long periods, chilled spermatozoa eventually 

become non-motile and/or non-viable. This means that when planning reproduction for 

maximum genetic diversity, all breeding is limited to living stallions.   

During cryopreservation, spermatozoa are exposed to additives similar to those 

described for cooling stated above plus cryoprotectants. Common cryoprotectants include 

glycerol, dimethylsulfoxide, and/or ethylene glycol (Di santo et al., 2012; Royere et al., 

1996). Permeating cryoprotectants work by decreasing the freezing point of the 

cryodiluent and inhibiting ice formation within the cell (Di santo et al., 2012). Most 

permeating cryoprotectants are toxic, and at higher temperatures (including ambient 
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temperature), could induce cellular damage, loss of sperm cell motility, and fertilizing 

ability (Marias et al., 2012). However, cryopreservation provides greater flexibility in 

breeding programs by permitting collection and banking of spermatozoa with the 

possibility of effective use several decades later. The disadvantage to this approach is that 

the recovery rate of cryopreserved spermatozoa is much lower relative to chilled or fresh 

spermatozoa thereby significantly reducing the chances of achieving a pregnancy (Pena 

et al., 2009).  

Equid Sperm cell Physiology and Movement 

The equid sperm cell is a well-

organized cell involved in the transfer of the 

male genetic material to and fertilizing the 

female oocyte (Varner et al.,2014).  

Spermatozoa primarily are comprised of two 

main parts, the head and the flagellum 

(Figure 1). The head can be subdivided into 

the acrosomal region, nuclear region, 

equatorial segment, and post-acrosomal 

region. The acrosomal region lies between 

the plasma membrane and nuclear region 

and contains many enzymes and the protein 

matrix required for fertilization (Samper, 

2007). The nuclear region contains the 

paternal genetic material and is transferred 

Figure1: Overview of equine sperm cell 
physiology.  Modified from Amann RP, Pickett 
BW: Principles of cryopreservation and a review of 
cryopreservation of stallion spermatozoa. J Equine 
Vet Sci 7:145-173, 1987,from Samper 2007. 
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to the oocyte at the time of fertilization (Varner et al ., 2014).The equatorial segment is 

the region where the inner and outer acrosome membranes meet prior to the post 

acrosomal region (Varner et al ., 2014).. The post acrosomal region is the part of the 

plasma membrane lying in between the equatorial segment and posterior ring (Varner et 

al., 2014). The posterior ring of the sperm cell head marks the connection of the head to 

the connecting piece, “neck”, of the flagellum (Varner et al.,2014; Leti and Sironen, 

2017; Samper, 2007). 

 The flagellum, which is responsible for spermatozoa motility consists of four 

sections, the connecting piece, the midpiece, principal piece, and the end piece (Samper 

2007, Leti and Sironen, 2017). The connecting piece, besides acting as the link between 

the acrosome and the flagellum, provides a point of rigidity for the flagellum to act upon 

as the head articulates. As Figure 1 shows, the remaining sections of the flagellum 

consists of mitochondria, outer dense fibers, 9 doublet microtubules, and a fibrous sheath 

(Samper, 2007; Varner et al., 2014; Leti and Sironen, 2017). The midpiece is principally 

defined by the overlying ring of helically arranged mitochondria. The mitochondrial ring 

consists of a central axoneme microtubule pair surrounded by 9 axoneme doublets and 

then outer dense fibers. This is the only section of the flagellum where mitochondria can 

be found and these mitochondria serve as the primary energy source for cell motility and 

function (Fawcett,1975; Varner et al.,2014). The principal piece, carries the same inner 

structure as the midpiece but the mitochondrial sheath is replaced by the fibrous sheath 

(Samper, 2007). Finally, the end piece, starts where the fibrous sheath and outer dense 

fibers end in the principal piece and ends with the gradual decline of the central pair of 
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axoneme microtubular pair and the surrounding 9 doublet microtubules (Samper, 2007, 

Amann and Graham 1993; Eddy and O’Brien, 1994). 

To create flagellar movement, dynein arms, which run the length of and protrude 

from the radial spokes that surround the central microtubular doublet attach to one of the 

surrounding ring of microtubular pairs when activated with ATP and pull causing 

microtubule sliding and consequently, flagellar bend. Dynein action/microtubular sliding 

is observed to have a coordinated action pattern to create the “whip-like” motion that is 

observed in motile spermatozoa (Samper, 2007; Varner et al., 2014). 

 

Movement Characteristics/ CASA 

There are two 

main types of sperm 

cell motility 1) the 

capacitation stage and 

2) the hyperactivation 

stage (Turner, 2006; 

McPartlin et al., 

2009). During 

capacitation, 

spermatozoa motility 

is characterized by symmetrical beats that in normal spermatozoa produce a straight-line 

path referred to as “progressive motility”. 

Figure 2: This reproduction of sperm cell tracks shows two pathways that 
would be considered progressive (tracks A and C) whereas tracks B and D 
show signs of hyper activated motility (from Mcpartlin et al, 2009). 
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During hyperactivation, sperm cell transition from a progressive state to a state of 

erratic movement and is correlated with fertilizing ability of sperm. Hyperactivated 

motility resembles a star-like pattern due to asymmetrical beating of the flagellum 

(McPartlin et al., 2009). During this state, there is a rapid influx of Ca2+ due to changes in 

extracellular signals, such as increased bicarbonate ions and PH, that trigger hyper 

activated motility (Marquez and Suarez, 2004; Suarez, 2008; Qu et al., 2007; Ho and 

Suarez, 2003).  

Computer Assisted Sperm analysis (CASA) has been successfully used to monitor 

and record several parameters closely correlated with sperm cell motility and 

hyperactivation (Youn et al., 2011; Mcpartlin et al., 2009). Parameters measured by 

CASA include 1) total percent of motile sperm, 2) percent of progressively motile sperm, 

3) amplitude of lateral head displacement (ALH), a measure of the magnitude to which 

the spermatozoa head beats away from its average path measured in (m/sec), 4) beat 

cross frequency (BCF), which represents the frequency at which the spermatozoa’s 

curvilinear path crosses its average path measured in (HZ), 5) average path velocity 

(VAP), represented by the timed velocity of the spermatozoa along its average path 

measured in (m/sec), 6) straightness (STR), which represents the progression ratio to 

determine how far the cell departs from a straight line path, 7) curvilinear velocity 

(VCL), which is the timed velocity of the spermatozoa along its actual/curvilinear path 

expressed as (m/sec), 8) straight line velocity (VSL) which is the timed progression of 

the cell from point A to B measured in (m/sec), and 9) linearity (LIN), a progression 

ratio to determine the level of departure from a straight line path (Mortimer, 1994). 

Hyperactivation of spermatozoa has been described as a decrease in the VSL, STR, and 
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LIN parameters and increases in VCL and ALH which results in the star-like pattern as 

mentioned above upon CASA analysis in non-viscous liquid (McPartlin et al, 2009; 

Suarez, 2008).  

 

Energy Metabolism 

Spermatozoa require energy to support motility and function. The primary source 

of energy for spermatozoa is in the form of adenosine triphosphate (ATP) which can be 

generated via either glycolysis or oxidative phosphorylation (Storey,2008). Equid 

spermatozoa preferentially utilize oxidative phosphorylation for ATP production as 

compared to other species such as human or mouse that depend on glycolysis (Varner et 

al. 2014, Gibb et al., 2014). This is interesting given that oxidative phosphorylation is 

more efficient than glycolysis in ATP production (Storey, 2008; Varner et al., 2014, 

Meyers, 2019). High levels of oxidative phosphorylation have been shown to correlate 

with increased levels of Reactive Oxygen Species (ROS; Meyers, 2019). ROS exert both 

a beneficial and detrimental effect on mammalian sperm. In equids, functionally 

competent spermatozoa express higher levels of ROS (Gibb et al., 2014; Varner et al., 

2014). However, other studies have shown that high levels of ROS result in loss of 

membrane integrity and eventually induce cell death (Ball et al., 2001). Therefore, it is 

important to either preserve or utilize equid spermatozoa shortly after collection in order 

to maintain an effective number of sperm cells with the ability to potentially fertilize the 

female oocyte. 
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Signaling Pathways 

It is well documented that mitochondrial activity, sperm cell capacitation, and 

hyperactivation are 

induced via 

intracellular signaling 

in response to the 

extracellular 

environment (Fig.3).  

These events have 

both been shown to be 

highly dependent upon 

the calcium (Ca2+) and 

cyclic adenosine 

monophosphate 

(cAMP)/protein kinase A 

(PKA) pathways (Tash and means, 1987; Darszon et al., 2006; Darszon et al., 2011). 

Calcium is required for movement of the flagellum and is known to be essential 

for both capacitation and hyperactivation (Tash and Means, 1987). Calcium homeostasis 

is maintained both by intracellular stores as well as passage of Ca2+ ions through 

transmembrane channels (Turner, 2006). Calcium both regulates soluble adenylyl cyclase 

(sAC) along with bicarbonate ions which is the main driver for production of cAMP in 

the cAMP/PKA pathway, as well as being a trigger for calmodulin (Pereira et al.,2017). 

Calmodulin is a calcium-binding messenger protein shown to be independent and 

Figure 3: Overview of Calcium and cAMP/PKA pathway leading 
to spermatozoa motility (from Turner et al., 2006). 
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downstream of the PKA pathway for supporting spermatozoa motility (Pereira et 

al.,2017). The cAMP/PKA pathway works via sAC conversion of ATP to cAMP which 

in turn activates PKA. PKA then phosphorylates intermediate tyrosine phosphorylation 

target proteins involved in spermatozoa motility (Pereira et al., 2017). It has also been 

shown that cAMP regulated phosphorylation of mitochondrial enzymes is linked to 

regulation of oxidative phosphorylation (Acin-Perez, 2009; Baraket et al., 2015). 

   Cryopreservation 

Cryopreservation causes significant injury due to ice recrystallization and osmotic 

stress (Mazur, 1984). Decreases in mitochondrial function due to cryopreservation (Fig.4) 

are shown to result in the production of ROS, degrade membrane and acrosome integrity, 

and in some cases, 

trigger cellular apoptotic 

pathways (O’Connell et 

al., 2002; Peris-Frau et 

al., 2020; Hezavehei et 

al., 2018). There are 

several approaches to 

improve cell recovery 

including incorporation 

of cryoprotectants, 

antioxidants, stimulants, 

and sperm cell pre-

conditioners. 

Figure 4: Overview of the stress effects from cryopreservation that sperm 
cells undergo (from Peris-Frau et al., 2020). 
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Cryoprotectants exert their effects by stabilizing the integrity of the plasma membrane 

thus limiting the damage arising from water recrystallization (Beirão, 2012). 

Antioxidants, such as manganese, exert their effects by limiting ROS production by 

mitochondria in response to stress induced by the cryopreservation process and preserve 

cell membrane integrity, improve percent motility, and viability post-thaw (Cheema et 

al., 2009). Stimulants such as caffeine, when added to spermatozoa have been shown to 

increase the percentage of motile sperm, but at high concentrations (>60 mM/ml) can be 

detrimental to motility (Moussa, 1983). More recently, preconditioning sperm cells via 

exposure to high-pressure have shown to improve resistance to oxidative stress via up-

regulation of anti-stress genes and leading to improved post-thaw spermatozoa survival 

(Horváth et al., 2016; Feyzi et al., 2018; Hezavefi et al., 2018).  

Reversible Inhibition of Sperm cell Motility 

Peterson and Freund (1976) tested the effects of sodium tetraphenyl boron on 

human spermatozoa motility and examined the ability of various antagonists to reverse 

the inhibition.  

Relatively low concentrations of TPB were able to inhibit spermatozoa motility 

without compromising glycolysis or intracellular ATP (Table 1). Interestingly, this 

inhibition could be reversed at least at lower concentrations of TPB. Furthermore, 

antagonist including ouabain and caffeine were able to restore spermatozoa motility 

(Table 2). However, no effort was made to determine the cellular mechanisms involved 

in the reversal of spermatozoa motility.  

Table 1: Peterson and Freund (1976) results show the effect of TPB to inhibit Human spermatozoa 
motility without affecting glycolysis or intracellular ATP. 
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Table 2: Peterson and Freund (1976) results show the effect of different reagents to reinitiate 

spermatozoa motility. Caffeine + Ouabain was found to have the most significant effect. 
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Caffeine is a phosphodiesterase inhibitor which results in increased intracellular 

cAMP. As stated above, increased cAMP concentrations lead to activation of PKA/higher 

mitochondrial activity which results in increased spermatozoa motility (Acin-Perez, 

2009; Baraket et al., 2015). Caffeine has been shown to increase the flow of calcium ions 

into the plasma membrane which as mentioned above also leads to improved 

spermatozoa motility (Ho and Suarez, 2001). Peterson and Freund (1976) demonstrated 

that TPB at the reversible concentrations attached to the cell plasma membrane and that 

caffeine did not act directly on the TPB. They proposed that TPB acted by limiting ion 

transport across the cellular membrane vital to cAMP production and/or action. As 

mentioned above, equid spermatozoa require an atypical amount of ATP for maintenance 

of motility compared to other mammalian species and the introduction of TPB to inhibit 

the motility of equid spermatozoa coupled with the ability of caffeine to reinitiate 

motility represents a promising option to improve cryopreservation of equid sperm. 
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Objectives/Hypotheses 

The main objectives of this study were to:1) assess the ability of TPB to inhibit 

spermatozoa motility in equids, 2) assess the ability of caffeine to reverse the inhibitory 

effects of TPB, and 3) evaluate if the inhibition of spermatozoa motility prior to 

cryopreservation improves post-thaw spermatozoa motility. Specific hypotheses include: 

1) equine spermatozoa motility and progressive motility will decrease in a dose and time-

dependent manner following exposure to TPB, 2) motility of equine spermatozoa will be 

restored following washing and resuspension in caffeine (10 mM) supplemented medium, 

and 3) exposure to TPB prior to cryopreservation will improve post-thaw spermatozoa 

motility.  
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MATERIALS AND METHODS 

Animals: Species evaluated included the domestic horse (Equus ferus caballus), the 

Przewalski’s horse (E. f. przewalskii), and the Persian onager (E. f. hemionus). All semen 

samples were obtained opportunistically during routine veterinary procedures. Domestic 

stallions were housed at Auburn University, Auburn, AL or University of Pennsylvania, 

Philadelphia, PA. Przewalski’s horse and Persian onagers were housed at the Wild, 

Cumberland, OH or the Smithsonian Conservation Biology Institute, Front Royal, VA.   

 

Semen Collection: Domestic stallions were collected using a teaser mare and an artificial 

vagina as part of routine teaching exercises. Ejaculates were diluted in INRA 96 (IMV 

Technologies, Maple Grove, MN) and shipped overnight (5°C). Upon receipt, samples 

were centrifuged at 600 x g for 8 min and the spermatozoa pellet was resuspended in 

fresh pre-warmed INRA 96. 

 For semen collection in Przewalski’s horse (Pukazhenthi et al., 2014), animals 

were anesthetized using a combination of etorphine hydrochloride (0.015 – 0.018 mg/kg 

bw), detomidine hydrochloride (0.03 – 0.035 mg/kg bw), ketamine hydrochloride (0.5 – 

0.6 mg/kg  bw), and butorphanol tartrate (0.03 – 0.035 mg/kg bw). All drugs were 

combined in a single dart and administered intramuscularly. Persian onagers (Schook et 

al., 2013) were anesthetized using a similar combination as described above. However, 

the dosages were adjusted as follows: etorphine hydrochloride (0.015 – 0.017 mg/kg bw), 
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detomidine hydrochloride (0.04 – 0.05 mg/kg bw), ketamine hydrochloride (0.5 – 0.9 

mg/kg  bw), and butorphanol tartrate (0.04 – 0.05 mg/kg bw). All animals also received 

guaifenesin (200 – 450 ml) administered intravenously to promote muscle relaxation. 

Following anesthetization, stallions were subjected to a standardized electro-ejaculation 

protocol. Briefly, a sine-wave electro stimulator (AC, 60-Hz) and Teflon® rectal probe 

(5.5 cm; P.T. Electronics, Boring, OR, USA) was used to administer 45-60 stimuli 

administered in a 3 sec on-off pattern in three series consisting of 15-20 stimulations (at 

2, 3 and 4 V, respectively), 15-20 stimulations (at 3, 4 and 5 V, respectively) and 15-20 

stimulations (4, 5 and 6 V, respectively). Each series was separated by a 5-min rest 

interval at which time seminal aliquots were assessed for pH, total volume, motility, 

osmolarity, and spermatozoa concentration. Following semen collection, anesthesia was 

reversed using a combination of naltrexone (Przewalski’s horse, 0.8 – 0.9 mg/kg bw; 

Persian onager, 0.7 – 0.8 mg/kg bw), and atipamezole hydrochloride (Przewalski’s horse, 

0.18 – 0.20 mg/kg bw; Persian onager, 0.15 – 0.22 mg/kg bw) administered 

intramuscularly. 

 

Semen Processing: Raw ejaculates were filtered using a semen filter to remove debris 

and/or gel fraction (domestic stallions). A hemocytometer was used to determine 

spermatozoa concentration. Sperm cell samples were then diluted with warm INRA 96 to 

45-50 million sperm cells/ml for CASA analysis. For Przewalski’s horse and Persian 

onagers, all ejaculates were extended 1:2 or 1:3 in INRA 96. Diluted ejaculates were 

combined, aliquoted into 15 ml centrifuge tubes, and centrifuged (600 x g for 15 min) to 

pellet sperm. Supernatant was discarded and spermatozoa pellets were resuspended in 
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fresh INRA 96 and assessed for percent total motility (%TM) and percent progressive 

motility (% PM) using CASA. Diluted sperm cell suspensions were then divided into five 

treatments including 0 mM, 50 mM, 150 mM, 300 mM, and 500 mM TPB . All 

spermatozoa aliquots were shielded from light during incubation with TPB and 

maintained at ambient temperature (25 °C). 

 

Sperm cell Freezing: Domestic stallion spermatozoa was cryopreserved in Botu Crio 

medium (Botu Pharma; Brazil) using manufacturer’s instructions. Przewalski’s horse 

spermatozoa was resuspended in INRA 96 containing 2% (v/v) egg yolk, 2.5% (v/v) 

dimethylformamide, and 2.5% (v/v) methylformamide. Persian onager spermatozoa were 

resuspended in E-Z Mixin Semen Extender (Animal Reproduction Systems, Chino, CA) 

and processed for cryopreservation as previously described (Schook et al., 2013). 

Domestic horse and Przewalski’s horse sperm cell suspensions were loaded into 0.5 ml 

plastic straws, heat sealed, and cooled at 5°C for 20 min. Cooled straws were 

cryopreserved over liquid nitrogen vapor (4 cm over liquid nitrogen; 15 min), plunged 

into liquid nitrogen, and stored until analysis. Persian onager sperm cell suspensions were 

loaded in 0.5 ml plastic straws, heat sealed, and slow cooled in a 500 ml water bath to 

5°C (over 3.5 h), and frozen as described above.  

 

Sperm cell Thawing: Frozen straws were thawed at 46°C for 20 sec (domestic and 

Przewalski stallions) or 37°C for 30 sec (Persian onager). Straw contents were then 

emptied into sterile microcentrifuge tubes and assessed for motility using CASA.  
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Sperm cell Analysis: Motility parameters for equine spermatozoa were assessed using 

CASA. Parameters assessed included total motility, percent progressive motility, 

curvilinear velocity (VCL), average path velocity (VAP), linearity (LIN), and 

straightness (STR).  

 

Viability Assessment: Fifty l of each treatment was incubated at 37 °C for 15 min with 

5 l of SYBR-14 and 1.5 l of propidium iodide (PI) (Live/Dead sperm cell viability kit, 

Thermo Fisher Scientific, MA). Samples were then examined using epifluorescence at 

200x magnification. Viability was measured by counting 200 cells per treatment. 

Spermatozoa staining green were classified as viable, and those that stained red were 

classified as non-viable.  

 

Acrosome Assessment: Spermatozoa were fixed in 4% buffered paraformaldehyde and 

stored at 5 °C until analysis. An aliquot (50-100 µl) was processed for Coomassie blue 

staining as previously described (Brum et al., 2006). Samples were smeared onto glass 

slides and stained with Coomassie blue stain. Two hundred sperm cells were evaluated 

and categorized as intact (uniform blue staining over the acrosomal region) or non-intact 

(patchy or absence of blue staining over the acrosomal region). All slides were evaluated 

blindly (slides were coded prior to evaluation) to avoid evaluator bias.   
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Experimental design 

Experiment 1: Effect of TPB on spermatozoa motility and progressive motility 

For analysis of the effect of TPB on the motility of equine spermatozoa, washed 

ejaculates were aliquoted (1 ml each) into five microcentrifuge tubes and TPB was added 

at 0 (control), 50 mM, 150 mM, 300 mM, and 500 mM concentrations. All samples were 

analyzed for motility using CASA at 30 min intervals for two hours. At the end of the 2 

h, samples were washed by centrifugation (300 x g; 8 min) and resuspended in fresh 

INRA 96 medium. Then, caffeine (10 mM final concentration) was added to each tube 

and incubated for 30 min. At the end of this incubation period, motility parameters for the 

spermatozoa aliquots were assessed using CASA at 30 min intervals for 2 h. 

 

Experiment 2: Effect of TPB on spermatozoa cryopreservation 

 For cryopreservation, spermatozoa suspensions (50 x 106/ml) were pre-treated 

with 0, 150 or 300 mM TPB for 30 min and then immediately processed for 

cryopreservation and stored in liquid nitrogen.  

Thawed samples were analyzed for motility parameters using CASA, viability 

(live/dead staining), and acrosomal integrity (Coomassie blue staining). For re-

suspension, 1 ml of pre-warmed INRA 96 was slowly added to each sample to dilute the 

cryoprotectant, centrifuged to pellet sperm, supernatant removed, and spermatozoa pellets 

resuspended in fresh INRA 96. Motility parameters were recorded using CASA and then 

10 mM caffeine was added to each sperm cell suspension. Thirty minutes after caffeine 

addition, samples were analyzed using CASA, viability, and acrosomal integrity.   
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Data analysis: 

 For experiment 1 focusing on exposure analysis, CASA parameters were 

assessed within a function of concentration of TPB or presence of caffeine and overall 

time exposed in a repeated measures 2-way ANOVA with Greenhouse-Geisser 

corrections followed up with emmeans testing with multiple comparison p-value 

corrections for each equine species using rstudio software. 

For experiment 2, focused on improving cryopreservation, CASA parameters, 

acrosome integrity, and cell viability were assessed within a function of concentration of 

TPB and stage of post thaw processing (thaw, resuspension, and post-caffeine for CASA 

parameters; post-thaw and caffeine for acrosome integrity and viability) in a 2-way 

ANOVA followed up with emmeans testing with multiple comparison p-value 

corrections for each equine species using rstudio software 
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RESULTS 

Experiment 1 

Effect of TPB on domestic horse spermatozoa motility 

Exposure to TPB resulted in a concentration and time dependent loss in total 

spermatozoa motility (Fig. 5, Panel A). There was minimal (P > 0.05) effect at 50 mM 

but motility declined (P < 0.05) within 30 min of exposure to 150 mM, 300 mM or 500 

mM TPB. There was no further decline in spermatozoa motility when samples were 

incubated in vitro for 120 min. At 30 min, spermatozoa motility was higher in 0 mM 

(control) compared with 150 mM, 300 mM, and 500 mM TPB concentrations. At 60 min, 

there was no difference between 0 mM and 50 mM, but motility declined in 150 mM, 300 

mM, and 500 mM TPB concentrations but there was no difference among 150 mM, 300 

mM or 500 mM TPB. At 90 min, spermatozoa motility declined (P < 0.05) from 0 mM to 

50 mM TPB. There was no further decline (P > 0.05) in motility at 150 mM or 300 mM 

TPB.   

However, at 500 mM TPB, spermatozoa motility was lower (P < 0.05) than 50 

mM TPB. At 120 min, there was no difference in motility between 0 mM and 50 mM 

TPB, but declined (P < 0.05) further at 150 mM, 300 mM and 500 mM concentrations.  

Although TPB appeared to exert an inhibitory effect on spermatozoa progressive 

motility, no significant differences were observed in TPB treated samples between 0 min 

and 120 min following TPB exposure (Fig. 5, Panel B).  
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Analysis of spermatozoa motion characteristics revealed no influence of TPB or 

in vitro incubation on LIN, STR, VAP, or VCL (Table3).  

 

Table 3: Analysis of domestic horse spermatozoa motion characteristics at Time 0 and 30 min after TPB 
addition. Samples were analyzed using CASA. LIN – linearity, STR – straightness, VAP – average path 
velocity, and VCL – curvilinear velocity. Values represent mean ± SEM. *Indicate significant difference in 
CASA parameter between Time 0 and 30 min within a TPB concentration. Time 0 within a TPB 
concentration. ABCValues with different letters are significantly different within a time interval among TPB 
treatments.  
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Figure 5: Effect of TPB on domestic horse total spermatozoa motility (A) and progressive motility (B) 
during 120 min of in vitro incubation. Values represent means ± SEM. *Indicate significant difference 
from Time 0 within a TPB concentration. ABCValues with different letters are significantly different within 
a time interval among TPB treatments.   
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Effect of TPB on Przewalski’s horse spermatozoa motility 

  

Exposure to TPB resulted in a concentration and time dependent loss in total 

spermatozoa motility (Fig. 6, Panel A). Neither 50 mM nor 150 mM TPB exerted an 

inhibitory effect on Przewalski’s horse spermatozoa motility although at 150 mM 

concentration, a declining trend was observed. At 300 mM and 500 mM, spermatozoa 

motility declined (P < 0.05) within 30 min of TPB exposure. There was no further change 

in spermatozoa motility over 120 min of in vitro incubation. At Time 30 min, 60 min, 90 

min, and 120 min, there was no difference (P > 0.05) among 0 mM, 50 mM or 150 mM 

TPB treatments but motility was lower (P < 0.05) in 300 mM and 500 mM TPB. 

Spermatozoa motility was not different among 150 mM, 300 mM or 500 mM treatments.  
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Figure 6: Effect of TPB on Przewalski’s horse total spermatozoa motility (A) and progressive motility 
(B) during 120 min of in vitro incubation. Values represent means ± SEM. *Indicate significant 
difference from Time 0 within a TPB concentration. ABCValues with different letters are significantly 
different within a time interval among TPB treatments.   
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 Spermatozoa progressive motility also declined in a concentration and time 

dependent manner following TPB treatment (Fig. 6, Panel B). Exposure to 300 mM or 

500 mM resulted in a sharp (P < 0.05) decline within 30 min of in vitro incubation. No 

further decline in progressive motility was observed following in vitro incubation. 

Exposure to 50 mM or 150 mM TPB had minimal effect on spermatozoa progressive 

motility, although at 150 mM concentration, there was a declining trend. At 30 min, there 

was no difference in spermatozoa progressive motility among 0 mM, 50 mM or 150 mM 

TPB treatments or among 50 mM, 150 mM, 300 mM or 500 mM treatments. However, 

spermatozoa progressive motility was lower (P < 0.05) than Control (0 mM). At 60 min 

post-TPB treatment, there was no difference in progressive motility among 0 mM, 50 

mM, and 150 mM treatments. Furthermore, there was no difference among 50 mM, 150 

mM, 300 mM, or 500 mM treatments. However, 300 mM and 500 mM treatments 

expressed lower (P < 0.05) progressive motility than 0 mM or 50 mM TPB. At 90 min or 

120 min, there was no difference in progressive motility in 300 mM and 500 mM TPB 

treatments.  
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Compared with 0 mM, 50 mM, 150 mM or 300 mM, STR was the lowest (P < 

0.05; Table 4) in aliquots exposed to 500 mM TPB after 30 min of exposure resulting in a 

~50% reduction compared with 0 mM TPB. This effect was not observed at other 

concentrations of TPB. Significant reduction also was observed in VAP at 300 mM and 

500 mM TPB following a 30 min incubation. At 300 mM and 500 mM TPB, VCL also 

decreased (P < 0.05) within 30 min. There was no influence of TPB or in vitro incubation 

on LIN.  

        

 

 

 

 

 

Table 4:   Analysis of Przewalski’s horse spermatozoa motion characteristics at Time 0 and 30 min 
after TPB addition. Samples were analyzed using CASA. LIN – linearity, STR – straightness, VAP – 
average path velocity, and VCL – curvilinear velocity. Values represent mean ± SEM. *Indicate 
significant difference in CASA parameter between Time 0 and 30 min within a TPB concentration. 
Time 0 within a TPB concentration. ABCValues with different letters are significantly different within a 
time interval among TPB treatments.  
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 Effect of TPB on Persian onager spermatozoa motility 

  

Exposure to TPB resulted in a concentration and time dependent loss in total 

spermatozoa motility (Fig. 7, Panel A). Exposure to 150 mM, 300 mM or 500 mM TPB 

resulted in a sharp (P < 0.05) decline in total spermatozoa motility within 30 min. There 

was no further reduction in spermatozoa motility when spermatozoa suspensions were in 

incubated for 120 min in vitro.  Spermatozoa exposed to 0 mM, 50 mM or 150 mM TPB 

exhibited higher (P < 0.05) total spermatozoa motility compared with 300 mM or 500 

mM TPB through the 120 min assessment.  

Progressive motility also declined (P < 0.05) in a concentration and time 

dependent manner (Fig. 7, Panel B). Exposure to TPB (150 mM, 300 mM and 500 mM) 

induced a sharp decline (P < 0.05) in spermatozoa progressive motility within 30 min 

(Fig. 7, Panel B). There was no further decline in spermatozoa motility over 120 min of 

Figure 7:  Effect of TPB on Persian onager total spermatozoa motility (A) and progressive motility (B) 
during 120 min of in vitro incubation. Values represent means ± SEM. *Indicate significant difference from 
Time 0 within a TPB concentration. ABCValues with different letters are significantly different within a time 
interval among TPB treatments.  
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in vitro incubation. Spermatozoa progressive motility was higher (P < 0.05) in 0 mM and 

50 mM TPB treatments compared to 300 mM and 500 mM TPB from 30 min through 

120 min. At 90 min, 300 mM and 500 mM exhibited the lowest (P < 0.05) progressive 

motility compared with 0 mM, 50 mM and 150 mM TPB treatments. Furthermore, there 

was no difference between 300 mM and 500 mM TPB treatments at 30 min, 60 min, 90 

min or 120 min.  

Compared with 0, 50 mM or 150 mM TPB treatments, STR was lowest (P < 0.05) 

at 300 mM and 500 mM concentrations (Table 5). Exposure to 300 mM or 500 mM TPB 

resulted in a significant decline in LIN, STR, VAP and VCL within 30 min.  

 

 

 

 

 

 
 
 

Table 5: Analysis of Persian onager spermatozoa motion characteristics at Time 0 and 30 min after TPB 
addition. Samples were analyzed using CASA. LIN – linearity, STR – straightness, VAP – average path 
velocity, and VCL – curvilinear velocity. Values represent mean ± SEM. *Indicate significant difference in 
CASA parameter between Time 0 and 30 min within a TPB concentration. ABCValues with different letters are 
significantly different within a time interval among TPB treatments.  
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Effect of caffeine on TPB treated domestic horse spermatozoa motility 

 

 

 

 

Although TPB (150 mM, 300 mM and 500 mM) induced a sharp (P < 0.05) 

decline in total spermatozoa motility, caffeine failed to return total spermatozoa motility 

or progressive motility to Control (0 mM) levels (Fig. 8 and 9). Furthermore, 150 mM, 

300 mM, and 500 mM concentration were significantly lower than the Control (0 mM) 

treatment for all time points post-caffeine addition (with the exception of the 150 mM 

treatment at Time 30 min; P < 0.05). The 50 mM treatment at 30 min post-caffeine 

addition although was not different from Control (0 mM), was significantly more motile 

(P < 0.05) than 150 mM, 300 mM and 500 mM treatments.  

Analysis of spermatozoa motion characteristics revealed no influence of caffeine 

on TPB treated domestic horse spermatozoa LIN, STR, VAP, or VCL (Table 6). At Time 

Figure 8:  Effect of 10 mM caffeine on TPB treated domestic horse total spermatozoa motility 
following 30 min and 60 min in vitro incubation. Values represent means ± SEM. *Indicate significant 
difference from Time 0 within a TPB concentration. ABCValues with different letters are significantly 
different within a time interval among TPB treatments.  
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30 min post caffeine addition, VAP was lower (P < 0.05) in both 300 mM and 500 mM 

treatments compared with 0 mM and 50 mM TPB treatments.  

 

 

 

 

 

Figure 9: Effect of 10 mM caffeine on TPB treated domestic horse spermatozoa progressive motility 
following 30 min and 120 min in vitro incubation. Values represent means ± SEM. No statistical differences 
were detected.  
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Time 30 71.85±3.41 55.3±2.96 42.55±4.15 36.49±1.2 41.28±23.66
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Table 6: Analysis of domestic horse spermatozoa motion characteristics at Time 0 and 30 min after 
exposure of TPB treated spermatozoa to 10 mM caffeine. Samples were analyzed using CASA. LIN – 
linearity, STR – straightness, VAP – average path velocity, and VCL – curvilinear velocity. Values 
represent mean ± SEM. ABCValues with different letters are significantly different within a time interval 
among TPB treatments.  
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Effect of caffeine on TPB treated Przewalski horse spermatozoa motility 

 

  

 

Within 30 min of exposure to 300 mM or 500 mM TPB, spermatozoa total 

motility and progressive motility declined (P < 0.05; Fig. 10 and 11). Caffeine was not 

able to restore total motility or progressive motility of 300 or 500 mM TPB treated 

samples. After 60 min of exposure to caffeine, total motility of 300 mM TPB treated 

samples were comparable to 150 mM TPB treatment. Furthermore, there was no effect of 

caffeine treatment on spermatozoa motility characteristics (Table 7).  

Figure 10: Effect of 10 mM caffeine on TPB treated Przewalski’s horse total spermatozoa motility following 
30 min and 60 min in vitro incubation. Values represent means ± SEM. *Indicate significant difference from 
Time 0 within a TPB concentration. ABCValues with different letters are significantly different within a time 
interval among TPB treatments..  
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Figure 11:  Effect of 10 mM caffeine on TPB treated Przewalski’s horse spermatozoa progressive motility 
following 30 min and 120 min in vitro incubation. Values represent means ± SEM. *Indicate significant difference 
from Time 0 within a TPB concentration.  
 
 
 
 
 

Table 7: Analysis of Przewalski’s horse spermatozoa motion characteristics at Time 0 and 30 min after exposure 
of TPB treated spermatozoa to 10 mM caffeine. Samples were analyzed using CASA. LIN – linearity, STR – 
straightness, VAP – average path velocity, and VCL – curvilinear velocity. Values represent mean ± SEM. 
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Effect of caffeine on TPB treated Persian onager spermatozoa motility 

 Caffeine failed to improve total spermatozoa motility (Fig. 12) or progressive 

motility (Fig. 13) in TPB treated samples. Total spermatozoa motility was lowest (P < 

0.05) in 300 mM and 500 mM TPB treated samples.  

Caffeine failed to improve any of the spermatozoa motion characteristics (Table 

8) within a TPB treatment. However, STR was lower (P < 0.05) in 500 mM TPB treated 

samples at 30 min after caffeine exposure. STR value was also the lowest (P < 0.05) 

among all TPB treatments supplemented with 10 mM caffeine. VAP and VCL were 

lower in 300 mM and 500 mM TPB treated samples at both Time 0 and Time 30 min 

after caffeine exposure.  
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Figure 12:  Effect of 10 mM caffeine on TPB treated Persian onager total spermatozoa motility following 30 min 
and 60 min in vitro incubation. Values represent means ± SEM. *Indicate significant difference from Time 0 
within a TPB concentration. ABCValues with different letters are significantly different within a time interval 
among TPB treatments. 
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Figure 13:  Effect of 10 mM caffeine on TPB treated Persian onager spermatozoa progressive motility 
following 30 min and 120 min in vitro incubation. Values represent means ± SEM. *Indicate significant 
difference from Time 0 within a TPB concentration.  
 
 
 
 
 
Table 8:   Analysis of Persian onager spermatozoa motion characteristics at Time 0 and 30 min after exposure of 
TPB treated spermatozoa to 10 mM caffeine. Samples were analyzed using CASA. LIN – linearity, STR – 
straightness, VAP – average path velocity, and VCL – curvilinear velocity. Values represent mean ± SEM. 
*Indicate significant difference in CASA parameter between Time 0 and 30 min within a TPB concentration. 
ABCValues with different letters are significantly different within a time interval among TPB treatments.  
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Experiment 2 

Effect of TPB on frozen/thawed domestic horse spermatozoa 

 

 

Exposure to TPB prior to cryopreservation resulted in a concentration dependent 

(Fig. 14, Panel A) loss of spermatozoa motility post-thaw. Immediately after thawing, 

both Control (0 mM) and the 150 mM treatments exhibited higher (P < 0.05) total 

spermatozoa motility than 300 mM TPB treatment. Dilution in isotonic medium to 

remove the cryoprotectant induced a further decline in spermatozoa motility in 0 mM and 

150 mM TPB treated samples. Caffeine improved spermatozoa motility in the 0 mM 

sample but motility remained significantly lower in the 150 mM and 300 mM treatments. 

Immediately after thawing, spermatozoa progressive motility (Fig. 14, Panel B) 

was comparable between 0 mM and 150 mM TPB treatment but higher (P < 0.05) than 

300 mM TPB. Resuspension and caffeine addition also resulted in the lowest values for 
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Figure 14:  Effect of TPB and caffeine exposure on domestic horse total spermatozoa motility (A), progressive 
motility (B), viability (C), and acrosomal integrity (D) during cryopreservation and thawing. Values represent 
means ± SEM. ABValues with different letters indicate differences (P < 0.05) among TPB concentrations but 
within a processing step. abValues with different letters indicate differences (P < 0.05) within TPB concentration 
but among processing steps.  
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300 mM TPB treated samples. Within a TPB concentration, progressive motility declined 

(P < 0.05) following resuspension and caffeine addition in 150 mM TPB treated samples 

alone.   

Immediately after thawing or post-caffeine addition, sperm cell viability (Fig. 14, 

Panel C) was lower (P < 0.05) in 300 mM TPB treated samples compared with Control (0 

mM TPB). There was no difference between 0 mM and 150 mM TPB or 150 mM and 

300 mM TPB. Furthermore, there was no (P > 0.05) effect of TPB concentration or 

sperm cell processing on sperm cell acrosomal integrity (Fig. 14, Panel D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

Effect of TPB on frozen/thawed Persian Onager spermatozoa 

 

  

 

Exposure to TPB (150 mM or 300 mM) prior to cryopreservation resulted in a 

decline (P < 0.05) in spermatozoa total motility compared with Control (0 mM TPB; Fig. 

15, Panel A). After resuspension, spermatozoa exposed to 300 mM TPB had fewer (P < 

0.05) motile spermatozoa than 0 mM or 150 mM treatments. After caffeine addition, 0 

mM TPB exhibited the highest (P < 0.05) total spermatozoa motility.   

 Exposure to TPB prior to cryopreservation did not affect post-thaw or post 

resuspension spermatozoa progressive motility in 0 mM, 150 mM, or 300 mM TPB 

treatment (Fig. 15, Panel B). Exposure to caffeine resulted in higher spermatozoa 

progressive motility in 0 mM TPB compared with 300 mM TPB; there was no difference 

between 150 mM and 500 mM treatments.  

Figure 15:   Effect of TPB and caffeine exposure on Persian onager total spermatozoa motility (A), 
progressive motility (B), viability (C), and acrosomal integrity (D) during cryopreservation and thawing. 
Values represent means ± SEM. ABValues with different letters indicate differences (P < 0.05) among TPB 
concentrations but within a processing step.  
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Exposure to 300 mM TPB prior to cryopreservation resulted in lowest sperm cell 

viability (Fig. 15, Panel C) immediately after thawing compared with 0 mM or 150 mM 

TPB treatments. There was no effect of caffeine on any treatment. Furthermore, there was 

no effect of TPB on sperm cell acrosomal integrity (P > 0.05; Fig. 15, Panel D). 
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DISCUSSION 

 

 In domestic horses, selection of studs has always been centered around the 

promise of heritable athletic performance or the curb appeal of pedigree. This contrasts 

with most domestic animals such as rams, bulls, and chickens, where a strong emphasis 

on stud selection is placed on reproductive potential. Interestingly, 90% of the 

Standardbred foals are born via artificial insemination from chilled or cryopreserved 

semen (Nath et al., 2010). Assisted reproductive technologies like artificial insemination 

and sperm cell cryopreservation also are invaluable for preserving endangered equids 

such as the Przewalski’s horse and Persian onager. Historically, genetic diversity is low 

in these species and all reproduction is based on mean kinships with the goal to minimize 

inbreeding. This also requires that animals are shipped to various zoos further increasing 

the risk of injury or death during transport and the cost associated with this transport. In 

contrast, artificial insemination provides an effective alternative via eliminating the need 

to ship live animals. However, techniques for sperm cell preservation are still imperfect 

(Schook et al., 2013; Pukazhenthi et al., 2014). Even in the domestic horse, pregnancy 

rates following artificial insemination with frozen-thawed spermatozoa is suboptimal 

(Batellier et al., 2001). 

The two main forms of semen preservation are chilling and freezing. Chilling 

involves short-term cooling of sperm cell suspensions to between 4°C and 10°C which 
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allows for its continued effective use for hours and even days later (Gibb and Aitken, 

2016). Freezing spermatozoa in liquid nitrogen allows long-term preservation permitting 

the storage and use of samples for decades (Gibb and Aitken, 2016). Cryopreservation is 

a valuable technique for preserving endangered equids such as the Przewalski’s horse and 

Persian onager because it allows for the preservation of gametes for later use long after 

the death of the donor animal thus increasing the genetic diversity achievable in the 

future. However, the process of cryopreservation requires spermatozoa to be exposed to 

extreme temperatures and toxic cryoprotectants, which often result in cell death due to 

oxidative stress, mitochondrial dysfunction, and water recrystallization (Mazur, 1984; 

O’Connell et al., 2002; Peris-Frau et al., 2020; Hezavehei et al., 2018). In equids, post 

thaw motility is typically <50% of the pre-freeze motility (Pena et al., 2009). Therefore, 

developing strategies to preserve sperm cell structure and function both during liquid 

storage and cryopreservation, could enhance the utility of stored spermatozoa samples. 

There is strong evidence that equid spermatozoa have very high energy 

requirements compared to other mammals (Varner et al. 2014, Gibb et al., 2014, Meyers, 

2019). Spermatozoa from most mammals rely on glycolysis to generate ATP. In contrast, 

equid spermatozoa rely mostly on oxidative phosphorylation (Mukai & Okuno, 2004; 

Nascimento et al., 2008; Odet et al., 2013; Ferramosca & Zara, 2014). For example, 

Davila et al. (2016) showed that uncoupling of stallion spermatozoa oxidative respiration 

reduced both spermatozoa motility and mitochondrial membrane potential. This is 

consistent with the findings that equine spermatozoa is dependent on oxidative 

phosphorylation for maintenance of spermatozoa function and that glycolysis is mostly 

involved in regulating spermatozoa motility characteristics (Davila et al., 2015). 
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Pathways that regulate energy production also give rise to reactive oxygen species (ROS) 

(Meyers, 2019). When ROS production is in excess, spermatozoa undergo decreases in 

mitochondrial function, membrane integrity, viability, motility, and fertilizing ability. 

ROS also can induce cell death via triggering extensive membrane damage and DNA 

damage (Gibb et al., 2014; Varner et al., 2014). The cryopreservation process has been 

shown to markedly increase ROS production and mitochondrial membrane degradation 

due to decreased ATP production (Słowińska et al., 2018). As equid spermatozoa rely 

heavily on oxidative phosphorylation for the energy required for motility, inhibiting 

spermatozoa motility prior to cryopreservation could increase the intracellular energy 

available to maintain cellular structure while limiting the production of ROS during 

sperm cell cryopreservation. Theoretically, this would lead to a higher rate of recovery 

and improved quality of cryopreserved sperm.   

Peterson and Freund (1976) first reported that sodium tetraphenylboron (TPB) 

could inhibit motility in human spermatozoa without negatively affecting intracellular 

ATP levels or inducing cell death as they were able to fully recover motility and 

metabolic function of spermatozoa using caffeine and Ouabain. If TPB was able to 

reversibly inhibit the motility/metabolic action of equine spermatozoa, the cell death 

attributable to ROS production and membrane degradation during the freezing and 

thawing processes of cryopreservation could be minimized resulting in a higher cell 

recovery and quality of cryopreserved sperm. To our knowledge, no study has attempted 

to reversibly inhibit spermatozoa motility/metabolic activity in equids prior to 

cryopreservation as a means for improved post-thaw spermatozoa recovery. 
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Across the three species of equids in our first experiment, the three highest 

concentrations of TPB significantly decreased spermatozoa motility over the 2 h of in 

vitro incubation. At 300 mM and 500 mM TPB, spermatozoa motility declined 75% in 

the Persian onager and almost completely in the domestic horse and Przewalski’s horse 

from the time 0 measurement to time 30 min measurement of in vitro incubation. 

Exposure to 150 mM TPB resulted in a ~50-65% drop in motility from the time 0 

measurement within 30 minutes. The exact pathway by which TPB inhibits equine 

spermatozoa motility is unknown but warrants further research. Peterson and Freund 

(1976), earlier reported that TPB did not permeate the plasma membrane nor did it affect 

glycolysis. Coupled with the finding that caffeine, a phosphodiesterase inhibitor that also 

regulates membrane bound calcium ion channels, was able to restore spermatozoa 

motility in TPB inhibited human sperm, it is reasonable to theorize that TPB exerts it’s 

effect by inhibiting the ability of spermatozoa to import calcium ions from the 

extracellular environment which is required for mitochondrial function and for flagellar 

movement.  

In the present study, contrary to Peterson and Freund’s (1976) findings in human 

sperm, exposure of TPB treated equine spermatozoa to 10 mM caffeine was unable to 

restore spermatozoa motility to initial (pre-TPB treatment) values nor induce 

hyperactivation. Caffeine has been shown to increase total motility of thawed horse 

spermatozoa without inducing changes in spermatozoa motion characteristics consistent 

with hyperactivation (Lecewicz et al., 2019; Rota et al., 2019). Interestingly, even lower 

concentrations of caffeine (5 mM or 7.5 mM) than the concentration used in this study 

(10 mM), have been shown to stimulate motility in horse spermatozoa post thaw (Rota et 
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al., 2019). Therefore, it remains unclear why in the present study we failed to observe 

enhanced spermatozoa motility even in control samples. In human sperm, spermatozoa 

motility was completely restored when TPB treated spermatozoa were exposed to a 

combination of ouabain (0.1 mM) and caffeine (10 mM). Ouabain has been shown to 

exert its effect via the Mg2+ -activated Na+, K+-dependent ATPase located mostly in the 

midpiece of spermatozoa and is primarily responsible for maintaining membrane 

potential/internal homeostasis of Ca2+, Na+, and K+ ions (Nelson and McGrady, 1981). 

Ouabain also has been shown to stimulate spermatozoa motility at low concentrations, 

but exert an inhibitory effect on spermatozoa motility at higher concentrations. Species-

specific differences among mammals also have been reported (Nelson and McGrady, 

1981). Therefore, stimulatory effect of ouabain alone or in conjunction with caffeine on 

TPB treated equine spermatozoa warrants further studies.  

 Pre-treatment of equine spermatozoa with 150 mM or 300 mM TPB prior to 

cryopreservation did not improve post-thaw spermatozoa motility in the domestic horse 

or Persian onager. Sperm cell viability was consistently lower in 300 mM TPB treated 

samples compared with 0 mM or 150 mM TPB treatments. However, there were no 

differences in acrosomal integrity among treatments. Similar results have been reported 

in boar semen (Huo et al. 2002) wherein reduction in mitochondrial function and cell 

viability were observed earlier than changes in acrosomal membrane integrity. 

McLaughlin et al. (1993) also confirmed that loss of cell viability, acrosomal integrity, 

and cellular damage were independent events during cryopreservation or exposure to 

chemicals.  
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 A significant finding in the present study was that 10 mM caffeine was unable to 

stimulate thawed equine spermatozoa motility in Control (0 mM), 150 mM or 300 mM 

TPB treated sperm. There are inconsistencies in the field about the effectiveness of 

caffeine to stimulate thawed equine sperm. Rota et al. (2019) reported that 5 mM and 10 

mM caffeine exposure for 1 and 2 h following thawing resulted in ~10% increase in total 

motility above control treatment in horse spermatozoa but interestingly had no effect on 

donkey sperm. Conversely, Stephens et al. (2013) reported that caffeine (1 mM - 5 mM) 

had no significant effect on horse spermatozoa from the time of exposure to the point at 

which total motility was <10%. 

While pre-treatment with TPB (to arrest spermatozoa motility) and restoring 

spermatozoa motility via addition of caffeine was unsuccessful in the present study, 

additional research is warranted to explore other strategies. For example, one approach 

could be to evaluate other additives to reinitiate spermatozoa motility. These may include 

cyclic nucleotides (cAMP, cGMP), increased extracellular calcium, and activation of 

Ca2+-ATPase pumps (Rahman et al. 2014). Since no effort was made to measure ROS 

production in the present study, future research may focus on measuring ROS generation 

in the presence of TPB and evaluation of antioxidants to complement any beneficial 

effects of caffeine (Cheema et al., 2009). Recent studies also suggest that stress 

preconditioning via application of controlled hydrostatic pressure on spermatozoa 

stimulates synthesis of stress-combative proteins and antioxidants within the cells 

increasing tolerance to in vitro processing including cryopreservation (Pribenszky et al., 

2010; Huang et al., 2009). 



43 
 

Another potential avenue for reversible spermatozoa motility inhibition would be 

through chemical activation of the AMP-activated protein kinase (AMPK) pathway. The 

AMPK pathway is a regulator of cell energy homeostasis, activation-dependent upon 

intracellular energy levels, and has been associated with spermatozoa motility, 

mitochondrial membrane integrity, plasma membrane maintenance/organization, and 

acrosome integrity (Hurtado de Llera et al., 2012; Cordova et al., 2014; Nguyen, 2017). 

Zhu et al. (2019) reported that AMPK activation via resveratrol addition improved post-

thaw sperm cell recovery in boars. Specifically, washing thawed spermatozoa in medium 

supplemented with resveratrol increased both spermatozoa motility and viability 

compared with control treatment. Likewise, a similar drug, metformin, has been shown in 

mouse and chicken spermatozoa to improve post thaw viability, acrosome integrity, and 

total motility via activation of AMPK (Bertoldo et al., 2014; Nguyen et al.,2015; Nguyen, 

2017). One or more of these compounds warrant additional research to assess their effects 

on improving frozen/thawed equine spermatozoa recovery. 

In conclusion, our findings confirm the results presented by Peterson and Freund 

(1976) that TPB is a potent inhibitor of spermatozoa motility and TPB was able to exerts 

its effects on equid spermatozoa. However, unlike the report in human sperm, caffeine 

was unable to reinitiate spermatozoa motility in TPB treated samples. This may be due to 

the differences in energy requirements/production in human sperm cells and that of the 

equine sperm cells tested in our experiments. Furthermore, inhibition of equine 

spermatozoa motility with TPB prior to cryopreservation resulted in decreased total 

motility and lower cell viability than control treatments. These findings suggest inhibition 

of spermatozoa motility via supplementation of TPB during cryopreservation is not a 
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viable approach for improving equine post-thaw spermatozoa survival. Further studies 

are needed to characterize the cellular pathways affected by TPB in equine spermatozoa 

and to efficiently reverse this inhibition.  
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