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ABSTRACT 

 

EVALUATION OF STANDARD AND DEVELOPMENT OF NEW SPERM FUNCTIONAL TESTS IN 

SELECTED PRIMATE SPECIES 

 
F.C PRAG  

 
MSc thesis, Department of Medical Bioscience, University of the Western Cape 

 
Male infertility in humans has increased in the last few decades and could be as high as 40%, 

while up to 50% of these men have “unexplained” (idiopathic) infertility. Although newly 

developed molecular techniques have great value in detecting subtle causes of male infertility, 

more detailed sperm functional tests are required to identify compromised fertility, especially 

in a clinical set-up. Since ethical constraints often preclude the pursuit of many basic research 

questions in humans, non-human primates (NHPs) have been identified as key models in 

human-related studies. NHPs are often used in studies on male fertility/infertility, IVF or 

assisted reproductive technology (ART) procedures, male contraception and reproductive 

toxicology. However, comparing results of NHP and human studies require that techniques 

used for assessment must be objective, standardized and sensitive to recognize compromised 

sperm function. The aim of this study was to evaluate standard sperm functional tests and 

develop new functional tests using NHP sperm, specifically from vervet monkeys (Chlorocebus 

aethiops), chacma baboons (Papio ursinus) and rhesus monkeys (Macaca mulatta), for 

application in human and NHP studies and to ultimately develop a basic primate model. The 

sperm functions investigated included sperm motility, longevity, vitality, DNA integrity, 

acrosome reaction, and hyperactivation. The sperm functional tests evaluated were: CASA 

motility analysis; Sperm Longevity test; Eosin-Nigrosin and Hoechst and Propidium Iodide 

staining, as well as the use of WST-1 cytotoxicity assay for vitality; the TUNEL assay for DNA 

integrity; Acrosome Intactness Test; and induction of hyperactivation via stimulants. The 

validity of each test was investigated by inhibiting sperm function through the use of copper 

sulphate and cadmium chloride. All functional tests were successfully performed across all 

three species, except the TUNEL assay for DNA integrity, and was further used for validation 

testing. Validation testing proved that all sperm functional parameters were significantly 

affected by the highest concentrations of the chemicals (250 µg/ml CuSO4 and 500 µg/ml 

CdCl2) and if not significant, trends of reduction were seen. The tests employed were 

therefore sensitive to the inhibitory effect of the metals. By evaluating these established 

sperm functional tests we found that primates would serve as good models for research study. 

Furthermore, we optimized and modified techniques for sperm and functional analysis in 

these three primate species and this study will standardize protocols for use in future studies 

on male infertility.  Additionally, comparing human and NHP sperm function can possibly 

reveal or explain the high infertility rates in humans. 
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Chapter 1: Introduction to study 

 

1.1 General introduction 

Infertility affects up to 15% of couples (Raheem and Ralph, 2011) and male infertility refers to a male’s 

inability to result pregnancy in a fertile female (Kumar and Singh, 2015). A male factor is solely responsible 

in about 20% of infertile couples and contributory in 30-40% of cases (Jarow et al., 2002). The causes of male 

infertility can be classified into three major groups, the first being, non-obstructive infertility resulting from 

inadequate sperm production by the testes. The second is obstructive infertility, where there is normal 

sperm production but there’s a blockage in the genital tract and the third is coital infertility where there is 

normal sperm production and patent genital tract, however, infertility is secondary to sexual dysfunction, 

which impairs intromission or ejaculation (Raheem and Ralph, 2011). It is therefore important to identify the 

class of infertility and provide the appropriate treatment.   

Male infertility is commonly due to deficiencies in the semen and semen quality is used as a surrogate 

measure of male fecundity (Cooper et al., 2010). Sperm abnormalities are a critical factor in male infertility, 

which include abnormalities related to sperm count, sperm motility and sperm structure and shape (WHO, 

1999; Kumar and Singh, 2015). The analysis of retrospective data indicates that sperm counts may have 

declined in parts of the world but a geographical variation in the semen quality exists (Auger and Jouannet, 

1997; Jorgensen et al., 2001; Swan, 2006). The reason for this variation may be due to environmental, 

nutritional, socioeconomic or other unknown causes (Fisch and Goluboff, 1996).  

From the 1980s, an emerging concern has been reported about deteriorating semen quality (Osser et al., 

1984; Menkveld et al., 1986; Murature et al., 1987). In 1992, a study including meta-analysis, found that the 

mean sperm count of healthy men declined by 1% per year between 1938 and 1990 (Carlsen et al., 1992). In 

2000, an updated meta-analysis was done, which confirmed the falling trend in sperm count (Swan et al., 

2000) and another meta-analysis reported a global decrease in sperm density by about 50% over the past 

50-60 years (Carlsen et al., 1992; Fisch, 2008). 

The fact that standard semen evaluation only allows for the diagnosis of male infertility without providing 

evidence for an aetiological or physiopathological origin, the inclusion of sperm functional testing has 

become necessary (Oehninger et al., 2000). Furthermore, if no therapy is indicated, if treaments fail or if the 

degree of sperm abnormalities is severe enough to refer the couple to assisted reproductive technology 

(ART), there is a need to determine the sperm functional capacity (Oehninger et al. 2000). In the light of the 
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above, it is therefore necessary to employ sperm functional testing in order to further identify the causes 

and appropriate treament for infertility.  

 

1.2 Aim and objectives 

This study involved the use of non-human primate spermatozoa to evaluate sperm function with selected 

tests and employ the use of chemicals to inhibit sperm function to determine the sensitivity of these tests. 

This will thereby allow for the possibility of developing a primate model for reproductive studies.  

 

Aim 1: Evaluate and modify standard sperm functional tests  

Objectives:  

 to determine the appropriate sperm preparation method  

 to optimize and modify the sperm functional tests for non-human primates 

 to rule out tests that are not successful for further testing 

 

Aim 2: Validate the ability of each test to detect changes in sperm functional parameters 

Objectives:  

 to inhibit sperm function and evaluate the sensitivity of each test to recognize compromised sperm 

function 

 to determine whether the sperm functional tests would be successful for evaluating the spermatozoa 

of the selected primate species 

 

1.3 Overview of chapters 

 

Chapter 2: 

This chapter contains the introduction of the study by explaining and giving background to the relevant topics 

of this study such as infertility, the use of non-human primates for research and the effect of heavy metals 

on the male reproductive system. Male infertility is the focus for this study and the primates selected for 
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investigation were the vervet monkey, chacma baboon and the rhesus monkey. The heavy metals selected 

for inhibitory actions were copper sulphate and cadmium chloride.  

Chapter 3: 

The methods and materials of this study are explained in this chapter. It contains and provides protocols for 

the techniques used to evaluate sperm function, namely, sperm motility and longevity, vitality, DNA integrity, 

acrosome intactness and hyperactivation. The preparation of the primate spermatozoa functional for testing 

and the introduction of the heavy metals are also explained. 

Chapter 4: 

The results obtained in this study will be found in this chapter and it has two parts, Optimization and 

Validation. Optimization was the first step of evaluation of all the employed tests used for all three primate 

species. Validation was the second step, which involved the introduction of the heavy metals to inhibit sperm 

function and test the sensitivity of each test.  

Chapter 5: 

This chapter contains the discussion of the results obtained for each test as well as for each species, with the 

support of results from previous studies. Tests were found to be successful in determining sperm function 

and negative effects were seen after exposure to heavy metals. The conclusion highlights that we were 

successful in our aim of evaluating sperm function in these primate species and provide steps and 

suggestions for future studies.   
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Chapter 2: Introduction 

2.1 Infertility 

Infertility, defined as failure to conceive after a year of unrestricted and unprotected intercourse, is a 

frequent complaint in gynaecological service (Mati, 2004). It has been seen to lead to distress and depression, 

as well as discrimination and ostracism (Chachamovich et al., 2010; Cui, 2010). The inability to have children 

affects men and women across the globe (Mascarenhas et al., 2012), affecting 8 to 12 percent of couples 

worldwide (Reproductive Health Outlook, 2002). In addition, for women with irregular menstrual cycles and 

over the age of 35 years, infertility is defined as unsuccessful conception after 6 months of trying to conceive 

(CDC, 2016). Female infertility can futhermore be divided into primary and secondary infertility. Primary 

infertility is defined as the absence of a live birth for women who desire a child and have been in a union for 

at least five years, during which they have not used any contraceptives. Secondary infertility is the absence 

of a live birth for women who desire a child and have been in a union for at least five years since their last 

live birth, during which they did not use any contraceptives (Mascarenhas et al., 2012). 

It is estimated that 1 in 7 couples have problems conceiving and the incidence of infertility is similar in most 

countries regardless of their level of development (Chan, 2010). In Japan, especially, couples reject 

insemination or adoption as an alternative method to having a child, meaning that males are most likely to 

seek infertility evaluations when a couple has difficulty conceiving (Kobayashi et al., 2012). Whereas the 

impact of infertility is felt mainly at the couple and individual levels, in Africa it is also a matter of major 

concern to the extended family (Mati, 2004). It is an important problem from health, social/cultural and 

economic considerations, with patients experiencing considerable social and mental anguish, as well as a 

heavy financial investment needed for its investigation and treatment (Mati, 2004). 

According to the World Health Organization (WHO), the global prevalence of infertility is difficult to 

determine because of the presence of both male and female factors which complicate any estimate that 

may only address women and an outcome of pregnancy diagnosis or live birth (WHO, 2015). According to 

Mati (2004), it is estimated that 50–80 million people world-wide are inflicted with infertility. According to 

another study it accounts for 40-60% of all gynaecological consultations in developing countries (Giwa-

Osagie, 2004), however, the problem is greater in the African region where it affects 20–30% of the 

population. 

A more recent study by Mascarenhas et al. (2012), showed that worldwide 48.5 million couples are unable 

to have a child, of which 19.2 million couples are unable to have a first child, and 29.3 million couples are 
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unable to have an additional child (the latter excludes China). Fourteen million four hundred thousand of 

these couples live in South Asia, and a further 10.0 million live in Sub-Saharan Africa. The number of couples 

suffering from infertility has increased since 1990, when 42.0 million couples were unable to have a child. 

Though the number of infertile couples has increased globally and in most regions, it has decreased from 4.2 

million in 1990 to 3.6 million in 2010 in the High Income region (Pacific Asia, Australia, North America and 

Western Europe), and from 4.4 million in 1990 to 3.8 million in 2010 in the Central/Eastern Europe and 

Central Asia region (Mascarenhas et al., 2012). 

Although many people still believe that infertility is a female problem (Kobayashi et al., 2012), the cause of 

infertility can be present in both male and female partners, both of which should be investigated in all cases 

(Mati, 2004). It is, however, rarely acknowledged that male infertility contributes to at least half of all cases 

worldwide and is often the most difficult to treat (Devroey et al., 1998; Irvine, 1998; Kamischke and Nieschlag, 

1998). The factors causing high rates of infertility in parts of the developing world are varied, but tubal 

infertility due to sexually transmitted, post-partum, post-abortive and iatrogenic infections is widely 

regarded as the primary form of preventable infertility in the world (Sciarra, 1994, 1997; Reproductive Health 

Outlook, 2002). As a result, secondary infertility is encountered more frequently than primary infertility. The 

prevalence of primary infertility is about less than 5%, while secondary infertility ranges from 10 to 40% 

(Mati, 2004). 

A high prevalence of HIV infection in countries with high infertility rates calls for evaluation of the 

relationship between the two. HIV infection may decrease fertility through factors related to reduced coital 

frequency due to ill-health, erectile dysfunction and increased prevalence of sexually transmitted infections 

(STIs) among HIV-infected individuals (Mati, 2004). In males, HIV infection is associated with 

hypergonadotrophic hypogonadism. The changes in semen parameters increase in severity with progression 

of the disease (Mati, 2004).  In females, HIV infection exacerbates the severity of pelvic inflammatory disease 

(PID) thereby causing greater fallopian tube damage (Mati, 2004). It is also probable that a number of tropical 

conditions contribute to the low fertility in Africa (Mati, 2004). Filariasis has been associated with abnormal 

semen parameters, while tuberculosis and schistosomiasis have been shown to cause tubal obstruction 

(Mati, 2004). 
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2.1.1 Male Fertility/Infertility 

Male infertility is a relatively common condition in humans that affects approximately 1 in 20 of the male 

population (Aitken et al., 2011). Although the majority of such patients produce sufficient numbers of 

spermatozoa to achieve conception, fertility is compromised because these cells are functionally deficient 

(Aitken et al., 2011) or have chromosome abnormalities (Ng et al., 2002). This lack of sperm quality can 

influence the fertilizing potential of spermatozoa and their ability to promote normal embryonic 

development as a consequence of high levels of deoxyribonucleic acid (DNA) damage in the paternal genome 

(Aitken et al., 2011).   

 
Sperm dysfunction has consistently been identified as the single most common cause of male infertility. Men 

can produce sperm which are dysfunctional even when their semen parameters are ‘normal’ (Aitken et al., 

1991). Currently, there are no drugs a man can take, or add to his spermatozoa in vitro, to treat sperm 

dysfunction. The only option is ART, comprising a range of treatments, which are all invasive (Alasmari et al., 

2013). The treatment selected depends on the condition, i.e. intrauterine insemination (IUI) for mild, in vitro 

fertlization (IVF) for moderate and intracytoplasmic sperm injection (ICSI) for men with severe sperm 

dysfunction (Alasmari et al., 2013).  

Although some of the physiological, enviromental and lifestyle drivers that promote defective sperm 

function have been elucidated, the root causes of the impaired spermatogenesis are only just beginning to 

be unravelled (Aitken et al., 2011). The major factors that have been identified to contribute to poor semen 

quality and sperm DNA damage include paternal age, diabetes, obesity, radiotherapy, chemotherapeutic 

drugs and exposure to lifestyle factors such as cigarette smoke, radiofrequency electromagnetic radiation 

and alcohol (Aitken et al., 2011). In the last 50 years, there has also been a marked  global decline in human 

sperm concentrations of about 1% per year (reported in western countries) and it is believed that 

environmental endocrine disrupters may also be one of the factors responsible for the declining human 

sperm counts and other male reproductive tract disorders  (Arima et al., 2009). 

One of these factors being tobacco smoking and its effects on reproductive function has been widely studied 

(Mukhopadhyay et al., 2010). It has been suggested that certain components in the smoke interact directly 

or indirectly with the male or female gametes, affecting their function (Mukhopadhyay et al., 2010).  Tobacco 

combustion yields over 1000 compounds; the major components known to affect semen parameters and 

sperm function are lead, cadmium, and nicotine. Cigarette smoking has been found to be significantly related 

to decreased sperm motility, sperm density, and normal sperm morphology (Mukhopadhyay et al., 2010).  
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2.1.2 Female Fertility/Infertility 

Infertility occurs in 15% of couples with a child wish and may be caused by medical problems in the male, as 

we have previously mentioned, but also by medical problems in the female partner. Modern medicine is 

faced with the great challenge of women with reproductive disorders like infertility and endometriosis 

(Dancet et al., 2011). According to the Demographic and Health Surveys (DHS) comparative reports, from 

mid-2002, it was estimated that more than 186 million ever-married women age 15-49 in developing 

countries (excluding China) were infertile because of primary or secondary infertility (Rutstein et al., 2004). 

About 18 million were involuntarily primarily infertile without having experienced a birth and 168 million 

were secondarily infertile (Rutstein et al., 2004). 

According to a study by Mascarenhas et al. (2012), worldwide, the age-standardized percent of women aged 

20–44 years, affected by secondary infertility (Figure 1) has decreased from 3.9% to 3.0%. The proportion of 

women who want a first child has decreased less over time, meaning that the proportion of women who are 

affected by primary infertility has changed little, from 1.6% in 1990 to 1.5% in 2010 (Mascarenhas et al., 

2012).  

 

Figure 1: Prevalence of secondary infertility among women whom have had a live birth and seek another (the age-standardized percent of 
women aged 20–44 years) (Mascarenhas et al., 2012). 

 

There are a number of factors that cause female infertility and increase the risk thereof. One such factor is 

anovulation, a condition in which follicular development and rupture is impaired and hence the oocyte is not 

released from its follicle (Brugo-Olmeda et al., 2000). The causes for anovulation include intrinsic ovarian 

failure as well as ovarian dysfunction secondary to gonadotrophic regulation. The most frequent causes of 
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anovulation in women with a suspicion of ovulatory failure may derive from conditions such as 

hyperprolactinaemia, hypogonadotrophic hypogonadism, hypergonadotrophic hypogonadism and 

polycystic ovaries (Brugo-Olmeda et al., 2000). Other factors that may cause infertility include tubal-

peritoneal damage (Brugo-Olmeda et al., 2000) or tubal patency (CDC, 2016) due to pelvic adhesions 

secondary to infections, PID, prior surgeries or endometriosis (Brugo-Olmeda et al., 2000), however, the 

main culprits are sexually transmitted diseases (STD). Endometriosis and uterine abnormailites, either 

congenital or acquired, and altered sperm migration, due to antisperm antibodies and certain pathogenic 

agents in the cervical mucus, have also been associated with the presence and cause of infertility (Brugo-

Olmeda et al., 2000).  

The risk of female infertility is increased as a woman ages because her ovaries are less able to release eggs, 

the egg number declines and are not as healthy, the onset of health conditions which affect fertility and the 

likeliness of miscarriage rises (CDC, 2016). There are lifestyle factors which may also increase the risk for 

infertility, they include: smoking, excessive alcohol use, extreme weight gain or loss and excessive physical 

or emotional stress that result in amenorrhea (Human Fertilisation & Embryology, 2012; CDC, 2016).  

The scientific understanding of female infertility is limited because of ethical restrictions on research in 

women. In the field of ART, there is a need to better understand fertilization, embryonic development, 

embryonic implantation, and embryonic stem cells (Dancet et al., 2011). Obvious ethical considerations 

restrict such research on human gametes and embryos. With regards to endometriosis, there is a need to 

better understand pathogenesis, spontaneous evolution, noninvasive diagnosis, and treatment of 

endometriosis, as recurrences after surgical therapy or after cessation of medical treatment are common 

(Dancet et al., 2011).  

Concerns have been raised about safety issues in ART, stating that some ART innovations are too quickly 

introduced in humans without proper prior assessment of safety and efficiency in animal models. Therefore 

preclinical nonhuman primate (NHP) models are necessary after in vitro research and/or research in small 

animal models are required before clinical application in humans (Dancet et al., 2011). 

 

2.2 Mammalian Spermatozoa  

The mammalian spermatozoon is a deceptively simple and terminally differentiated cell (Ramalho-Santos et 

al., 2002). It seems to have a limited array of functional features, in essence to deliver an intact haploid 

genome to an oocyte at fertilization. These functions involve many important aspects in physiology, and 
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cellular and molecular biology in fertility and toxicology (Ramalho-Santos et al., 2007).  A functional 

mammalian spermatozoon consists of a head, neck and tail; its total length varies but is species-specific 

(Pesch and Bergmann, 2006). The plasma membrane surrounds the spermatozoon in total and is 

characterized by a regional glycoprotein and lipid constitution. These surface domains are important for the 

function of the membrane areas (Topfer-Petersen and Waberski, 2001). For example, the equatorial 

segment of the sperm head’s membrane is responsible for the contact to the oocyte membrane during 

fertilization (Rovan, 2001).  

 

Figure 2: Structure of human spermatozoa as an example of mammalian sperm structure (Saladin, 2006) 
 

2.2.1 The head 

The sperm head consists of the acrosome and the nucleus (Figure 2) being surrounded by the plasma 

membrane (Pesch and Bergmann, 2006). The nucleus contains protamines (sperm-specific DNA binding 

proteins) which have replaced histones found in somatic cells. The presence of protamines allows for tighter 

chromatin packaging and has a role in reducing cell volume and increasing the spermatozoon’s aerodynamic 

properties, thus potentially facilitating fertilization (Ramalho-Santos et al., 2007).  Overlaying the nucleus is 

the acrosome, a cap-like structure covering the first two thirds of the sperm head (Pesch and Bergmann, 

2006). It contains hydrolytic enzymes to aid in sperm penetration through oocyte-protecting layers, for 

instance, the translucent glycoprotein-based zona pellucida (Ramalho-Santos et al., 2007).  The release of 

these enzymes causes lysis of the zona pellucida and penetration of the corona radiata of the oocyte. This 

process of enzymal release is called the acrosome reaction (AR), during which the outer acrosomal 

membrane coagulates with the plasma membrane (Barross et al., 1976; Rovan, 2001). Therefore, lack of an 
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acrosome in any circumstance signals that spermatozoa will likely not be fully functional (Ramalho-Santos et 

al., 2007).   

2.2.2 The neck 

The neck of human spermatozoa is approximately 1µm long and attached anteriorly to the basal plate and 

posteriorly to the outer dense fibres (ODF) of the flagellum and serves as a connecting, articular piece (Pesch 

and Bergmann, 2006).  It is a short linking segment between the flagellum and the sperm head, composed 

of segmented columns and a dense fibrous structure, the capitulum, with the proximal centriole located next 

to it (Pesch and Bergmann, 2006).  

2.2.3 The tail  

The tail is the largest part of spermatozoa and consists of the midpiece, principal piece and end piece (Figure 

2) (Pesch and Bergmann, 2006). The human sperm midpiece is about 5µm long and is characterized by the 

mitochondrial sheath that surrounds the axonemal complex and the nine ODF (Pesch and Bergmann, 2006). 

ODF are characteristic structures of species performing internal fertilization (Fawcett, 1970). There is a 

positive correlation between survivability and the number of mitochondria; sperm with a higher number of 

mitochondria have a higher survivability (Rovan, 2001). At the caudal end of the mitochondrial sheath is the 

annulus that marks the barrier between midpiece and principle piece. The flagellar membrane is firmly 

adhered to the annulus which has a mechanical significance by preventing caudal displacement of the 

mitochondria during tail movement (Fawcett, 1975; Si and Okuno, 1993). The principal piece is the longest 

segment and is enclosed by fibrous sheaths made of two longitudinal columns, a dorsal and ventral one, and 

connecting ribs halfway around the tail (Fawcett, 1961; Eddy et al., 2003). The sheath ends 9-10 µm from 

the tip of the tail where the principal piece merges into the end piece (Pesch and Bergmann, 2006). The 

fibrous sheath also works as a scaffold for proteins in signaling pathways; therefore it might be involved in 

regulating sperm maturation, motility, capacitation, hyperactivation and AR (Eddy et al., 2003).  

2.2.4 The importance of the structure and function of sperm parts 

Sperm selection in the female genital tract is an extremely efficient and stringent process (Henkel, 2012 (a)), 

therefore spermatozoa are required to be functionally efficient. There are several levels of sperm selection 

in the female genital tract, namely at the cervix, uterus, uterotubal junction (UTJ), oviduct, cumulus oophorus 

and zona pellucida (Henkel, 2012 (a)). Spermatozoa are required to pass through these levels of selection in 

order to fertilize, therefore functional testing would prove whether spermatozoa are structurally and 

functionally fit.  
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To initiate fertilization, mammalian spermatozoa rely on the propulsive forces generated by their flagella to 

reach the site of fertilization in the oviduct and to penetrate the investments of the oocyte (Mortimer, 1997). 

The cytoskeletal compounds are responsible for flagellar motion and modulation of its form. The 

mitochondria provide energy (ATP) which is mostly used for motility (Afzelius, 1959; Gibbons and Grimstone, 

1960; Gibbons, 1961, 1965). Dynein is a motor protein and has been shown to play a very important role in 

flagella organization and motility (Fossella et al., 1999). Lack of this protein is associated with immotility of 

the spermatozoa and is described as “immotile-cilia syndrome” (Afzelius, 1976). Only spermatozoa with 

intact membranes could undergo capacitation and acrosome reaction (Yanagimachi, 1981). Defects of the 

sperm head itself may concern size and form of the nucleus or chromatin condensation (Pesch and Bergmann, 

2006). Cytoplasmic droplets are the most common defect at the neck region but can also be found at the 

midpiece and the principal piece of the tail. They represent a failure in maturation because the residual 

cytoplasm is released down the tail during spermiogenesis (Blom, 1950, 1973, 1983; Jasko et al., 1990). The 

consequence of tail defects are that spermatozoa are mostly immotile and unable to reach the ovum. Simple 

coiled or broken tails are among the most common sperm defects and double tails are also regularly 

observed (Koehler et al., 1998).  

 

2.3. Sperm functional tests for evaluation of male fertility 

Semen analysis is routinely used to evaluate the male partner in infertile couples as well as to assess the 

reproductive toxicity of environmental or therapeutic agents (Guzick et al., 2001). It has been referred to as 

an imperfect tool but remains the cornerstone of the investigation of male infertility (Vasan, 2011). Semen 

analysis must also be performed at a consistently high level standard in order to evaluate descriptive 

parameters of the ejaculate (Vasan, 2011). Even though a standard semen analysis provides useful 

information for the initial evaluation of  infertile men, it is not a test of fertility (Jequier, 2010). Furthermore, 

the assay provides no insights into the functional potential of the spermatozoon to fertilize an ovum or to 

undergo the maturation processses required to achieve fertilization (Smith et al., 1977; Guzick et al., 2001; 

Brazil, 2010), which is why it is defined as an imperfect tool. Henkel (2015) mentioned that the results of a 

standard semen analysis have to be used with caution as it does not necessarily predict the outcome of 

assisted reproduction treatment (Bonde et al., 1998; Guzick et al., 2001). Reason being, the fertilization 

process in itself is multifactorial and can therefore be limited by numerous sperm parameters (Amann and 

Hammerstedt, 1993; Henkel et al., 2005). The quality of ejaculates and the functional parameters of the male 
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germ cell vary on a daily basis and do not necessarily reflect the situation on the day of insemination in an 

assisted reproduction program (Henkel et al., 2005).  

Standard semen analysis characteristics can be classified into three groups, namely macroscopic, 

microscopic and physiologic parameters (Agarwal et al., 2008 (a)). The five macroscopic parameters include: 

pH, coagulation/liquefaction, colour, viscosity and volume (Agarwal et al., 2008 (a)). Microscopic examation 

in essence assesses spermatogenesis (Agarwal et al., 2008 (a)) and it involves evaluation of sperm 

agglutination, concentration and morphology. Lastly, physiologic variables include the examination of sperm 

motility and viability (Agarwal et al., 2008 (a)). 

The WHO (2010) has recommended revised evidence-based reference values for measuring human semen 

parameters to allow decisions to be made about patient management and thresholds for clinical trials or 

investigations (WHO, 2010). These values were obtained from 1953 men in eight countries whom became 

fathers with a time to pregnancy of less than 12 months (Franken and Oehninger, 2012). Therefore this is a 

population of fertile men whose partners were of high or normal fecundity and where pregnancy was 

established in less than 12 months (Franken and Oehninger, 2012). The lower reference limits for standard 

semen characteristics according to the WHO (2010) are as follows: volume ≥1.5ml, pH ≥7.2, total sperm 

number >39x106/ejaculate, sperm concentration >15x106/ml, total motility >40%, progressive motility >32%, 

normal sperm morphology ≥4% and vitality ≥58% (WHO, 2010). 

Although these widely used thresholds for normal semen measurements have been published by the WHO 

for routine semen analysis, the incorporation of functional tests to further evaluate sperm and potentially 

determine fertility is vital since, as previously mentioned, men can have normal semen parameters but still 

produce dysfunctional sperm. However, our knowledge of the cellular and biochemical basis of sperm 

dysfunction is still limited (Franken and Oehninger, 2012). 

According to Vasan (2011), clinicians are still searching for semen parameter thresholds in the normal fertile 

populations to be able to define fertility, subfertility, and infertility more accurately. If sperm abnormalities 

are observed during standard semen analysis or if the couple is diagnosed with “unexplained” (idiopathic) 

fertility, the workup should proceed to incorporate sperm functional tests (Vasan, 2011). According to Lamb 

(2010), the real strength of sperm functional tests lies in its ability to identify men with normal semen 

parameters but who have functionally deficient sperm that will fail to fertilize in routine IVF.  

With the advent of ART, sperm separation strategies from seminal plasma were developed (Henkel and Schill, 

2003; Henkel, 2012 (b)). In the early years, the focus of these separation techniques was on obtaining motile 
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spermatozoa, but in the later years the focus shifted to the isolation of functional spermatozoa (Franken and 

Henkel, 2010). However, the conventional sperm separation techniques have shown distinct limitations in 

that they do not necessarily select spermatozoa according to their functional competence or genetic quality 

as it is achieved in the female genital tract (Henkel, 2012 (a)). Therefore scientists and clinicians are 

increasingly urged to improve sperm separation techniques in order to select the most functional 

spermatozoa for fertilization (Henkel, 2012 (a)). Hence, further proving the strength of sperm functional 

tests.  

Many advances have been made to evaluate male fertility and potentially diagnose and provide treatment. 

However, it is essential that an accurate diagnosis is made to determine the appropriate course of treatment 

(University of Utah, 2014). Therefore, as previously mentioned, due to the fact that the standard semen 

analysis is incomplete and does neither provide sufficient information about the functional capacity of the 

male germ cell, nor shows low variability of the individual parameters (sperm count or motility), scientists 

were urged to find other solutions to the problem of accurately prediciting male fertility (Henkel, 2012 (a)). 

Sperm functional tests allow for further screening of sperm abnormalities and may give an indication of the 

suited treatment. Sperm functional testing can for instance indicate that less expensive technologies (such 

as fertility drugs or opting for a low-cost IVF programme) may assist a couple seeking to conceive, therefore 

ART such as ICSI or IVF may not always be necessary (Lamb, 2010). In essence these tests allow for couples 

to make more informed decisions.  

Sperm functional tests which may be employed in a clinical setting include:  

 Sperm-mucus interaction, also known as the postcoital test (PCT),  assesses the cervical environment 

as a cause of infertility (Agarwal et al., 2008 (a)). The test must be conducted when the cervical mucus 

is thin and clear just before ovulation. The mucus is examined 2-8 hours after normal intercourse. 

The presence of more than 10-20 spermatozoa per 400 high-power fields, the majority of which 

demonstrates progressive motility, is usually considered normal (Vasan, 2011). The finding of 

immobilized spermatozoa with a side-to-side shaking motion suggests the presence of antisperm 

antibodies either on the spermatozoa or in the cervical mucus (Vasan, 2011). The Practical guidelines 

of American Society of Reproductive Medicine (ASRM) (2004) recommends the test in the setting of 

hyperviscous semen, unexplained fertility or low volume semen with normal sperm count  (Agarwal 

et al., 2008 (a)). The test may be useful in patients who are unable to produce an ejaculate or are 

unwilling because of religious proscriptions (Agarwal et al., 2008 (a)).  
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 Acrosome reaction evaluates whether,  after capacitation, spermatozoa will be able to fuse with the 

ova’s plasma membrane and release acrosomal enzymes that will allow sperm penetration and 

fertilization (Agarwal et al., 2008 (a)). Determining the ability of the acrosome to react is important 

in the diagnostic and therapeutic approach to couples undergoing conventional ART treatment 

(Franken and Oehninger, 2012). Therefore, the test may be recommended in cases of profound 

abnormalities of head morphology or in the setting of unexplained fertility in patients with poor IVF 

pregnancy rates (Agarwal et al., 2008 (a)). While transmission electron microscopy is the procedure 

of choice, it is, however, labour-intensive and expensive, and as a result other techniques including 

fluorescence microscopy and beads coated with antiacrosomal antibodies have also been developed 

(Agarwal et al., 2008 (a)).  

 Sperm capacitation is a collection or series of biochemical and structural changes in sperm function 

in order to undergo acrosome reaction and be able to fertilize (Lamb, 2010; Vasan, 2011). These 

changes occur in the female genital tract but can be induced in vitro by incubating spermatozoa with 

capacitation-inducing media (Vasan, 2011). It is thought to have a role in preventing the release of 

lytic enzymes until spermatozoa reach the oocyte (Tesarik, 1989). There is a change in the membrane 

permeability to calcium ions, which induce a hyperactive motility of the sperm, a process that is 

thought to aid in penentration of the cumulus and zona pellucida (Lamb, 2010). Hence, one of the 

signs of capacitation is the display of hyperactivation by spermatozoa (Vasan, 2011). Thus far, the 

assays developed to directly assess capacitation defects have only limited utility (Lamb, 2010). 

 Sperm penetration assay (SPA), sperm capacitation index (SCI) (can be induced in vitro by incubating 

spermatozoa with capacitation-inducing media) or zona-free hamster oocyte penetration assay yields 

information regarding the fertilizing capacity of human spermatozoa by testing capacitation, 

acrosome reaction, sperm/oolemma fusion, sperm incorporation into the ooplasm, and the 

decondensation of the sperm chromatin during the process (Vasan, 2011). SPA uses zona-free 

hamster oocytes to measure fertilization capability, where the zona pellucida is stripped to allow 

cross species fertilization (Agarwal et al., 2008 (a)). SCI assesses the mean number of penetrations 

per ovum. It has been suggested that ICSI should be offered to couples with a SCI less than 5 instead 

of doing standard IVF procedures (Ombelet et al., 1997). However, the need for human oocyte supply 

remains a limitation to the use of this test (Agarwal et al., 2008 (a)).  

 Hemizona and zona pellucida binding evaluates the interaction between spermatozoa and the zona 

pellucida, as it is a critical event leading to fertilization and reflects multiple sperm functions (i.e. 

completion of capacitation as manifested by the ability to bind to the zona pellucida and to undergo 
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ligand-induced acrosome reaction) (Oehninger et al., 1994; ESHRE, 1996; Liu and Baker, 2003). The 

most common sperm-zona pellucida binding tests utilized are the hemizona assay (HZA) and a 

competitive intact-zona binding assay (Fenichel et al., 1991). The HZA uses nonfertilized oocytes and 

is useful in couples who have failed to fertilize during regular IVF, to determine the cause of the 

failure (Vasan, 2011). Both bioassays have the advantage of providing a functional homologous test 

for spermatozoa binding to the zona pellucida, comparing populations of fertile and infertile 

spermatozoa in the same assay (Franken and Oehninger, 2012), however it is no longer widely 

offered (Lamb, 2010). The significant factors affecting the validity of both assays include oocyte 

sources and maturation, inter-assay and intra-assay variability, sperm motility, morphology and 

acrosomal status (Franken and Oehninger, 2012).  

 Hyaluronic acid (HA) (hyaluronan) binding- evaluates the spermatozoon’s ability to bind to this 

glycosaminoglycan secreted by the cumulus mass (Kim et al., 2008) which spermatozoa penetrate 

before reaching the oocyte (Henkel, 2015). Mature human sperm membranes expose HA receptors 

(Ranganathan et al., 1994) and reports have revealed that the percentage of sperm bound to HA 

reflects maturational status and function (Huszar et al., 2003). This appears as an essential step in 

the fertilization process (Henkel, 2015) and this observation can be used for fertility diagnosis as well 

as for the selection of functional spermatozoa for ICSI (Huszar et al., 2007). To date, there are two 

methods for HA binding, the picked spermatozoa for ICSI (PICSI) dish (hyaluronan-coated chamber) 

and a hyaluronan-containing medium (Henkel, 2012). Although sperm bound to HA have lower DNA 

damage and better chromatin condensation, it has been found that the sperm-hyaluronan binding 

has no predictive value in a clinical test because the assay failed to predict fertilization, pregnancy 

and baby take-home rate after IVF and ICSI (Ye et al., 2006; Nijs et al., 2009).  

 Sperm DNA damage is multifactorial and theories on its etiology include protamine deficiency and 

mutations that may affect DNA packaging or compaction during spermiogenesis (Agarwal and Said, 

2003; Erenpreiss et al., 2006; Zini and Libman, 2006). The factors associated with increased DNA 

damage are tobacco use, chemotherapy, testicular carcinoma and other systemic cancers (Agarwal 

et al., 2008 (a)). DNA damage is positively correlated with poor semen parameters (low concentration 

and low sperm motility), leukocytospermia and high reactive oxygen species (ROS) levels (Agarwal 

and Said, 2003; Erenpreiss et al., 2002; Trisini et al., 2004; Zini and Libman, 2006). In general, 

significant DNA damage is rarely found in a proven fertile male, and the incidence of DNA damage is 

higher in infertile men (Lamb, 2010). A variety of different tests are available and are divided into 

direct and indirect tests. The direct tests include single cell electrophoresis, Comet assay, TUNEL 
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(terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labeling) assay 

(Agarwal et al., 2008 (a)) and DNA oxidation measurement (Vasan, 2011). The indirect tests include 

sperm chromatine structure assay (SCSA), which measures sperm chromatin integrity (Agarwal et al., 

2008 (a)), sperm chromatin dispersion assay, sperm fluorescence in situ hybridization analysis (FISH) 

(Vasan, 2011) and DNA intercalating dyes (acridine orange) that differentiate single and double 

stranded DNA (Agarwal et al., 2008 (a)). Although each test measures DNA damage differently, all 

generally correlate well with each other (with the exception of the acridine orange staining test) and 

they also generally inversely correlate with sperm concentration (Lamb, 2010).        

 Reactive oxygen species (ROS) in small amounts are normal and in fact necessary for hyperactivation 

and capacitation of spermatozoa. However, in large amounts, it causes spermatozoal damage by lipid 

peroxidation of the plasma membrane, germ cell apoptosis and DNA strand breakage (Agarwal and 

Said, 2003). Measurement of ROS is done by several methods, the most common being the 

measuring of cellular probes coupled with flow cytometry by detection of chemiluminescence (Vasan, 

2011). This is briefly done by incubating semen or suspensions with a redox-sensitive, light-emitting 

probe and measuring light emission over time with a light meter (Vasan, 2011). The indirect methods 

of measurement include the Endtz test, redox potential (reduced glutathione/oxidized glutathione-

GSH/GSSG), measurement of lipid peroxidation product levels, chemokines, measurement of 

oxidative DNA damage, and measurement of reactive nitrogen species by Greiss reaction and 

fluorescence spectroscopy (Agarwal et al., 2008 (b)). Leukocytospermia also is associated with 

increased ROS levels and can serve as an indirect measurment of ROS (Saleh et al., 2002).  

 Sperm proteomics may identify molecular targets implicated in sperm dysfunction (Aitken and Baker, 

2008) and it allows for comparison of protein structure of normal and defective sperm (Aitken, 2010). 

This noninvasive technique not only provides the potential to detect causes of infertility, but may 

play a role in the development of male contraception (Chu et al., 2006). Seminal fluid has been found 

to have 923 proteins and at least 20 proteins have altered expressions in infertile men (Agarwal et 

al., 2008 (a)). Seminal plasma proteins have multiple origins as the seminal fluid is composed of 

secretions from the testis, seminal vesicles, prostate and the bulbo-urethral glands (Krause and 

Rothauge, 1991). Therefore, seminal plasma markers might rather reflect pathologies of the 

respective accessory glands which can also contribute or be a cause of male infertility (Henkel, 2015). 

While the proteomic analysis of seminal plasma is a good approach for andrological diagnostics as it 

is non-consumptive of spermatozoa, the methodolgy is still in its infancy and specific marker proteins 

still have to be validated for their use (Henkel, 2015). The analysis of sperm cells, however, might 
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give a better idea of the actual fertilizing potential of spermatozoa from a specific male. In contrast 

to the analysis of seminal plasma, the analysis of spermatozoa is more difficult and might be limited 

for various reasons (Henkel, 2015). For instance, the protein concentrations  for spermatozoa is much 

less than for seminal plasma but the number of spermatozoa available varies individually and might 

not even reach the detection limit if the seminal sperm count is very low (Henkel, 2015).  

 Computer-aided sperm analysis (CASA) is useful because of its capacity to analyze sperm motion 

(kinematics of sperm motility), as manual semen analysis lacks the ability to do so (Vasan, 2011). 

Sperm kinematic parameters include: curvilinear velocity (VCL) (µm/s), straight-line velocity (VSL) 

(µm/s), average path velocity (VAP) (µm/s), amplitude of lateral head displacement (ALH) (µm), 

linearity (LIN) (%), wobble (WOB) (%), straightness (STR) (%) and beat-cross frequency (BCF) (Hz) 

(WHO, 2010). CASA has two main advantages: it is a semiautomated technique that provides both 

high precision and quantitative assessment of these sperm kinematics (Agarwal et al., 2008 (a)). CASA 

can accurately be applied in semen analysis (concentration of spermatozoa), washed sperm 

preparation anaylsis  (sperm concentration and motility classes) and sperm fertilizing ability 

(evaluation of hyperactivation, an essential capability for fertilization, both in vivo and in vitro) 

(Mortimer et al., 2015). Many factors may affect the performance of CASA instruments, eg. sample 

preparation, frame rate, sperm concentration and counting-chamber depth (Davis and Katz, 1992; 

Mortimer, 1994 (a,b); Kraemer et al., 1998). In using CASA to obtain movement parameters, at least 

200 motile spermatozoa per specimen should be analysed and secondly, the system should be linked 

to computer software that permits data organization and statistical analysis (WHO, 2010).  

 Mitochondrial membrane potential evaluates the functionality of sperm mitochondria by 

determining the inner mitochondrial membrane potential (ΔΨM) (Henkel, 2015). The ΔΨM has been 

described as a sensitive indicator of mitochondrial function in terms of the functionality of the 

mitochondrial electron transfer chain (Ly et al., 2003). Several cationic lipophilic dyes have been used 

to determine the ΔΨM, such as rhodamine 123 (Rh123), however mitochondria have several binding 

sites for this dye which renders this probe not very useful (Henkel, 2015). In contrast, 5,5’,6,6’-

tetrachloro-1,1’,3,3’-tetraethylbenzimiddasolyl-carbocyanine iodide (JC-1) was found to evaluate the 

ΔΨM accurately (Salvioli et al., 1997) and specifically (Marchetti et al., 2004 (a)). A study by Marchetti 

et al. (2004 (b)) indicated a positive relationship between sperm ΔΨM and the fertilization rate in vitro 

after IVF (Henkel, 2015). The test have been suggested as a sensitive parameter of sperm functional 

quality and therefore useful in diagnosis of male infertility and the prediction of fertilization in IVF 

(Kasai et al., 2002; Marchetti et al., 2002; Marchetti et al., 2004 (b);Marchetti et al., 2012). However, 

http://etd.uwc.ac.za



 

18 
 
 

a study conducted by Zorn et al. (2012) compared sperm parameters (including DNA damage and 

ΔΨM) and found that DNA damage is a better predictor of the occurrence of natural pregnancy than 

the other parameters investigated (Henkel, 2015). Therefore, more work is needed to evaluate, 

standardize and validate this functional parameter (ΔΨM) of spermatozoa (Henkel, 2015).  

 Motile sperm organelle morphological examination (MSOME)  is a method that evaluates sperm 

morphology at higher, digital magnification (X6300) using Nomarski interference contrast microscopy 

(Bartov et al., 2002). It examines the morphological status of the acrosome, post-acrosomal lamina, 

neck, mitochondria, flagellum and sperm nucleus, as well as the observation of the shape, presence 

and size of vacuoles (Henkel, 2012). MSOME identifies objects undetectable by light microscopy and 

is therefore a much more stringent method than the evaluation of sperm morphology according to 

strict criteria (Oliveira et al., 2009 (a)). MSOME is also thought to identify good quality spermatozoa 

and has therefore been included in ICSI protocols in an increasing number of groups (intracytoplasmic 

morphologically selected sperm injection: IMSI) (Henkel, 2015). Although the methodology is 

appealing because it is non-consumptive, the procedure for diagnostic (MSOME) and treatment (IMSI) 

purposes is time consuming and of little practical value for routine semen testing as MSOME has not 

been properly validated yet (Henkel, 2015).  

 Birefringence involves the evaluation of live sperm cells via polarization microscopy (Henkel, 2015). 

The birefringence (double refraction) of light caused by the ansiotropic properties of the compact 

texture of the sperm nucleus, acrosome and flagellum permits the evaluation of the organelle 

structure of the male germ cell (Henkel, 2012). Studies have shown a strong relationship between 

partial birefringence and acrosome reaction (Magli et al., 2012), yet the patterns of it, total or partial, 

depends to some extend on motility and normal sperm morphology (Henkel, 2015). A positive 

relationship between sperm cell birefringence and motility (Collodel et al., 2013), as well as the 

fertility index (Baccetti and Mirolli, 1994), has also been confirmed, and authors have concluded that 

polarization microscopy offers several advantages and should be considered in sperm analysis 

(Collodel et al., 2013). However, clinical evaluation of the technique, in terms of of the establishment 

of reliable cutoff values, has not been carried out yet (Henkel, 2015).  

 

2.4. Nonhuman primates as research models in reproductive studies  

Non-human primates (NHPs) have been identified as key models in human-related studies and NHPs are 

often used in research on male fertility/infertility, IVF or ART procedures, male contraception and 
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reproductive toxicology. With respect to infertility and in a biomedical research capacity (Wolf, 2009), NHPs 

are invaluable animal models due to their phylogenetic closeness to humans regarding reproductive 

physiology, endocrinology, phylogenetics and anatomy (Bornman et al., 1988; Dancet et al., 2011). Other 

characteristics of NHPs which make them better research models than rats and mice include their 

susceptibility to human infectious agents and their responses to experimentally induced diseases (Wolf, 

2009). 

Among different NHPs, the Old World Primates (e.g. the rhesus monkey, cynomolgus monkey and vervet 

monkey) generally represent a more relevant/applicable human model than the New World Primates (e.g. 

common marmoset, capuchin monkey and squirrel monkey) (van der Horst, 2005). The many species of 

primates most commonly used in repoductive studies include the rhesus monkey (Macaca mulatta), the 

cynomolgus monkey (Macaca fascicularis), the African green or vervet monkey (Chlorocebus aethiops), the 

chacma baboon (Papio ursinus), the olive baboon (Papio anubis) and the common marmoset (Callithrix 

marmoset). 

The rhesus monkey has been used in procedures such as ovarian stimulation, oocyte aspiration, IVF, ICSI, 

embryo culture and embryonic stem cell derivation (Dancet et al., 2011). The chacma baboon has also been 

found to be appropriate research models for human reproduction (Dancet et al., 2011), since they are closer 

to humans than macaques and are readily available as a pedigreed research resource that mirrors many 

complex disease traits found in humans (Simerly et al., 2010). The vervet monkeys are the most widely 

distributed of all African monkeys (Eley, 1992). The Primate Unit of the Medical Research Council of South 

Africa (SAMRC) has established a successful breeding program of vervet monkeys. In the unit, under captive 

conditions, these monkeys are used for research purposes, including male reproduction (Seier, 1986) and 

have become increasingly popular as a good model for this purpose (van der Horst, 2005).  

Understanding the process of fertilization in humans is vital for the diagnosis and treatment of clinical 

infertility and birth defects, as well as for discovering our reproductive origins (Simerly et al., 2010). In order 

to better this understanding, fertilization processes in animals, particularly primates, have been investigated.    

A study by Hewitson and Schatten, (2002), using rhesus monkeys, showed that the cytoskeletal events during 

fertilization, by IVF and ICSI, are very similar to those in human fertilization. 

In the area of ART, the need for primate models is increasing due to ethical constraints of reproductive 

research in humans and to increased public awareness about the safety of new developments in 

reproductive technology (D’Hooghe et al., 2004). Since the development of human ART, clinically discarded 

specimens have been donated by anonymous infertile patient couples for investigations on the process of 
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human fertilization. These studies have generated important knowledge, however, questions still remain 

regarding the normalcy of the human material investigated, since it was developmentally compromised and 

anonymously donated. To address these concerns and to verify accuracy, NHP studies using Old World 

macaques were subsequently conducted (Simerly et al., 2010).  

Hormonal, immunological, mechanical and other diverse approaches have been used in NHPs to test their 

suitability as models for human male contraception (van der Horst, 2005). A study by McCauley et al. (2002) 

displayed sperm agglutination antigen-1 (SAGA-1) is a good candidate contraceptive immunogen. However, 

when testing primate and human spermatozoa, this immunogen compromises fertility in the chimpanzee 

and human but not in bonnet monkeys, macaques and the baboon (McCauley et al., 2002).  

An overview of primate sperm physiology is essential before considering the applications of artificial 

insemination (AI) and ARTs in NHPs (Wolf, 2009). A variety of parameters are routinely evaluated in NHPs 

for male fertility, most of which correspond to clinical endpoints examined in humans. These parameters 

include testicular volume, ejaculate weight, sperm characteristics (including motility, morphology and sperm 

count), serum testosterone and histopathology of male reproductive organs such as testis and epididymis 

(Faqi, 2012). According to a study by Wolf (2009), the sperm population in rhesus monkeys is remarkably 

uniform in motility and morphology. The conventional semen parameters used to estimate fertility potential 

in rhesus macaques includes semen volume, sperm concentration, motility and morphology (Wolf, 2009). 

Few studies have reported on computer aided sperm motility analysis (CASMA) in non-human primates (van 

der Horst, 2005). Most studies have used a subjective rating of sperm motility which may vary between 

laboratories. A definition of the normal quantitative motile status of NHP sperm will provide a baseline for 

sperm motility as well as assissting in establishing cut-off points of fertility assessment (van der Horst, 2005).  

Since male infertility in humans has increased in the last few decades and could be as high as 40%, with up 

to 50% of these men have “unexplained” (idiopathic) infertility, it has become essential to determine 

alternative causes of human infertility (Agarwal et al., 2008; Maya, 2010; Mayorga-Torres et al., 2016; WHO, 

2010). Therefore the use of functional tests during evaluation of male function could be helpful in the 

evaluation of infertile couples (Mayorga-Torres et al., 2016). As mentioned before, many physiological, 

environmental (Aitken et al., 2011) and lifestyle factors such as paternal age (Singh et al., 2003; Schmid et 

al., 2007), diabetes (Agbaje et al., 2008), obesity (Chavarro et al., 2010), radiotherapy (Smit et al., 2010), 

chemotherapy (O’Flaherty et al., 2010), cigarette smoke, radiofrequency electromagnetic radiation and 

alcohol (Aitken et al., 2009; De luliis et al., 2009; Pacey, 2010) could be contributing to poor semen quality 
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and sperm DNA damage in humans (Aitken et al., 2011). Future studies aiming to investigate the effect of 

these factors on human male reproduction will necessitate the use of NHPs as research models. 

However, comparing results of NHP and human studies require that techniques used for assessment must 

be objective, standardized and sensitive to recognize compromised sperm function. Therefore, one of the 

main aims of the present study was to evaluate sperm functional tests and develop new techniques using 

NHP spermatozoa for application in human and non-human primate studies. This study will potentially 

standardize protocols for use in future studies to ultimately develop a basic primate model and to possibly 

explain the high infertility rate in humans. 

 

2.5. Non-human primate species of focus 

The focus species for this study were the vervet monkey (Chlorocebus aethiops), also known as the African 

green monkey, the chacma baboon (Papio ursinus) and the rhesus monkey (Macaca mulatta). 

2.5.1 Vervet monkey 

The African green monkey is the one of the most widely distributed non-human primates of all African 

monkeys (van der Horst et al., 2004). They are found from southern Ethiopia and Somalia to the Cape region 

of South Africa. It is also one of very few non-human primates that is successfully bred under controlled 

captive conditions in the Primate Unit of the SAMRC (van der Horst et al., 2004).   

Although the use of macaques has become popular in many areas of research, including human reproduction, 

there are several factors, such as the high costs of buying and shipping these monkeys from their country of 

origin, which limits their use in many developing countries (van der Horst et al., 2004).  The vervet monkey 

has therefore emerged as an alternative animal model in research on human reproduction. This species’ 

basic sperm characteristics have been extensively defined in previous studies (van der Horst et al., 2004). 

Unlike macaques, vervet females are believed to maintain a menstrual cycle year-round and have a straight 

cervix (Sparman et al., 2007). These characteristics can be advantageous for  embryology and embryonic 

stem cell research, and a greater understanding of early pregnancy in this species could expand options for 

new investigators to the field of primate reproduction (Bondarenko et al., 2009). The male vervets have also 

been reported to possess human-like sperm characteristics (e.g. concentration, motility, pH, and acrosomal 

integrity) (Sparman et al., 2007).  
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According to previous studies, sperm concentration of vervet monkeys (280.50X106/ml) is closer to that of 

humans than other primate species, i.e. 419.43X106/ml for macaques (Harrison, 1980) and 2,56X106/ml for 

chimpanzees (Gould et al., 1993). The same observation is noted when evaluating motility, where the motion 

parameters of vervet monkey spermatozoa (VCL = 110.69 µm/s, VSL = 75.52 µm /s, LIN = 58.92%) (Mdhluli 

et al., 2004) are closer to those of humans (VCL = 84 µm/s, VSL = 77.8 µm/s, LIN =87 %) (Morales et al., 1988), 

than chimpanzees (VCL = 50 µm/s, VSL = 19 µm/s, LIN = 39 %) (Gould et al., 1993). According to the study by 

Maree and van der Horst (2012), sperm motility of six species were investigated and the following values 

were obtained when assessing vervet monkey spermatozoa: motility 94.7 ± 4.7%, VCL 328.8 ± 18.6 µm/s, 

VSL 293.0 ± 24.4 µm/s, VAP 315.4 ± 20.6 µm/s, LIN 89.0 ± 4.4%, STR 92.8 ± 3.0%, WOB 95.9 ± 1.8%, ALH 3.0 

± 0.2 µm and BCF 13.9 ± 1.2 Hz (Maree and van der Horst, 2012). 

Mdhluli et al. (2004) also investigated sperm morphology and reported that vervet monkey spermatozoa, 

like in other non-human primate species, have fewer head defects compared to humans. Their semen pH 

evaluations revealed that vervet semen are also within normal human pH ranges of 7.2–8.0. The acrosomal 

staining procedure used in this previous study demonstrated that a finite number of fluorescence patterns 

occur in vervet monkey spermatozoa, as in humans (Mdhluli et al., 2004). Therefore, it is speculated that the 

distribution of carbohydrate moieties on the surface of the spermatozoa, responsible for recognition of 

Peanut agglutinin (PNA) lectin, is similar between human and vervet monkey spermatozoa (Mdhluli et al., 

2004). Their results showed an abundance of spermatozoa with intact outer acrosomal membranes, which 

suggest that vervet monkey spermatozoa placed in the capacitating medium did not readily undergo 

spontaneous acrosomal loss in vitro (Mdhluli et al., 2004).  

 

2.5.2 Baboons 

The diversity and duration of field research on wild baboon populations, at sites from Ethiopia through to 

South Africa, is unparalleled among mammals. The baboon population of Amboseli, Kenya, is the subject of 

particularly intensive and diverse longterm investigations (Alberts and Altmann, 2004).  

Baboons share important evolved characteristics with humans and like humans, baboons have adapted to a 

very wide range of environments, from near desert to temperate montane grasslands to moist evergreen 

forest. They therefore have achieved a nearly continental distribution in Africa (Alberts and Altmann, 2004). 

Since both these species have adapted to diverse habitats, they have broken free of the seasonal constraints 

of their habitats in major aspects of their life histories (Alberts and Altmann, 2004). As a result, baboons 

similar to humans, but unlike the large majority of primate species, show virtually no seasonality in 
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reproduction. Finally, baboons, like humans, exhibit a highly flexible social system, which plays a key role in 

their adaptability (Alberts and Altmann, 2004). 

The only species of baboon studied in any detail and reported in literature is the olive baboon (Papio anubis). 

However, the chacma baboon (P. ursinus) is widely distributed in Southern Africa, from Southern Angola and 

Zambia in the north to the southernmost regions of South Africa (Bornman et al., 1988). Animals in troops 

of up to 100 raid crops and orchards, particularly during dry seasons and droughts. These animals are either 

shot or captured in efforts to control their numbers. This species is also a more robust animal than most 

other primate species of Central Africa (Bornman et al., 1988). 

As part of the development of a baboon model for ART, it is essential to document baboon spermatology 

based on a sufficient number of animals and to assess reproducibility of semen volume, pH concentration, 

motility and morphology in multiple sample from the same baboon (Nyacheio et al., 2012). 

Electroejaculation is one of the most commonly used methods to obtain spermatozoa from baboons, similar 

to squirrel monkeys, rhesus monkeys and marmosets (Nyacheio et al., 2012).  

The reference values (mean ± SD) for semen parameters in the chacma baboons, according to a study by 

Bornman et al. (1988), were found to be 204.8 ± 103.9 x106/ml for sperm concentration, 60.9 ± 7.7% for 

motility, 4.2 ± 0.5 for forward progression, 65.5 ± 6.1% for live sperm count and 50.0 ± 12.5% for 

morphologically normal sperm. Another study conducted by Maree and van der Horst (2012), indicated the 

following reference values when swim-up spermatozoa (highly motile) were assessed: motility 93.9 ± 2.9%, 

VCL 367.7 ± 45.5 µm/s, VSL 337.8 ± 40.2 µm/s, VAP 357.2 ± 44.2 µm/s, LIN 92.0 ± 3.6%, STR 94.7 ± 3.0%, 

WOB 97.2 ± 1.2%, ALH 3.4 ± 0.4 µm and BCF 15.4 ± 1.4 Hz (Maree and van der Horst, 2012). 

 

2.5.3 Rhesus monkey 

The rhesus monkey is an Old World Primate species native to eastern Afghanistan, Pakistan, India, Nepal, 

and parts of China. Rhesus and cynomolgous macaques are not endangered in the wild and adapt well to 

captive housing. These monkeys can live up to 40 years in captivity (Shidler and Lenon, 2007).  

Macaques are genetically very similar to humans and share analogous neurological, reproductive and 

immunological systems with humans (Shidler and Lenon, 2007). Research with rhesus and cynomolgous 

monkeys, as well as with other NHPs, provide a great deal of information about primate biology since they 

can be better controlled and provide more consistent results than human studies, and are often precursors 

to human studies (Shidler and Lenon, 2007).  
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The rhesus macaque has been used extensively as a model for early human development as well as for 

fertilization and embryonic development in primates (Sparman et al., 2007). The processing of rhesus 

monkey semen for recovery of high quality spermatozoa has its basis in methods developed more than 30 

years ago when IVF was first achieved for rhesus monkey oocytes (VandeVoort, 2004). Over these past 20-

30 years, remarkable advancements in ART have been achieved using the rhesus monkey model (Sparman 

et al., 2007). Several of these accomplishments were described, including multiple follicle stimulation, oocyte 

fertilization by ICSI and oocyte/embryo manipulation (Sparman et al., 2007).  

According to a study by Vandevoort (2004), macaque spermatozoa do not spontaneously capacitate and 

acquire the ability to bind to the zona pellucida, similar to humans and some other mammalian species 

(VandeVoort, 2004). This was critical to the development of methods for macaque IVF. A modification in 

macaque spermatozoa processing was hereby discovered in that cAMP and caffeine is required for sperm to 

acquire fertilizing ability. This method for capacitation is therefore often called “activation” (VandeVoort, 

2004). 

In a study by Hung et al. (2009), macaques were used as a NHP model to examine the effect of environmental 

tobacco smoke in vivo on semen quality, sperm function, and sperm metabolism. Motility was assessed by 

visual observation, however, the motion parameters were analysed with the use of CASA, a system also 

employed in the current study. Some of the functional tests included evaluation of acrosomal status, sperm 

viability, sperm-zona binding assessment and TUNEL analysis for apoptotic sperm detection (Hung et al., 

2009).  

A study by Maree and van der Horst (2012), investigated the cut-off values for sperm swimming speed to 

identify three subpopulations of spermatozoa. The macaques were one of the six species studied and the 

Sperm Class Analyzer (SCA) CASA system was used to measure sperm motility. The following values were 

obtained for sperm motility and kinematic parameters: motility 94.0 ± 5.5%, VCL 292.3 ± 19.2 µm/s, VSL 

217.6 ± 34.3 µm/s, VAP 251.6 ± 27.9 µm/s, LIN 74.2 ± 9.3%, STR 86.1 ± 5.4%, WOB 85.9 ± 5.8%, ALH 4.0 ± 0.4 

µm and BCF 17.3 ± 1.3 Hz (Maree and van der Horst, 2012). 

 

2.6 Sperm functions for evaluation of non-human primate semen  

The sperm functions selected for evaluation in this study are as follows: motility and longevity, vitality, DNA 

integrity, acrosome intactness and hyperactivation. All these sperm functions are required by spermatozoa 

in the female reproductive tract to reach and ultimately fertilize the oocyte. 
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2.6.1 Sperm motility 

Sperm motility is described as the ability of spermatozoa to efficiently move towards an oocyte (Krishna, 

2012). It is a reflection of the normal development of the flagellar axoneme and the maturation spermatozoa 

undergo within the epididymis (Agarwal et al., 2008 (a)). The efficient passage of spermatozoa through 

cervical mucus is dependent on rapid progressive motility (Keel and Webster, 1988), i.e. spermatozoa with 

a forward progression of at least 25 μm/s (for humans) (Mortimer, 1997; Hirano et al., 2001). Rapid 

progressive motility (i.e. >25 µm/s at 37°C and >20 µm/s at 20°C) is expressed as a percentage range (0-100%) 

and determined by the speed at which spermatozoa moves with flagellar movement in a given volume 

(Vasan, 2011). The motility of each semen sample is usually graded as follows: progressive motility (PR) - 

spermatozoa moving actively, either linearly or in a large circle, regardless of speed; non-progressive motility 

(NP) - all other patterns of motility with an absence of progression, e.g. swimming in small circles, the 

flagellar force hardly displacing the head, or when only a flagellar beat can be observed; and immotility (IM) 

– no sperm movement (WHO, 2010). 

Reduced sperm motility can be a symptom of disorders related to male accessory sex gland secretion and 

the sequential emptying of these glands (Vasan, 2011). Other reasons for decreased sperm motility include 

male obesity (Palmer et al., 2012) and age, where motility has been found to decrease by 0.7% per year 

(Eskenazi et al., 2003). According to a previous study by Guzick et al. (2001), the measurement of motility 

provides useful information for diagnosing male infertility, along with morphology and sperm concentration. 

In most clinical set-ups a simple but subjective system for grading motility is recommended that distinguishes 

spermatozoa with progressive or non-progressive motility from those that are immotile.  

There are severeal advantages for using detailed sperm motility analysis such as CASA and analysis of sperm 

subpopulations. The manual scoring method of the percentage of motile sperm in semen has been and still 

is the standard method for evaluating sperm motility. However, this scoring method has been subject to 

large inter-laboratory variation (Jørgensen et al., 1997). CASA has the advantage of increasing the accuracy 

and reproducibility of measurements of sperm concentration and percentage of motile sperm (Rijsselaere 

et al., 2005). The technology also allows for the objective analysis of sperm motility kinematics (Mortimer 

and Mortimer, 2013) and the detection of subtle changes in sperm motion that cannot be identified by 

conventional, manual sperm motility analysis (Abaigar et al., 2001; Agarwal et al., 2003; Rijsselaere et al., 

2005).  

CASA analysis of sperm subpopulations with particular patterns of motility has proven invaluable in research 

(Mortimer, 2000). Many investigators have used CASA to demonstrate the existence of sperm 
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subpopulations in various mammalian species such as pig, gazelle, horse and many more (Abaigar et al., 1999, 

2001; Quintero-Moreno et al., 2003, 2004,; Martinez-Pastor et al., 2005; Nunez-Martinez et al., 2006; 

Quintero-Moreno et al., 2007). It is now recommended that sperm subpopulations be evaluated rather than 

relying on mean values for the entire sperm population, because mean values for motility oversimplify the 

analysis and decrease the usefulness of the data (Abaigar et al., 1999, Martinez-Pastor et al., 2005). The 

analysis of subpopulations can be used in human infertility diagnosis and pre-assisted conception workup to 

identify sperm subpopulations with either the appropriate kinematics to penetrate into cervical mucus or 

that show hyperactivated motility under capacitating conditions (Mortimer and Mortimer, 2005). 

2.6.2 Longevity 

The length of time spermatozoa are able to remain viable after ejaculation may be of concern in some cases 

(University of Utah, 2014). According to Denil et al. (1992), the ability of spermatozoa to maintain motility 

over time, termed motility longevity, may also be an important factor because insemination and ovulation 

may not coincide exactly (Denil et al., 1992). Therefore, shortened longevity may play an important role in 

failed fertilization when semen is deposited either naturally in the female tract or by IUI (Ohl and Menge, 

1996). The measurement of spermatozoa to maintain motility in media in vitro is a simple assay, however, 

proper preparation and processing of the samples is essential to obtain a motile fraction free from seminal 

plasma (Ohl and Menge, 1996). According to a clinical study, some sperm may remain alive and fertile in the 

femal reproductive tract for up to five days (Wilcox et al., 1995). Although most information would be 

obtained by examining motility longevity directly in the female tract, there is no non-surgical method of 

obtaining a sample for observation (Ohl and Menge, 1996). Unfortunatley, no defined sperm longevity 

assessment assay thus has yet been established that could be amenable to routine use in a diagnostic 

andrology laboratory (Franco et al., 1994; Mortimer, 1994 (a); Monsour et al., 1995; Morimoto et al., 1997; 

Hossain et al., 2008). According to Himes (2007), sperm longevity has been the subject of many studies as 

an important factor in the fertilization success of marine broadcast spawners. Sperm are considered motile 

if they show any sign of movement, including swimming, wiggling back and forth, or movements of the tail 

or head. Immotile sperm do not show any sign of movement during the recording period (Himes, 2007). 

2.6.3 Vitality 

The vitality of spermatozoa is the percentage of sperm which is alive; it is not the same as the percentage of 

sperm which is motile, since non-motile sperm may or may not be alive (Unisonplus, 2013). Sperm vitality, 

as estimated by assessing the membrane integrity of the cells, may be determined routinely on all samples, 

but is especially important for samples with less than 40% progressively motile spermatozoa. This test can 
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also verify the motility evaluation, since the percentage of dead cells should not exceed (within sampling 

error) the percentage of immotile spermatozoa (WHO, 2010). When the motility is reported as less than 5-

10%, viability testing is recommended, as profoundly low motility can result from dead spermatozoa or 

necrospermia (Agarwal et al., 2008 (a)). Fresh semen obtained from infertile men occasionally exhibits the 

total absence of motile sperm (100% asthenozoospermia). Vitality tests may reveal that a proportion of the 

immotile sperm has functional membranes, which are considered viable (Khalili et al., 1999). Men with 

severe type of teratozoospermia, such as acrosomeless globozoospermia, usually fail ICSI treatment. In 

addition, the injection of dead spermatozoon into an oocyte generally results in fertilization failure. 

Therefore, it is necessary to carefully evaluate the viability of the immotile spermatozoon before starting 

ICSI (Khalili et al., 1999).   

There are various methods available for measuring sperm vitality, including membrane integrity and enzyme 

function. Two specific tests for membrane integrity include eosin-nigrosin staining (dead sperm stain pink 

and live sperm remain colourless/white) (Reactifs Ral, 2005), and the use of fluorescent DNA-binding 

supravital stains (Lybaert et al., 2009), for example the FluoVit kit (staining dead sperm red and live sperm 

blue) (Microptic, 2013). A test for enzyme function, and thus indirectly a cell’s viability, involves the use of 

the WST-1 and XTT cytotoxicity assays. These assays measure the cleavage of tetrazolium salts by active 

enzymes, producing a formazan dye detectable only in metabolic active cells (Roche Diagnostics, 2006, 2011).  

2.6.4 DNA Integrity 

In order for a spermatozoon to be fertile, the chromatin must decondense correctly after fertilization 

(Halotech, 2014). The spermatozoal chromatin is a tightly packed structure due to disulfide cross linkages 

between protamines that allow compaction of the nuclear head, protecting DNA fragments from stress and 

breakage (Agarwal et al., 2008 (a)). Nuclear alterations, such as abnormal chromatin structure, micro-

deletions in the chromosome, or DNA fragmentation, will all reduce the spermatozoon’s ability to produce 

a viable embryo. Sperm DNA fragmentation (SDF) is thus inversely related to the spermatozoon’s ability to 

fertlize. Numerous scientific publications have demonstrated that a SDF value that exceeds 30% suggests 

sub-par sperm quality (Halotech, 2014). Numerous causes for SDF exists, including: increased testicular 

temperature due to tight clothing; bouts of fever or varicocele; the presence of reactive oxygen species in 

the semen; the metabolic effects of being overweight such as high insulin levels; smoking; certain drugs such 

as certain serotonin re-uptake inhibitors; and age (Halotech, 2014).  

Examples of methods that are used to evaluate DNA integrity include the Halosperm Kit and the 

terminaldeoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)- nick-end labelling 
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(TUNEL) assay. Halosperm is based on the sperm chromatin dispersion test  (HalotechDNA, 2014) where the 

acidic treatment allows for the detection of denatured DNA which fluoresces red and non-denatured which 

fluoresces green. The TUNEL assay allows for  single- and double-stranded breaks to be identified through 

the incorporation of labelled dUTP (WHO, 2010).  

2.6.5 Acrosome reaction or intactness  

The acrosome cap is a structure within the sperm head surrounding the upper 40 to 60% of the sperm 

nucleus (University of Utah, 2014). Mammalian fertilization involves capacitation of the spermatozoon and 

acrosome reaction, the latter process being a major event for sperm penetration through the zona pellucida 

and subsequent fusion with the egg membrane (Guraya, 2000). During the acrosome reaction, due to fusion 

of the plasma membrane and outer arosomal membrane, the acrosomal cap gets perforated and leads to 

the release of the acrosomal contents, e.g.  hyaluronidase and acrosine, which help to dissolve the zona 

pellucida at the site of sperm entry (Mukhopadhyay et al., 2008). 

The presence or absence of the acrosome may be assessed by several methods, including electron 

microscopy, conventional microscopy or phase contrast microscopy (Lybaert et al., 2009). The zona 

pellucida-induced acrosome reaction can be assessed on spermatozoa removed from the surface of the zona 

pellucida or exposed to disaggregated human zona pellucida proteins (WHO, 2010). According to a study by 

Huse et al. (1993),  a triple-stain technique was used to investigate the acrosome reaction in infertile and 

fertile males. It was found that there was no significant difference in the ratio of acrosome-reacted 

spermatozoa between normozoospermic and fertile males. However, all the cases in the latter group had 

15% or more acrosome-reacted sperm, therefore it would appear that a disturbance of the acrosome 

reaction is one of the causes of reduced fertility potential in normozoospermic males (Huse et al., 1993). 

Tests available for evaluation of the acrosome reaction involve the treatment of spermatozoa with calcium 

ionophore (A 23187) which induces calcium influx and is one way of testing the competence of capacitated 

spermatozoa to undergo the acrosome reaction (Aitken et al., 1993 (a)). This assay is also called the 

acrosome reation after ionophore challenge (ARIC) test (WHO, 2010). Second, is the use of fluorescent 

probes, fluorescein-conjugated Pisum sativum (edible pea) agglutinin (FITC-PSA) and Arachis hypogea 

(peanut) agglutinin (FITC-PNA). The ionophore treatment allows for sperm to be assessed under phase 

contrast microscopy where acrosome reacted sperm would be without acrosome and intact sperm with a 

dark head (Mukhopadhyay et al., 2008). The fluorescent labelled plant lectins (Aviles et al., 1997), however, 

requires for the sperm to be viewed via  fluorescence microscopy where intact acrosomes appear bright and 

reacted acrosomes appear dark. According to Lybaert et al. (2009), the FITC-PSA is observed to stain the 
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whole spermatozoa, the head and flagellum, and the FITC-PNA is restricted to the head and acrosomal cap 

(Lybaert et al., 2009).  

2.6.6 Hyperactivation 

Hyperactivation is characterized by the development of asymmetrical, high amplitude flagellar beats, causing 

vigorous and sometimes non-directed movement of free-swimming spermatozoa (Mortimer et al., 1998). 

However, the movement of hyperactivated sperm varies under different physical conditions and in different 

species (Suarez and Ho, 2003).  Since hyperactivation is known to occur at or near the site of fertilization, 

several theories have been proposed for the functional significance of hyperactivated motility, including that 

it: provides a mechanism to reduce the chance of sperm entrapment in the oviductal crypts; allows 

detachment of bound spermatozoa from the oviductal epithelium; exists as a ‘search’ mechanism for the 

oocyte; stirs the ampullary fluid to ensure biochemical homogeneity; and confers the ability to traverse the 

cumulus matrix allowing the generation of sufficient thrust for the spermatozoon to penetrate the zona 

pellucida (Mortimer et al., 1998).  

While the signal transduction cascade regulating hyperactivation remains to be completely described, it is 

clear that calcium ions interact with the axoneme of the flagellum to switch on hyperactivation. Although 

hyperactivation often occurs during the process of capacitation, the two events are regulated by somewhat 

different pathways (Suarez and Ho, 2003). According to Munire et al. (2004), impairment of hyperactivation 

might be related to infertility and the spermatozoa of infertile patients have a decreased capability to be 

hyperactivated, stressing the importance of hyperactivation in human fertility.  

Ntanjana (2015) reported significant differences in percentage hyperactivation among three subpopulations 

of human spermatozoa, highlighting the fact that subpopulations should be considered in future during 

clinical assessment of male fertility, especially when assessing hyperactivation. 

Hyperactivation may be induced chemically via stimulants, inducers or agonists. Many studies have 

demonstrated the use of chemicals such as procaine hydrochloride, pentoxifylline (Ortgies et al., 2012), 

caffeine (Colas, 2010), 4-aminopyridine (4-AP) and progesterone  (Alasmari et al., 2013) for this purpose. 

Hyperactivation in human spermatozoa is detected as a change in swimming pattern, as an increase in 

amplitude, the star-shape or figure eight pattern, as well as with an increase in ALH, a decrease in linearity 

(LIN) and straightness (STR). Both naturally occurring hyperactivated motility and chemically induced 

hyperactivation may be evaluated. Human tubal fluid (HTF) modified as capacitating medium (addition of 

HEPES and increase in NaOH) may be used to induce natural hyperactivation (Mortimer, 1994(a)). 
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2.7 The Effect of Heavy Metals on Sperm Function 

A study by Carlsen et al. (1992), indicated a significant deterioration in reproductive health of normal men 

in many countries in the preceeding 50 years. This prompted other researchers to evaluate their own data 

and several studies established an increasing incidence of various abnormalities of the human reproductive 

system such as decreased sperm count and increased incidence of testicular and prostate cancer (Adami et 

al., 1994; Carlsen et al., 1995; Zheng et al., 1997; Swan et al., 2000; Skakkebaek et al., 2001; Richiardi et al., 

2004). These results triggered an interest in the possible causes of these reproductive abnormalities as well 

as factors that contribute to this deterioration, including environmental and lifestyle factors (Saradha and 

Mathu, 2006; Agarwal et al., 2008 (c); Phillips and Tanphaichitr, 2008; Jurewicz et al., 2009; Mendiola et al., 

2009; Wong and Cheng, 2011).  

Humans are exposed to various types of environmental contaminants at different stages of their life span 

and there has been a growing concern about the deleterious effects of chemicals on the developing male 

reproductive system (Puluputturi and Dayapulae, 2012). Exposure of heavy metals during pregnancy has 

been associated with adverse effects on development of gonads (Puluputturi and Dayapulae, 2012). These 

substances may act as testicular toxicants and correspond to different compounds, which are related to 

social habits, life conditions, working hazards or use of drugs and medicines (Johnson et al., 1970; Monsey 

and Arrondo, 1993; Bustos-Obregon, 2001). Many heavy metals are classical testicular toxicants, though the 

mechanism of their action may differ (Puluputturi and Dayapulae, 2012). Metals are present everywhere, in 

food, dietary supplements, water, air, alcoholic drinks and tobacco (Pizent et al., 2012). Cigarette smoke 

contains about 30 metals, of which cadmium, arsenic and lead are in the highest concentrations (ATSDR, 

2008). Alcoholic beverages including wine can be contaminated with metals in concentrations exceeding the 

allowable limits (Tariba, 2011, Tariba et al., 2011 (a, b)).  

Metals may effect the male reproductive system directly, when they target specific reproductive organs, or 

indirectly, when they act on the neuroendocrine system (Pizent et al., 2012). Metals can affect the testis size, 

the semen quality, the secretory function of the prostate and seminal vesicles, the reproductive endocrine 

function and can lead to the loss of fertility and libido or to impotence (Apostoli et al., 1998; Benoff et al., 

2000; Apostoli et al., 2007; Wirth and Mijal, 2010; Apostoli and Catalani, 2011). Moreover, exposure to 

cadmium, lead, and inorganic arsenic may contribute to prostate cancer development (Chen et al., 1988; 

Chen and Wang, 1990; Goyer et al., 2004; Telisman et al., 2007; Benbrahim-Tallaa and Waalkes, 2008). 

Environmental exposure to cadmium and/or lead is associated with increased serum prostate specific 

antigen (PSA) (Zeng et al., 2004; Pizent et al., 2009).  
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The disruption of spermatogenesis in men at any stage of cell differentiation can decrease the total sperm 

count, increase the abnormal sperm count, impair the stability of sperm chromatin or damage sperm DNA 

(Mangelsdorf et al., 2003). Metals may impair progressive sperm motility by accumulating in the epididymis, 

prostate, vesicular seminalis or seminal fluid (Hess, 1998). Metals can also cause hormonal imbalance by 

affecting the neuroendocrine system, disrupting the secretion of androgens from Leydig cells or Inhibin B  

from Sertoli cells (Jensen et al., 2006).  

Due to the adverse effects of metals on sperm quantity and quality, it was decided to use heavy metals in 

this study in order to verify the sperm functional tests after it was optimised for the NHPs. The metals 

considered for use were copper suplhate (CuSO4) and cadmium chloride (CdCl2). Cadmium is used in the 

production of nickel-cadmium batteries, pigments (bright yellow, orange, red and maroon dyes), ceramics, 

plastic stabilisers and fertilisers (Pizent et al., 2012). The action of cadmium is spermatogenic stage specific. 

A high dose of CdCl2 exposure causes rapid testicular edema, haemorrhage and necrosis (Puluputturi and 

Dayapulae, 2012). Copper suplhate may be used as a fungicide and herbicide in both agricultural and non-

agricultural settings, as well as an antimicrobial substance (National Pesticide Information Center, 2012). 

According to a study by Chen et al. (2011), CuSO4 significantly reduced the motility of both moving and 

resting spermatozoa. The motility of the moving spermatozoa was strongly affected at low concentrations 

of CuSO4 (10 µM, 30 µM) and the resting spermatozoa at high concentrations (60µM, 100µM) (Chen et al., 

2011). Studies by Israel (2013) and Prag (2013), found that these two metals decreased sperm motility at 

concentrations of 250 µg/ml CuSO4 and 500 µg/ml CdCl2, after 5 hours of exposure. These specific 

concentrations were therefore considered for use for these two metals to observe a possible change or 

decrease in sperm function.  

 

2.8 Conclusion  

In order to address the large percentage of unexplained male infertility in humans, more detailed 

investigations using sperm functional tests are needed to identify possible causes for compromised fertility. 

Since many environmental and lifestyle factors might be contributing to infertility, future studies aiming to 

elucidate the effect of such factors on male fertility will need the use of appropriate research models. The 

current study involved an assessment of NHP sperm function in order to establish the possibility of using 

these species as primate models for reproductive studies. We hypothesise that by evaluating various 

established sperm functional tests and designing novel techniques for sperm analysis in primates, protocols 
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will be standardized for use in future studies on male infertility. This will thereby allow comparisons of 

human and NHP sperm function which may reveal or explain the high infertility rates in humans.  
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Chapter 3 

Materials and Methods 

3.1 Ethical Clearance  

Ethical clearance for this study was obtained from the Ethics Committee of the University of the Western 

Cape (Ethical clearance number: 13/10/91) as well as the Ethics Committee for Research on Animals (ECRA) 

(Project number: 11/13).  

 

3.2 Primate Housing and Care 

 

The three nonhuman-primate species included in this study were: Vervet monkey (Chlorocebus aethiops), 

Chacma baboon (Papio ursinus) and Rhesus monkey (Macaca mulatta). The primates were housed at the 

Primate Unit and Delft Animal Centre, Medical Research Council (Cape Town, South Africa). The primates 

were housed in accordance with the revised South African National Standard for the Care and Use of Animals 

for Scientific Purposes (South African Bureau of Standards, SANS 10386). All males were identified with a 

number tattooed on the inner right thigh, as well as cage labelling.  

3.2.1 Vervet monkey 

Male vervet monkeys (Figure 3a) were selected from a captive-bred, indoor breeding colony, with a history 

of successful reproductive performance for two generations. 

The environmental conditions were maintained at temperatures between 25-27 °C, a humidity of 45%, about 

15-air changes/hour and a photoperiod of 12 hours (Seier, 1986). The monkeys were kept on a diet consisting 

of a stiff porridge (pre-cooked maize meal) enriched with vitamins and minerals, trace elements and a 

protein supplement. The diet was supplemented with seasonal fruit at noon, as it was reported that the diet 

supported good reproductive performance and breeding (Seier, 1986). Drinking water was available ad 

libitum. All individuals had regular access to exercise cages and environmental enrichment (foraging and 

food puzzles) (de Villiers, 2006).  

3.2.2 Chacma baboon 

Male baboons (Figure 3b) used in this study were originally wild caught and individually housed in single 

cages, with full visual, olfactory and auditory contact with one another. Grooming was made possible 

between adjacent individuals through panels of wired mesh to allow for tactile contact. The animals were 
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fed a standard diet of pelleted feed (Aquafeeds, Cape Town, South Africa) and seasonal fruit or vegetables. 

The diet was supplemented with bread slices covered with vitamin C syrup (Portfolio Pharmaceuticals, 

Johannesburg, South Africa). In addition, the baboons were provided with foraging logs three times per week. 

Drinking water was available ad libitum (de Villiers and Seier, 2010).  

3.2.3 Rhesus monkey 

Male rhesus monkeys (Figure 3c) ranged between the ages of 10-14 years and were selected from an outdoor 

breeding colony which consisted of 10 adult males. The breeding stock are of Chinese origin and the colony 

has a fifteen year history of successful second generation reproductive performance.  

The males were housed indoors and paired with a compatible breeding female in double galvanised steel 

cages with temperatures ranging from 25-27 °C and 12-hour light/dark controls. The monkeys were kept on 

a standard diet of special monkey cubes (Equifeeds, Cape Town, South Africa) fed in the morning (250 g). 

The diet was supplemented with seasonal fruit or vegetables at noon and the afternoon diet included two 

slices of bread with added multivitamin syrup (Portfolio Pharmaceuticals, Johannesburg, South Africa). The 

animals were provided with foraging logs and various other enrichment devices on a daily basis. Drinking 

water was available ad libitum.  

(Wildlife Pictures Online, 2016)                       (Tydon Safaris, 2016)                               (Monkeyland Primate Sanctuary, 2016)           

Figure 3: Three selected primate species. a = vervet monkey, b = chacma baboon and c = rhesus monkey 

 

3.3 Experimental Outline  
 
In order to evaluate the functionality of spermatozoa from these primates, sperm functional tests were 

performed, including motility, longevity, vitality, DNA integrity, acrosome intactness and hyperactivation. 

The methods involved for each functional test are elaborated further in this chapter.  

a b c 
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Once all functional tests were performed and optimized, a comparison study was made where the samples 

were treated with heavy metals (such as CuSO4 and CdCl2). The validity of each test was investigated, where 

the samples were analyzed once again with the functional tests, including positive and negative controls. 

This determined whether the functional tests were sensitive in detecting any change in functionality of the 

spermatozoa after treatment therefore allowing us to modulate the tests to develop a basic primate model. 

Figure 4 provides a basic outline of the experimental procedure of this study.  

 

 
Figure 4: Outline of experimental procedure for each primate species and the functional tests applied  

 

3.4 Acquisition of Semen Samples 
 

Semen samples were collected from the three non-human primate species via rectal probe electro-

ejaculation (Figure 5) into sterile, pre-warmed 15 ml or 50 ml plastic containers. A minimum of 20 semen 

samples were selected from each species based on the semen quantity and quality (volume > 350 µl, sperm 

concentration > 20 M/ml and percentage total motility > 50%). These cut-offs were selected due to 

Primate Semen sampling for 
acclimatization and select 
individuals whom met the 

criteria

Vervets:11 were tested 
and 7 were selected for 

functional testing  

Functional tests: 
Motility, Longevity, 
Vitality, Acrosome 

Intactness, 
Hyperactivation 

Validation of  tests: 
Motility and Longevity, 

Vitality,  Acrosome 
Intactness and 

Hyperactivation. Exposure 
to metals for inhibition-

CuSO4, CdCl2

Baboon: 8 were tested and 
6 were selected for 
functional testing

Functional tests: Motility, 
Longevity (till 15 minutes), 

Vitality, DNA integrity, 
Acrosome Intactness, 

Hyperactivation 

Validation of  tests: 
Motility and Longevity, 

Vitality, Acrosome 
Intactness. Exposure to 

metals for inhibition-
CuSO4, CdCl2

Rhesus: 8 were tested 
and  6 were selected for 

functional testing

Functional tests: Motility, 
Vitality, DNA integrity, 
Acrosome Intactness, 

Hyperactivation

Validation of  tests: 
Motility and 

Hyperactivation. 
Exposure to metals for 
inhibition- CuSO4, CdCl2 
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preliminary testing revealing these standards to be most beneficial for functional testing. The semen samples 

were kept in an incubator at 37 °C for the first 5 minutes after collection to allow the coagulum within the 

semen to liquefy. The sampling was performed on a weekly basis, two days a week with four primates per 

week (two primates per day). Each individual primate was thus sampled from once every two weeks to allow 

an even rotation among them.  

After the initial incubation, semen samples were either used neat or the bottom fraction, generated by 

means of a density gradient centrifugation technique and containing the most motile spermatozoa, was used 

for functional testing.  

 
Figure 5: The rectal probe and transformer used for electro-ejaculation  

 
3.5 Preparation of Samples 

 
3.5.1 Density gradient centrifugation 

PureSperm (PS) 40/80 (Nicadon, Molndal, Sweden) was used according to the manufacturer’s instructions 

to form a two-layer density gradient preparation for the separation and purification of motile spermatozoa. 

The density gradient was prepared as follows:  

 

A pipette was used to place 50-300 µl PS 80 in a centrifuge tube and an equal volume of PS 40 was layered 

on top. The range in volume of PS was due to the low volumes of semen sample obtained after electro-

ejaculation of some animals, therefore requiring a large range. Thereafter, the same volume of semen was 

layered on top of the PS 40. This preparation was centrifuged at 300 g for 20 minutes. A pipette was used to 

aspirate all surface layers (supernatant) and the pellet was used for subsequent experiments.  
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The pellet was washed in 100 µl HTF and centrifuged at 500 g for 10 minutes. After centrifugation, the 

supernatant was removed and 100 µl HTF was added to the remaining pellet to dilute the sperm 

concentration. This pellet contained the most motile spermatozoa and this preparation was kept at a 

temperature of 37 °C before subsequent sperm functional tests were performed. 

 

3.5.2 Swim-up (SU) 

For the SU method, aliquots of semen were taken from the sample as soon as it liquefied and placed in tubes 

underneath a layer of culture medium (Mortimer, 1994 (a)). The medium selected for this method was Ham’s 

F10 (Invitrogen|Thermo Fisher Scientific, Paisley, Scotland). A pipette was used to place 150 µl Ham’s F10 in 

a centrifuge tube and 50 µl semen was carefully layered beneath it. The preparations were incubated for 30 

minutes, where after the top layer, containing only motile spermatozoa, was extracted and used for 

subsequent sperm functional testing. 

 

 
3.6 Functional Tests:  

 
3.6.1 Sperm Motility  

Sperm motility of the baboon and rhesus monkey samples was assessed using the Motility module of the 

Sperm Class Analyzer (SCA) (Microptic S.L., Barcelona, Spain) CASA system, Version 5.1, in combination with 

a Nikon Eclipse 50i Phase Contrast Microscope (IMP, Cape Town, South Africa) equipped with a heated stage. 

A Basler A602fc or Basler A312fc digital camera (Microptic S.L., Barcelona, Spain) was used for capturing data 

whilst mounted onto the microscope. For the vervet sperm motility analysis, the same CASA system was 

used in combination with an Olympus CH2 microscope (Wirsam, Cape Town, South Africa), equipped with a 

heated stage and mounted with a Basler aVA 1000-100gc digital camera (Microptic S.L., Barcelona, Spain). 

The properties of the SCA system were set as follows for the three species: Frame rate: 50 images/sec; Optics: 

Ph- (negative phase contrast); Chamber: Leja 20; Species: Human; Particle area: no less than 5 and no more 

than 80 µm2; VCL intervals: 5<slow<80<medium<120<rapid (µm/s); VAP points: 7 and Connectivity: 12. 

Motility assessment involved aliquoting 2 µl of semen or sperm preparation into a pre-warmed (37 °C) 8 

chamber Leja slide (Leja Products B.V., Nieuw-Vennep, The Netherlands) and analysed using the SCA system 

and microscope. The percentage total motile, progressive motile, rapid, medium and slow swimming sperm 

as well as eight kinematic parameters were assessed. The kinematic parameters included: Curvilinear 

velocity (VCL) (µm/s) - time-averaged velocity of a sperm head along its actual curvilinear path; Average path 
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velocity (VAP) (µm/s) - time-averaged velocity of a sperm head along its average path; Straight-line velocity 

(VSL) (µm/s) - time-averaged velocity of a sperm head along the straight line between its first detected 

position and its last; Linearity (LIN) - the linearity of a curvilinear path, VSL/VCL; Straightness (STR) (%) – the 

linearity of the average path, VSL/VAP; Wobble (WOB) (%) – a measure of oscillation of the actual path about 

the average, VAP/VCL; Beat-cross frequency (BCF) (Hz) – the average rate at which the curvilinear path 

crosses the average path; and Amplitude of Lateral Head Displacement (ALH) (µm) - magnitude of lateral 

displacement of a sperm head about its average path (WHO, 2010). Fields were captured randomly to avoid 

bias toward higher sperm motility, however, fields containing debris were disregarded. A total of at least 

200 motile sperm were captured during each analysis. 

 

3.6.2 Longevity 

Motility was assessed over time until a substantial decrease was observed.  The assessment of longevity was 

therefore incorporated at this point.  Sperm motility was examined every 15 minutes until sperm were no 

longer moving (the baboon samples were, however, only analysed until 15 minutes because they were no 

longer motile after this time point). Sperm were considered motile if they show any sign of movement, 

including swimming, wiggling back and forth, or movements of the tail or head. Immotile sperm do not show 

any sign of movement during the recording period (Himes, 2007). 

 

3.6.3 Vitality   

Sperm vitality was assessed using three different techniques. 

3.6.3.1 Eosin-Nigrosin Staining Technique: 

The Eosin-Nigrosin (E-N) staining technique is used to assess the percentage of dead and alive 

spermatozoa. Due to their compromised plasma membrane, dead spermatozoa will allow eosin to 

enter the cell and are resultingly stained pink, while living spermatozoa remain colourless and appear 

white (Reactifs Ral, 2005). The nigrosin serves as a background stain to provide contrast. 

 

Protocol: The staining solution wass preheated in an incubator at 37 °C before use. The ratio of sperm 

preparation to staining solution was 1:3. 

1.  A coverslip was placed on a heated stage (37 °C) and 30 µl stain was placed on it. 

2. 10 µl sperm preparation was mixed with the heated solution for 30 seconds. 

http://etd.uwc.ac.za



 

39 
 
 

3. 10 µl mixture was placed on a heated slide and smeared. 

4. The slides were left to air-dry overnight. 

5. The slides were mounted with two drops of DPX mountant, a coverslip was added and left 

overnight. 

6. The slides were examined with a Nikon Eclipse 50i microscope (IMP, Cape Town, South Africa) 

using a 40X objective. 

7. At least 100 spermatozoa were counted and the percentage live and dead spermatozoa were 

calculated. 

 

3.6.3.2 Hoechst and Propidium Iodide Staining Technique 

The second method involved the use of two fluorescent dyes, namely Hoechst 33342 

(trihydrochloride trihydrate) and Propidium Iodide (PI) (H&P) (Sigma, Cape Town, South Africa). 

Hoechst 33342 is a specific stain for AT-rich regions of double-stranded DNA and fluoresces with a 

blue colour. The Hoechst enters cell membranes and therefore stains both fixed and vital cells. PI was 

used as a nuclear counterstain and fluoresces with a red colour. PI cannot enter the cell membrane 

of vital cells and therefore only stains damaged or dead cells.  

 

Protocol: Stock solutions were prepared before use (1 mg/ml in distilled water). Working solutions (1 

mg/ml) were wrapped in aluminium foil and stored in the refrigerator at 4 °C protected from light, 

ready for use. Aliquots were stored in the freezer at -20 °C and were thawed when refrigerated 

solutions were completed.  

 

1. Aliquots of the staining solutions were pre-heated in an incubator (37 °C) before use. 

2. 10 µl sperm preparation was added to 1 µl Hoechst 

3. The mixture was incubated for 5 minutes at 37 °C. 

4. 1 µl PI was added to the mixture and incubated for 5 minutes 37 °C. 

5. 10 µl of the mixture was placed on a slide, a coverslip was added and viewed under Nikon Eclipse 

50i fluorescence microscope (IMP, Cape Town, South Africa) using a 20X objective, with a DAPI 

filter (Figure 6). A total of at least 100 sperm were captured and counted with the NIS Elements 

imaging software (IMP, Cape Town, South Africa). A final percentage was then determined of live 

(blue) and dead (red) sperm. 
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Figure 6: Hoechst and Propidium iodide stained spermatozoa showing 
live (blue) and dead (red) cells for evaluation of vitality (20x objective).  

 

 

3.6.3.3 Cell Proliferation Reagent WST-1 Kit  

The WST-1 reagent (Roche, Mannheim, Germany) is a clear, slightly red, ready to use solution, 

containing WST-1 and an electron coupling reagent, diluted in phosphate buffered saline (PBS) 

(Roche Diagnostics, 2006). This test is based on the principle that the tretrazolium salt WST-1 is 

cleaved to formazoan (Figure 7a) by cellular enzymes or reduced at the external surface of the plasma 

membrane by NADH and NADPH oxidase (Berridge and Tan, 1998). An expansion in the number of 

viable cells results in an increase in the overall activity of mitochodrial dehydrogenases (Figure 7b) in 

the sample. An augmentation in enzyme activity leads to a increase in formazoan dye which 

correlates to the number of metabolically active cells. The absorbance of the dye is measured at 

appropriate wavelengths. 

 
(Yin et al., 2013) 

a 
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(Berridge et al., 2005) 
 
Figure 7: Diagrams illustrating the principle of the WST-1 assay with (a) depicitng the product formazoan after the 
cleavage and (b) depicting the action of the mitochodrial dehydrogenases and NADH and NADPH 

 
 

Protocol: 

1. 50 µl Puresperm separated spermatozoa were placed in 96 well microplates in an incubator at 

37 °C and 5% CO2. 

2. 200 µl WST-1 stock solution was first diluted with 800 µl PBS, whereafter 50 µl WST-1 reagent 

was added per well.  

3. The plates were incubated for 4 hours in a humidified atmosphere. 

4. The absorbance was measured every 1-2 hours using a microplate (ELISA) reader at 420-480 

nm (reference wavelength >600 nm). 

 

3.6.4 DNA Integrity 

The assessment of DNA integrity involved the terminaldeoxynucleotidyl transferase (TdT)-mediated 

deoxyuridine triphosphate (dUTP)-nick-end labelling assay (TUNEL) (WHO, 2010). TUNEL quantifies the 

incorporation of dUTP at single- and double-stranded DNA breaks in a reaction catalyzed by the template-

independent enzyme, TdT. Incorporated dUTP is labeled such that breaks can be quantified either by flow 

cytometry, fluorescence microscopy, or light microscopy (Evenson et al., 2002). 

 

b 
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Protocol: The DeadEnd™ Fluorometric TUNEL System G3250 (Promega, USA) was used to assess DNA 

integrity.  

1. Spermatozoa were prepared to have a final concentraion of 50-100x106/ml. After the last 

centrifugation step in the PureSperm preparation, 50 µl PBS was added.  

2. The preparation was centrifuged for 300 g at 4 °C for 10 minutes, where after the supernatant was 

discarded and the pellet was resuspended in 50 µl PBS. 

3. Step 2 was repeated. 

4. Smears were prepared as follows: 20 µl sperm preparation were placed onto slides and round smears 

were made or 10 µl was used for making normal smears. The slides were left to air-dry overnight or 

placed in an incubator for 10 minutes. 

5. The slides were fixed by immersion in 4% formaldehyde for 25 minutes at 4 °C. 

6. The slides were washed in PBS for 5 minutes, moving slides up and down every minute. 

7. The spermatozoa were permeabilized in 0.2% Triton X-100 for 5 minutes, where after 20 µl was 

added to prepared round smears and 50 µl was added to normal smears. 

8. Slides were rinsed twice in fresh PBS for 5 minutes, moving slides every minute. The excess liquid was 

removed by tapping the slides. 

9. 50 µl equilibration buffer was added to the slides and equilibrated for 10 minutes. 

10. The TdT incubation buffer was prepared using 90 µl Equilibration buffer, 10 µl Nucleotide mix and     

2 µl TdT enzyme. This preparation was enough for covering three slides. Using tissue paper, the 

spaces around the equilibrated area was blotted. 

11. 30 µl TdT incubation buffer was added to round smears and 40 µl to normal smears. 

12. The cells were covered with plastic coverslips (halves for round smears and a whole coverslip for 

normal smears) and placed in a dark humidified chamber (containing paper towel soaked with water 

at the bottom). It was incubated at 37 °C for 60 minutes and covered with aluminium foil. 

13. The 20X Saline Sodium Citrate (SSC) was diluted to 2X SSC and placed in a coplin jar. The coverslips 

were removed from the slides and slides were immersed in 2X SSC for 15 minutes at room 

temperature. 

14. The slides were washed in PBS for 5 minutes at room temperature. The process was repeated twice, 

resulting in a total of three washes. 

15. The samples were stained with Hoechst (1mg/ml in PBS) for 15 minutes at room temperature in the 

dark. 
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16. One drop of Dako anti-fade mounting medium (Diagnostech, Johannesburg, South Africa) was added 

with the addition of coverslips. 

17. The slides were analysed immediately with a Nikon Eclipse 50i fluorescence microscope (IMP, Cape 

Town, South Africa) using a 20X objective, with a DAPI filter. Images were captured with the NIS 

Elements imaging software (40X- FI: 200 ms exp., 2X gain, BF: 600 ms exp., 1X gain, autowhite,  100X- 

FI: 600 ms exp., 1X gain, BF: Autowhite) (Figure 8).  

18. Scoring: A total of at least 100 sperm were captured and counted with the NIS Elements imaging 

software (IMP, Cape Town, South Africa). A final percentage was then determined of spermatozoa 

with nuclear DNA damage and those without. 

 

(Ghasemzadech et al., 2015) 

Figure 8: Example of sperm with nuclear DNA damage (TUNEL-positive sperm) fluorescing bright green and sperm without 
damage (TUNEL-negative sperm) fluorescing light green after TUNEL assay.  

 

3.6.5 Acrosome Intactness  

The assessment of  acrosome intactness involved the use of fluorescein-conjugated Pisum sativum 

agglutinin (FITC-PSA) (Sigma, Cape Town, South Africa), as well as fluorescein-conjugated Peanut 

agglutinin (FITC-PNA) (Sigma, Cape Town, South Africa), to determine the acrosomal status of a 

sperm sample. PNA has been shown to bind Galß(1-3)Gal NAC residues (Varki et al., 1999; Sharon, 

2007) located on the outer acrosomal membrane (Mortimer et al., 1987; Martínez-Menárguez et 

al., 1992; Avilés et al., 1997). However, PSA recognizes a-methyl mannoside residues from complex 

oligosaccharide structures, localized within the acrosome contents (Cross et al., 1986; Varki et al., 

http://etd.uwc.ac.za



 

44 
 
 

1999; Sharon, 2007). According to Lybaert et al. (2009), FITC-PSA stains the whole spermatozoa 

(head, acrosomal cap, equatorial segment as well as the flagellum. Whereas, FITC-PNA staining is 

restricted to the head and the acrosomal cap (Lybaert et al., 2009).  

 

Protocol, FITC-PSA: 

 

1. The FITC-PSA working solution was prepared before use by adding 50 µl FITC-PSA to 450 µl PBS 

resulting in FITC-PBS. Aliquots were stored at -20 °C and the working solution was stored at 4 °C. 

2. The sperm sample was first diluted with Ham’s F10 (Invitrogen, Thermo Fisher Scientific, South 

Africa) medium to yield a concentration of 2x106/ml. 

3. Two 5 µl drops of sperm sample was placed on a slide, spread in a circle and left overnight to dry. 

4.  The slides were then fixed with 95% Ethanol for 30 minutes in a refrigerator at 4 °C and left to air 

dry for 30 minutes. 

5. 5 µl FITC-PSA solution was added to each round smear and kept in the dark for 45 minutes. 

6. The slides were then washed in dH2O for a few seconds and left to dry upright. 

7. The slides were mounted by adding 2 drops of Dako fluorescent mounting medium (Diagnostech, 

Johannesburg, South Africa). Coverslips were added and left for a few minutes. 

8. The slides were analysed with a Nikon Eclipse 50i Fluorescence Microscope (IMP, Cape Town, 

South Africa) using a green fluorescence filter and 100X-objective. A total of at least 100 

spermatozoa were captured and counted with the NIS Elements BR. 3.10 (Build 578) on Nikon 

DS-U2/L2USB Program, Annotations and Measurements: Count and Taxonomy facility. A final 

percentage was then determined of bright intact acrosomes and (dark or with a centre band) 

reacted acrosomes.  

 

Protocol, FITC-PNA: 

 

1. The FITC-PNA working solution was prepared before use by adding 5 mg FITC-PNA to 5 ml PBS. 

Aliquots of 600 µl were stored at -20 °C and kept in the dark.  

2. A swim-up preparation was prepared with Ham’s F10 (Invitrogen, Thermo Fisher Scientific, South 

Africa). 

3. 20 µl sperm preparation was smeared over one end of the slide and left to air dry. 
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4. The air dried smears were then immersed in FITC-PNA staining solution (600 µl aliquot added to 

15.4 ml PBS) in Coplin jars at room temperature for 15 minutes in the dark.  

5. The slides were rinsed twice in PBS and thereafter fixed by immersion in 4% para-formaldehyde 

at room temperature for 15 minutes. 

6. The slides were rinsed twice in PBS, allowed to air dry and mounted with Dako fluorescent 

mounting medium (Diagnostech, Johannesburg, South Africa). Coverslips were added and left 

for a few minutes. 

7. The slides were analysed with a Nikon Eclipse 50i Fluorescence Microscope (IMP, Cape Town, 

South Africa) using a green fluorescence filter and 100X-objective. A total of at least 100 

spermatozoa were captured and counted with the NIS Elements BR. 3.10 (Build 578) on Nikon 

DS-U2/L2USB Program, Annotations and Measurements: Count and Taxonomy facility. A final 

percentage was then determined of bright intact acrosomes and (dark or with a centre band) 

reacted acrosomes. 

 

3.6.6 Hyperactivation 

 

The Motility module of the SCA system was used to evaluate sperm fractions for percentage 

hyperactivation. Cut-off values for certain kinematic parameters is used to detect hyperactivated 

sperm in humans as follows: VCL ≥150 µm/s, linearity ≤50% and ALH ≥7 µm (Mortimer and Mortimer, 

2013). However, such values have not been determined for many other mammalian species. The cut-

off values for the rhesus monkey were determined by Baumber and Meyers (2006). These thresholds 

for hyperactivation were applied to this study and were as follows: VCL≥130 µm/s, linearity ≤69% 

and ALH ≥7.5 µm (≥3.75 µm) (Baumber and Meyers, 2006). Hyperactivation analysis was performed 

on washed spermatozoa incubated under capacitating conditions (i.e., in sperm medium, HTF, at 37 

oC and 5% CO2). 

  

The Flush technique was employed to evaluate and analyse sperm hyperactivation. The technique 

involves the exposure of semen to chemicals or media, immediate or over time using  a Leja slide 

(Leja Products B.V., Nieuw-Vennep, The Netherlands) while being kept or incubated on a pre-warmed 

microscope stage (Ntanjana, 2015). Semen is displaced from the entrance of the slide towards the 

furthest end of the chamber by the medium used. The sperm from the semen will swim in all 

directions but also towards the medium and some may reach the area where the semen and medium 
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were intially introduced. Sperm motility is then analysed in the area where spermatozoa come into 

contact with almost pure medium, which is easy to identify as no semen debris or seminal particles 

are present (Ntanjana, 2015). This technique was introduced by Prof G van der Horst, in spermatozoa 

from broadcast spawners by flushing with fresh and marine water to activate motility and also during 

experimentation with African elephant (Loxodonta africana) sperm (van der Horst et al., 2010).  

 

The stimulants used to induce hyperactivation were Procaine and Caffeine (Sigma, Cape Town, South 

Africa). These stimulants were selected as they were demonstrated to be inducers in previous studies 

at concentrations ranging from 1 to 10 mM. According to a study by Ortgies et al. (2012), procaine 

has been demonstrated to induce hyperactivation in spermatozoa from different mammalian species. 

A concentration of 5 mM was used in this study and hyperactivation was induced even in 

noncapacitating conditions demonstrating the star-shaped motility pattern of stallion spermatozoa 

(Ortgies et al., 2012). Caffeine has been shown to have inductory effects at a concentration of 1 mM 

in both rhesus monkeys (Baumber and Meyer, 2006) and the olive baboon, showing significantly 

higher sperm motility (Nyacheio et al., 2010). Another study by Colas et al. (2010) also demonstrated 

Caffeine at a concentration of 10 mM, was also able to induce hyperactivation of ram spermatozoa. 

 

Protocol: The concentration range used for Caffeine were 1, 5 and 10 mM, and the concentrations 

for Procaine were 2, 4 and 8 mM. After preliminary experiments, Caffeine 5 mM was selected for all 

experiments of induction. 

 

1. Neat semen was used to evaluate sperm hyperactivation. 

2. 1 ul semen was added to a 4 chamber Leja slide.  

3. 2 ul chemical (stimulant) was added to the semen in the same chamber. 

4. The sperm was then analyzed immediately and every 15 minutes thereafter for an hour or until 

motility fell below WHO (2010) reference limits (motility >40%). 

5. Data was captured and analyzed using the phase contrast microscope: the Motility module of the 

Sperm Class Analyzer (SCA) (Microptic S.L., Barcelona, Spain) CASA system, Version 5.1, in 

combination with the Nikon Eclipse 50i Phase Contrast Microscope (IMP, Cape Town, South 

Africa). 

Once the data had been captured and analyzed by the CASA system, data sheets were produced and 

the three kinemtic parameters VCL, LIN and ALH of the spermatozoa for each species were evaluated 
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according to the rhesus monkey cut values (Baumber and Meyers, 2006). Spermatozoa which 

presented data that fell into the threshold values were labelled as hyperactivated. The amount of 

spermatozoa which presented hyperactivation were counted and a percentage was determined.  

 

3.7  Validation of Functional Tests 

Once all functional tests have been performed and optimized, these tests were applied in subsequent 

experiments where spermatozoa were exposed to heavy metals that have been proven to affect sperm 

function in order to validate the sensitivity of these tests. As previously mentioned, the two metals Copper 

sulphate (CuSO4) and Cadmium chloride (CdCl2) have been shown to decrease or inhibit human sperm 

motility at concentrations between 250 µg/ml and 500 µg/ml.  

The metal concentrations, 10 µg/ml, 50 µg/ml, 100 µg/ml and 250 µg/ml CuSO4, and 10 µg/ml, 50 µg/ml, 

100 µg/ml and 500 µg/ml CdCl2, were prepared in HTF medium before use and stored at  4 °C. Motile 

spermatozoa were selected with the PureSperm separation (see section 3.5 above), however, at the last 

centrifugation step 100 µl of the HTF medium containing the metal, was added instead of the neat HTF 

medium. This last step was applied when exposing the spermatozoa to each concentration of both metals. 

The resultant suspension was then used for all functional testing and a comparison was made to the initial 

results determining the sensitivity of the functional tests.  

 

3.8 Statistical analysis/Data interpretation 

MedCalC Program Version 12.3.0 (Mariakerke, Gent, Belgium) was used for statistical analysis. ANOVA (one 

way analysis of variance analysis) was performed for parametric data distributions. Any significant 

differences (p ≤ 0.05) indicated in the ANOVA table between groups was analysed further using the Student-

Newman-Keuls test for pairwise comparisons. If Levene’s test showed P < 0.05, the Kruskal-Wallis test was 

employed. T-tests (independent samples) were employed for comparisons and further analysed with the 

Welch-test. If the F-test showed P < 0.05, the Mann-Whitney test was employed. Data was expressed as 

mean percentage ± standard deviation (SD) and P < 0.05 was considered significant using the analyses above.  
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Chapter 4: Results 

As mentioned in Chapter 2 and 3, the functional tests that were evaluated in this study included: sperm 

motility and longevity, vitality, DNA integrity, acrosome reaction and hyperactivation. The results are 

presented in the following order for the three non-human primates: vervet monkey, chacma baboon and 

rhesus monkey. Due to low quality (baboon) and limited availability of semen samples (rhesus), certain 

functional tests (longevity, WST-1 assay) could not be completed for both the baboon and rhesus monkey. 

4.1 Optimization 

4.1.1 Species: Vervet Monkey 

4.1.1.1 Preparation method 

The vervet monkey semen samples obtained were prepared using two methods, namely the PureSperm (PS) 

and Swim-up (SU) method. The average motility characteristics of seven semen samples and sperm 

preparations are presented in Table 1. The two parameters which presented significance between Semen 

and the preparation methods was the concentration and total motility, and the rest of the parameters 

presented similar results between methods. Semen was an exception in only presenting significance for 

concentration, however, the PS method indicated the better result for concentration and total motility. The 

PS method presented a significantly higher motility average (P=0.049) as well as a higher sperm 

concentration (P=0.035) compared to the SU method (Figure 9), however, Semen had a significantly higher 

sperm concentration compared to the PS (P<0.001) and SU (P<0.001) method. Since the subsequent sperm 

functional testing required a high concentration of spermatozoa as well as a high percentage of total motile 

spermatozoa, it was therefore decided to use the PS method for all further sample preparation and 

functional testing, unless stated otherwise. 

 

Table 1: Average concentration and motility parameter measurements ± SD of vervet semen and prepared sperm samples (n=7).  
 

PS = PureSperm, SU = swim-up, SD = standard deviation, VCL = curvilinear velocity. a, b and c = values labelled with different superscript letters 
in the same column were significantly different (P<0.05). 

 

Preparation  
Method 

Sperm  
Concentration 
(X106/ml) 

 Total  
 Motility 
(%) 

Progressive 
Motility 
(%) 

Rapid 
Spermatozoa 
(%) 

VCL  
 
(µm/s) 

Semen 1422.76 ± 2942.14 a 81.23 ± 15.36 a 34.64 ± 15.24 28.35 ± 14.62 108.58 ± 33.86 

PS 78.88 ± 28.81b  88.66 ± 8.37 a 33.67 ± 24.88 25.88 ± 26.86 101.96 ± 46.02 

SU 16.22 ± 11.11 c 83.46 ± 20.24 b 58.91 ± 17.45 55.62 ± 18.23 207.50 ± 64.85 
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Figure 9: The average vervet monkey sperm concentration, motility and curvilinear velocity analysis of two preparation 
methods: PS and SU, to verify which preparation of spermatozoa would be best suited for functional testing by demonstrating a 
high motility reading and sperm concentration. a and b  = significantly different (P<0.05).  

 

4.1.1.2 Functional Tests 

4.1.1.2.1 Motility and longevity 

A time-based study was performed to evaluate the motility parameters and longevity of vervet spermatozoa. 

A total of five samples were prepared with PS and incubated for 45-75 minutes. Sperm motility and kinematic 

parameters were measured every 15 minutes (Table 2.1 and 2.2). Although there was a trend for percentage 

total, progressive and rapid sperm motility as well as sperm velocity (VCL, VSL and VAP) to decrease over 

time, none of the parameters presented a significant difference over the 75 minute period. It should also be 

noted that the average measurements for the swimming speed and most of the motility parameters already 

halved after 60 minutes of incubation.  
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Table 2.1: Average measurements for vervet monkey sperm motility parameters after 15-75 minutes 

 

 

 

 

 

 

 

Table 2.2: Average measurements for vervet monkey sperm kinematic parameters after 15-75 minutes 

VCL-curvilinear velocity, VSL- straight-line velocity, VAP –average-path velocity, LIN -linearity, STR –straightness, WOB –wobble, ALH -

amplitude of lateral head displacement and BCF –beat-cross frequency. 

 

4.1.1.2.2 Vitality 

As mentioned in Chapter 3, three methods were used to assess sperm vitality, namely Eosin-Nigrosin staining, 

Hoechst and Propidium Iodide staining and WST-1 cytotoxicity assay. Each vitality test involved the use of a 

different set of samples on different days of testing and thus the three methods could not be compared 

directly. 

4.1.1.2.2.1 Eosin-Nigrosin (E-N) 

The prepared vervet monkey sperm samples were used for E-N staining after 15 minutes and 75 or 90 

minutes of incubation (37 °C). The calculated average percentages of total motility as well as live and dead 

spermatozoa are presented in Table 3. A discrepancy in the total motility compared to vitality percentage 

was noted at the first time point. The total motility of the samples at the 15 minute time point was 78.30 ± 

17.73 and the percentage live sperm at 15 minutes was 54.12 ± 17.52. The motility of vervet samples was 

shown to decline to 23.78 ± 27.08 at the last time point. However, a significant decrease of 35% (P=0.0454) 

Time  
 
(mins) 

n Total  
Motility 
 (%) 

Progressive 
Motility 
 (%) 

Rapid 
Spermatozoa 
(%) 

Medium 
Spermatozoa 
(%) 

Slow 
Spermatozoa 
(%) 

15 5 86.14 ± 7.51 58.54 ± 21.88 54.29 ± 23.85 11.86 ± 10.29 19.99 ± 14.45 

30 5 72.23 ± 18.08 40.99 ± 20.18 35.94 ± 20.11 10.78 ± 7.94 25.50 ± 12.99 

45 5 68.46 ± 15.91 35.54 ± 15.49 30.75 ± 14.56 10.90 ± 5.31 26.81 ± 12.86 

60 4 67.87 ± 15.81 26.39 ± 16.62 21.16 ± 14.85 11.80 ± 5.53 34.90 ± 14.17 

75 
 

4 55.74 ± 23.02 24.38 ± 23.65 19.60 ± 23.68 10.39 ± 7.47 25.75 ± 17.67 

Time 
 
(mins) 

n VCL 
 
(µm/s) 

VSL 
 
(µm/s) 

VAP 
 
(µm/s) 

LIN 
 
(%) 

STR 
 
(%) 

WOB 
 
(%) 

ALH 
 
(µm) 

BCF 
 
(Hz) 

15 5 206.88 ±98.91 140.06 ±94.35 172.63 ±102.86 62.85 ±13.66 78.49 ±6.53 79.44 ±10.96 2.94 ±0.89 12.34 ±2.02 

30 5 153.70 ±60.02 95.63 ±56.56 147.87 ±62.28 59.69 ±12.14  76.10 ±7.49 77.88 ±8.73 2.86 ±0.76 14.08 ±2.62 

45 5 132.45 ±39.81 78.80 ± 8.54 104.25 ±42.43 57.92 ±12.25 74.60 ±7.93 77.10 ±9.41 2.66 ±0.67 13.60 ±1.80 

60 4 114.91 ±42.82 64.66 ±46.01 86.09 ±47.11 52.48 ±19.90 70.57 ±15.05 72.23 ±13.75 2.39 ±0.44 11.32 ±2.72 

75 
 

4 113.49 ±72.76 71.18 ±82.68 88.05 ±83.65 50.19 ±29.20 68.51 ±21.47 68.29 ±21.83 1.55 ±1.06 9.81 ±6.64 
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in the percentage live spermatozoa was found after 75 or 90 minutes of incubation, which was similar to the 

36% decrease in total motility over the same time period in Table 2.1 and thus indicated the ability of E-N 

staining to distinguish between live and dead vervet monkey spermatozoa.  

Table 3: Average vitality percentages of the prepared vervet monkey sperm samples after 15 and 75-90 minutes of incubation 
(n=5) using E-N staining. 
 

 

 
 

 
a and b = values labelled with different superscript letters in the same column were significantly different (P<0.05). 
 
 
 

4.1.1.2.2.2 Hoechst and Propidium Iodide (H&P) 

The prepared vervet monkey sperm samples were exposed to H&P staining and allowed to incubate (37 °C) 

for 45 to 60 minutes. The average percentage live spermatozoa was initially low compared to the percentage 

total motility at 15 minutes (Table 4) – a similar discrepancy as found in 4.1.2.2.1 above. However, the data 

showed that percentage live spermatozoa tend to decrease by 46% at last time point readings (similar to the 

decrease in percentage total motility), but this decrease was not significant (P>0.05). However, the test was 

sensitive in determining live from dead vervet monkey spermatozoa. 

Table 4: Average vitality percentages of the prepared vervet monkey sperm samples after 15 and 45-60 minutes of incubation 
(n=4) using H&P staining.  

 

 

 

 

4.1.1.2.2.3 WST-1 assay  

This assay was only attempted with the vervet species. To evaluate the WST-1 reagent, semen, PS and SU 

samples were compared in this assay. The absorbances were read at 15 minute intervals until 45 minutes of 

incubation (37 °C). Average absorbance and sperm concentration are displayed in Table 5. The data showed 

a significant difference at the 15 minute time point, where semen had a higher absorbance reading than the 

SU (P=0.023) but not PS. The SU, however, had a significantly higher absorbance than the PS (P=0.005) 

(Figure 10). The reason for this difference in absorbance is most probably due to the semen containing a 

Time 
(mins) 

Total Motility   
(%) 

Live Spermatozoa 
(%) 

Dead Spermatozoa  
(%) 

15 78.30 ± 17.73  54.52 ± 17.52 a 45.48 ± 17.52 

75-90 23.78 ± 27.08  35.02 ± 17.79 b 62.98 ± 19.53 

Time 
(mins) 

Total Motility  
(%) 

Live Spermatozoa 
(%) 

Dead Spermatozoa  
(%) 

15 61.35 ± 18.32 49.58 ± 10.09 50.42 ± 10.09 

45-60 34.25 ± 7.51 27.39 ± 34.13 72.61 ± 34.13 
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higher concentration of spermatozoa (145.93x106/ml) than the SU samples, as well as the SU containing a 

higher sperm concentration (12.87x106/ml) than the PS samples (6.53x106/ml), and therefore there were 

more spermatozoa to produce a detectable product. These results prove this assay’s ability to detect live 

spermatozoa and its possible sensitivity to determine live from dead, as the absorbance values indicate the 

detectable formazan dye which is only produced by live cells. It was decided to use the PS samples as it was 

the preparation method of choice for all other functional tests.  The remaining time points showed that the 

absorbance readings tend to increase over time for semen, SU and PS samples, however, this increase was 

not significant (P>0.05). 

 

Table 5: Average sperm concentration and absorbance readings of the vervet monkey semen PS and SU samples (n=3) after 
exposure to the WST-1 reagent for 15-45 minutes during incubation (37 °C).  

PS = PureSperm, SU = swim-up, Avg- average, Conc- concentration, M/ml-million/ml. a, b and c = values labelled with different superscript 
letters in the same row were significantly different (P<0.05). 
 

Figure 10: Average absorbance measurement for vervet monkey semen, SU and PS samples at 15 minutes of incubation (37 °C). 

a, b and c = significantly different (P<0.05).  
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Time 
(mins)  

Average Absorbance Readings 
 

Semen (Avg Conc- 145.93M/ml) SU (Avg Conc- 12.87 M/ml) PS (Avg Conc- 6.53 M/ml) 

15 0.088 ± 0.046 a 0.063 ± 0.005 b 0.058 ± 0.099 ac 

30 0.443 ± 0.052 0.138 ± 0.032 0.131 ± 0.139 

45 0.825 ± 0.148 0.200 ± 0.042 0.211 ± 0.239 

a 

b ac 
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4.1.1.2.3 DNA integrity 

The evaluation of DNA integrity (using the TUNEL system) was not attempted with the vervet species as it 

proved unsuccessful with the baboon and rhesus monkey. Reasons for this decision are further explained in 

sections 4.2 and 4.3.    

4.1.1.2.4 Acrosome Intactness 

Acrosome intactness was evaluated using both the FITC-PSA and FITC-PNA reagents. However, the FITC-PNA 

reagent proved to be unsuccessful as it produced no measurable results (Figure 11).  

Figure 11: Unstained heads of vervet monkey spermatozoa after exposure to FITC-PNA, the spermatozoa are only visible due to their tails. 

Semen and prepared samples of vervet monkeys were thus exposed to the FITC-PSA reagent and compared 

after 15 and 45 minutes of incubation (37 °C). The average percentage intact and reacted acrosomes over 

time are displayed in Table 6. The difference in the percentage intact acrosomes between PS samples and 

semen proved to be insignificant at both time points, 15 and 45 minutes (P>0.05). Furthermore the 

difference in percentage intact and reacted acrosomes of PS as well as the semen samples proved 

insignificant when the two time points were compared. A tendency for more intact acrosomes in the 

PureSperm preparation as well as a decrease in percentage intact acrosomes was seen after 45 minutes of 

exposure for both PS and Semen samples, however, the results were insignificant. 
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Table 6: Average intact and reacted acrosome percentages of vervet monkey semen and PS samples (n=4) after exposure to 
FITC-PSA at 15 and 45 minutes of incubation (37 °C). 

 

 

 

 

4.1.1.2.5 Hyperactivation 

Hyperactivation was induced via the Flush technique using caffeine at a concentration of 5 mM as previously 

described in Chapter 3. Samples were exposed to the stimulant and measured at 5, 15 and 30 minutes of 

incubation (37 °C). The average percentage hyperactivation of vervet spermatozoa is displayed in Table 7. 

The percentage hyperactivation was significantly higher in the caffeine samples for each time point, 5 

minutes (P=0.011), 15 minutes (P=0.001) and 30 minutes (P=0.002), compared to the control samples (Figure 

12). However, due to large standard deviations, the percentage hyperactivation proved statistically 

insignificant (P<0.05) but seem to decrease, for both the control and caffeine samples, over time. The dataset 

results therefore indicate that caffeine has the ability to induce hyperactivation in vervet spermatozoa and 

this technique was employed in the second part of the study.  

Table 7: Average percentage sperm hyperactivation of the vervet monkey samples after exposure to caffeine (5mM) and 5, 15 
and 30 minutes incubation time (n= 9). 

 

 

a and b = values labelled with different superscript letters in the same row were significantly different (P<0.05). 

Time  
(mins) 

Semen PS 

 
 Intact Acrosome 
(%) 

 Reacted Acrosome 
(%) 

 Intact Acrosome 
(%) 

 Reacted Acrosome 
 (%) 

15 35.42 ± 29.17 64.58 ± 29.17 90.48 ± 10.67 9.52 ± 10.67 

45 16.00 ± 22.63 84.00 ± 22.63 82.76 ± 15.03 17.24 ± 15.03 

Time (mins) Hyperactivation (%) 

  Control  Caffeine  5 mM 

5 3,56 ± 6,27 a 11,57 ± 17,01 b 

15 0,63 ± 1,43 a  3,04 ± 5,96 b 

30 0,33 ± 0,48 a 1,46 ± 3,18 b 
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Figure 12: Average percentage sperm hyperactivation of the vervet monkey samples after exposure to caffeine (5mM) after 30 
minutes of incubation (37 °C). a and b = significantly different (P<0.05).   

 

4.1.2 Species: Baboon 

4.1.2.1 Preparation method 

The baboon semen samples obtained were prepared using the same two methods as previously described 

for vervet monkey. The average motility characteristics of ten semen samples and sperm preparations are 

presented in Table 8. A comparison between Semen and the two preparation methods were made and the 

data proved statistically insignificant (P>0.05) when comparing PS and SU, but the Semen presented a 

significantly higher sperm concentration compared to both PS (P<0.001) and SU (P<0.001). Additionally, the 

SU presented a significantly higher VCL compared to Semen (P=0.038). However, due to PS seemingly 

resulted in a higher sperm percentage total motility, as well as the fact that PS was selected as the 

preparation method of choice for vervet monkey semen samples, it was therefore decided to use this 

method for all further functional testing of baboon semen samples. 

 

Table 8: Average concentration and motility parameter measurements ± SD of baboon semen and prepared sperm samples 
(n=10).  

 

PS = puresperm, SU = swim-up, SD = standard deviation, VCL = curvilinear velocity, a, b and ac = values labelled with different superscript 
letters in the same column were significantly different (P<0.05). 
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Preparation  
Method 

Sperm  
concentration 
(x106/ml) 

Total  
Motility  
(%) 

Progressive  
Motility 
(%) 

Rapid  
Spermatozoa 
 (%) 

VCL  
 
(µm/s) 

Semen 1201.05 ± 1854.76 a 55.98 ± 28.37 35.06 ± 22.92 31.28 ± 22.08 137.31 ± 43.86 a 

PS 36.07 ± 19.23 b 67.87 ± 28.24 48.52 ± 32.42 43.95 ± 32.79 170.28 ± 62.09 ab 

SU 17.5 ± 16.20 a 54.55 ± 23.17 41.67 ± 26.19 37.86 ± 27.20 222.06 ± 92.07 b 

a b 
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4.1.2.2 Functional Tests 

4.1.2.2.1 Motility and longevity 

Evaluating the various motility parameters of baboon spermatozoa was attempted by preparing PS samples 

from twelve semen samples. The prepared samples were incubated for 15 minutes and compared to the 

neat semen samples (Table 9.1 and 9.2). Unfortunately, a time-based study could not be performed due to 

time constraints and therefore longevity could not be evaluated. Only two parameters presented with 

significant data, percentage Medium spermatozoa (P=0.003) and BCF (P<0.001) were significantly higher in 

PS samples compared to the semen samples (Figure 13). However, the PS preparations tend to have higher 

motility and kinematic values than the semen, which could be used as reference values for all subsequent 

experiments. 

 

Table 9.1: Average measurements for baboon sperm motility parameters after 15 minutes incubation (37 °C) of baboon semen 

and prepared samples (n=12).  

 

 

 

a and b = values labelled with different superscript letters in the same column were significantly different (P<0.05) 

 

Table 9.2: Average measurements for baboon sperm kinematic parameters after 15 minutes incubation (37 °C) of baboon 

semen and prepared samples (n=12).  

PS –PureSperm, VCL-curvilinear velocity, VSL- straight-line velocity, VAP –average-path velocity, LIN -linearity, STR –straightness, WOB –
wobble, ALH –amplitude of lateral head displacement and BCF –beat-cross frequency, a and b = values labelled with different superscript 
letters in the same column were significantly different (P<0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Prep. Total 
Motility 
(%) 

Progressive 
Motility 
(%) 

Rapid 
Spermatozoa 
(%) 

Medium 
Spermatozoa 
(%) 

Slow 
Spermatozoa 
(%) 

Semen 61.44 ±18.76 32.32 ±16.90  27.88 ± 17.41 8.36 ± 2.46 a 25.20 ± 8.96 

PS 82.37 ±13.60  55.57 ±19.92 45.63 ± 22.86 16.70 ± 6.51 b 20.05 ± 10.98 

Prep. VCL 
 
(µm/s) 

VSL 
 
(µm/s) 

VAP 
 
(µm/s) 

LIN 
 
(%) 

STR 
 
(%) 

WOB 
 
(%) 

ALH 
 
(µm) 

BCF 
 
(Hz) 

Semen 121.56 ±28.84 79.14 ±24.79 98.64 ±28.31 64.32 ± 9.51 79.67 ±5.77  80.35 ±7.44 2.20 ± 0.40  13.71 ±2.50 a 

PS 140.21 ±42.30 100.56 ±40.08 120.34 ±43.70 70.08 ± 5.16 82.76 ±5.16 84.37 ±6.91 2.10 ± 0.26 15.21 ±0.71 b 
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Figure 13: The average percentage medium spermatozoa and BCF of baboon semen and prepared samples (after 15 minutes 
incubation (37 °C)). a and b = significantly different (P<0.05).  

 

4.1.2.2.2 Vitality 

Each vitality test involved the use of a different set of samples on different days of testing and thus the three 

methods could not be compared directly.  

4.1.2.2.2.1 Eosin-Nigrosin (E-N) 

The prepared baboon sperm samples (n=7) were used for E-N staining at 15 minutes of incubation (37 °C). 

The calculated average live spermatozoa was 45.75 ± 11.23%, and dead spermatozoa was 54.25 ± 11.23%, 

while the calculated average total motility for these prepared samples was 52.94 ± 21.21%. These values 

seemed to be in the same range and thus indicated the ability of E-N staining to distinguish between live and 

dead baboon spermatozoa.  

 

4.1.2.2.2.2 Hoechst and Propidium Iodide (H&P) 

The prepared baboon sperm samples (n=5) were exposed to H&P staining and allowed to incubate (37 °C) 

for 15 minutes. The calculated average live sperm was 38.49 ± 19.17%, and dead spermatozoa was 61.51 ± 

19.17%, while the calculated average total motility was 37.00 ± 13.69%. The low motility clearly indicates 

why the vitality of these samples were low. Again, these values seemed to be in the same range and thus 

indicated the ability of H&P staining to distinguish between live and dead baboon spermatozoa. 

 

a a 

b 

b 
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4.1.2.2.3 DNA Integrity 

The evaluation of DNA integrity involved the use of the TUNEL assay (as stipulated in the materials and 

methods). Prepared samples (n=7) were exposed to the TUNEL System G3250 and slides were analysed with 

the fluorescence microscope. However, the baboon spermatozoa showed no results of fluorescence and all 

samples proved the same result. The assay did not distinguish between fragmented and non-fragmented 

DNA. It was therefore decided to no longer proceed with this method as well as evaluation of DNA integrity.  

 

4.1.2.2.4 Acrosome Intactness 

As with the vervet monkeys, the baboon prepared samples (n=3) were evaluated using the FITC-PSA reagent 

as described in Chapter 3. The prepared samples were exposed to the reagent after 15 minutes of incubation 

(37°C). The calculated average intact acrosomes was 70.54 ± 32.40%, and reacted acrosomes was 29.46 ± 

32.40%.  

 

4.1.2.2.5 Hyperactivation 

Hyperactivation was induced via the Flush technique using caffeine at a concentration of 5 mM as previously 

described in Chapter 3. Samples were exposed to the stimulant and measured at 5, 15, 30, 45 and 60 minutes 

of incubation (37 °C). The average percentage hyperactivation of baboon sperm is displayed in Table 10. 

Although the percentage hyperactivation was relatively low in all samples, it was significantly higher in the 

caffeine samples at the 15 (P=0.003) and 30 minute (P=0.001) time point compared to the control samples 

(Figure 14). The percentage hyperactivation also proved statistically significant, for both the control (P=0.001) 

and caffeine (P=0.001) samples, over time. The control samples presented a decrease of percentage 

hyperactivation after 30 minutes but then showed an increase after 60 minutes. However, the caffeine 

samples presented an increase in hyperactivation at the 15 minute time point but decreased after 60 

minutes. The dataset results therefore indicate the ability of caffeine to induce hyperactivation and the 

effect of caffeine seems to be at its peak at 15 minutes in baboon spermatozoa. 
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Table 10: Average percentage sperm hyperactivation of the baboon samples after exposure to caffeine (5 mM) and 5, 15, 30, 45 
and 60 minutes incubation time. 
 

 

 

 

 

 

 

* = significantly different between columns (P<0.05), a, b, c, and d = significant data over time (P<0.05) 

 

 

Figure 14: Average percentage sperm hyperactivation of the baboon samples after exposure to caffeine (5 mM) after 15 and 30 

minutes of incubation (37 °C). a and b = significantly different (P<0.05).    

 

4.1.3 Species: Rhesus monkey 

4.1.3.1. Preparation method 

The rhesus monkey semen samples obtained were prepared using the same two methods as previously 

described for vervet and baboon semen samples. The average motility characteristics of five semen samples 

and four sperm preparations are presented in Table 11. A comparison between Semen and the two 

preparation methods were made and the results proved statistically insignificant (P<0.05) for the PS and SU 

comparison, but the Semen presented statistically higher sperm concentration compared to both PS 

(P=0.009) and SU (P=0.001). However, due to PS seemingly resulted in a higher sperm percentage total 

motility, as well as the fact that PS was selected as the preparation method of choice for vervet monkey and 

baboon semen samples, it was therefore decided to use this method for all further functional testing of 

rhesus monkey semen samples. 
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   Control  Caffeine  5 mM 

5 4 1.70 ± 1.69 a 2.21 ± 2.01 a 

15 5 0.58 ± 0.64 b* 4.25 ± 4.30 b*  

30 5 0.15 ± 0.21 c* 1.36 ± 1.80 bc*   

45 4 0.60 ± 0.89 abc 1.13 ± 1.05 abc 

60 3 0.85 ± 0.97 cd 0.63 ± 0.55 d 
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Table 11: Average concentration and motility parameter measurements ± SD of rhesus monkey semen and prepared sperm 
samples.  
 

PS = PureSperm, SU = swim-up, SD – standard deviation, VCL - curvilinear velocity, a, and b = values labelled with different superscript letters in the 
same column were significantly different (P<0.05). 
 
 
 

4.1.3.2 Functional Tests 

4.1.3.2.1 Motility and longevity 

The motility parameters and longevity functional testing of rhesus spermatozoa was attempted by preparing 

PS samples from nine semen samples. The prepared samples were incubated for 15 minutes and compared 

to the neat semen (Table 12.1 and 12.2). Unfortunately, a time-based study could not be performed due to 

time constraints and therefore longevity could not be evaluated. Only four parameters presented with 

significant data, namely percentage LIN (P=0.004), STR (P=0.001), WOB (P=0.016) and ALH (P=0.02) were 

significantly higher compared to the semen samples (Figure 15). However, the PS preparations tend to have 

higher motility and kinematic values than the semen, which could be used as reference values for all 

subsequent experiments.   

 

Table 12.1: Average measurements for rhesus sperm motility parameters of rhesus monkey semen and prepared samples (n=9)  
 

 

 

 

 

Table 12.2: Average measurements for rhesus sperm kinematic parameters of rhesus monkey semen and prepared samples (n=9)  

PS –PureSperm, VCL-curvilinear velocity, VSL- straight-line velocity, VAP –average-path velocity, LIN -linearity, STR –straightness, WOB –
wobble, ALH –amplitude of lateral head displacement and BCF –beat-cross frequency, a and b = significantly different (P<0.05).  
 
 

 

Preparation 
 Method 

n Sperm 
concentration 
(X106/ml) 

Total Motility  
 
(%) 

Progressive Motility  
 
(%) 

Rapid 
Spermatozoa (%) 

VCL  
 
(µm/s) 

Semen 5 83,10 ± 85,73 a 74,77 ± 15,45 40,90 ± 8,80 37,62 ± 8,75 152,22 ± 43,53 

PS 4 24,40 ± 12,31 b 90,63 ± 6,10 74,97 ± 18,89 70,50 ± 22,16 204,77 ± 66,58 

SU 4 9,70 ± 5,61 b 74,92 ± 16,98 68,65 ± 17,36 65,74 ± 18,57 261,72 ± 25,94 

Preparation Total 
Motility 
(%) 

Progressive 
Motility 
(%) 

Rapid 
Spermatozoa 
(%) 

Medium 
Spermatozoa 
(%) 

Slow 
Spermatozoa 
(%) 

Semen 38.10 ± 27.46 20.52 ± 18.73 17.80 ± 17.19 9.00 ± 9.39 11.30 ± 6.38 

PS 54.20 ± 26.17 42.21 ± 27.00 36.94 ± 26.80 8.76 ± 5.19 8.49 ± 5.20 

Preparation VCL 
 
(µm/s) 

VSL 
 
(µm/s) 

VAP 
 
(µm/s) 

LIN 
 
(%) 

STR 
 
(%) 

WOB 
 
(%) 

ALH 
 
(µm) 

BCF 
 
(Hz) 

Semen 120.45 ± 42.72 62.43 ± 42.45 81.01 ± 45.21 46.66 ± 21.04 a 70.24 ± 19.43 a 63.17 ± 15.31 a 2.66 ± 1.09 a 13.13 ± 5.41 

PS 166.34 ± 46.32 114.67 ± 34.41 132.01 ± 41.81 68.58 ± 6.65 b 87.13 ± 5.21 b 78.71 ± 6.02 b 2.81 ± 0.45 b 18.52 ± 3.60 
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Figure 15: The average percentage kinematic parameters of rhesus monkey semen and prepared samples. a and b = significantly 
different (P<0.05). 

 

4.1.3.2.2 Vitality 

Each vitality test involved the use of a different set of samples on different days of testing and thus the three 

methods could not be compared directly. 

 

4.1.3.2.2.1 Eosin-Nigrosin (E-N) 

The prepared rhesus monkey samples (n=3) were used for E-N staining at 15 minutes of incubation (37 °C). 

The calculated average live spermatozoa was 51.38 ± 5.06%, and dead spermatozoa was 48.17 ± 5.06%, 

while the calculated average total motility was 83.77 ± 13.90%. This discrepancy in the percentage total 

motility and live spermatozoa could have been due to time delays between taking the motility reading and 

preparing the smears for E-N staining.  

4.1.3.2.2.2 Hoechst and Propidium Iodide (H&P) 

The prepared rhesus monkey sperm samples (n=3) were exposed to H&P staining and allowed to incubate 

(37 °C) for 15 minutes. The calculated average live spermatozoa was 38.56 ± 6.91%, and dead spermatozoa 

was 61.44 ± 6.91%, while the calculated average total motility was 23.47 ± 27.41%. The low motility clearly 

indicates why the vitality of these samples where low thus verifying the ability of H&P staining to distinguish 

between live and dead rhesus monkey spermatozoa. 

 

a 

b 
a 

b 

a 
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4.1.3.2.3 DNA Integrity 

The TUNEL assay was attempted to evaluate DNA integrity for rhesus monkey prepared samples. However, 

it proved unsuccessful as fluorescence was not present and there was no distinction between fragmented 

and non-fragmented DNA for all samples. It was therefore concluded to no longer proceed with this method 

as well as evaluation of DNA integrity. 

4.1.3.2.4 Acrosome intactness 

The rhesus monkey prepared samples (n=3) were evaluated using the FITC-PSA reagent as described in 

Chapter 3. The prepared samples were exposed to the reagent after 15 minutes of incubation (37 °C). The 

calculated average intact acrosomes was 79.71 ± 4.47%, and reacted acrosomes was 20.29 ± 4.47%.   

4.1.3.2.5 Hyperactivation  

Hyperactivation was induced via the Flush technique using caffeine at a concentration of 5 mM as previously 

described in Chapter 3. Samples were exposed to the stimulant and measured at 15, 30, 45 and 60 minutes 

of incubation (37 °C). The average percentage hyperactivation of rhesus monkey spermatozoa is displayed 

in Table 13. The percentage hyperactivation was significantly higher in the caffeine samples at the 45 

(P=0.034) and 60 minute (P=0.025) time points compared to the control samples (Figure 16).  However, the 

percentage hyperactivation proved statistically insignificant (P<0.05), for both the control and caffeine 

samples, over time. The dataset results therefore indicate the ability of caffeine to induce hyperactivation in 

rhesus monkey spermatozoa.  

 

Table 13: Average percentage sperm hyperactivation of the rhesus monkey samples after exposure to caffeine (5 mM) and 15, 30, 

45 and 60 minutes incubation time. 

 

 

 

 

 

a and b = significantly different (P<0.05). 

 

 

Time (mins) n Hyperactivation (%) 

   Control  Caffeine  5 mM 

15 4 7.40 ± 7.44 17.32 ± 15.57 

30 3 5.99 ± 4.39 16.19 ± 14.13 

45 4 3.44 ± 3.29 a 10.49 ± 14.86 b 

60 4 3.33 ± 4.11 a 12.85 ± 20.71 b 
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Figure 16: Average percentage sperm hyperactivation of the rhesus monkey samples after exposure to caffeine (5 mM) after 45 

and 60 minutes of incubation (37 °C). a and b = significantly different (P<0.05). 

 

4.2 Validation of Functional Tests 

As described in Chapter 3, once all functional tests were performed and optimised for the three species, 

subsequent experiments were applied. Spermatozoa were exposed to two heavy metals, namely copper 

sulphate (CuSO4) and cadmium chloride (CdCl2), which have previously been proven to affect sperm function. 

Exposure to these metals would validate the sensitivity of the functional tests evaluated and developed in 

this study. Spermatozoa were selected using the PS method and suspended in the chemical solution (metal) 

as described in Chapter 3. This suspension was used for all further functional testing. Due to low quality 

(baboon) and limited availability of semen samples (rhesus monkey), certain functional tests could not be 

completed for the baboon (WST-1 assay and hyperactivation) and rhesus monkey (vitality and acrosome 

reaction), respectively. 

 

4.2.1 Vervet monkey 

The prepared vervet monkey samples were exposed to the metals CuSO4 and CdCl2, where after the 

following functional tests were performed: motility and longevity, vitality (E-N, H&P and WST-1 assay), 

acrosome intactness and hyperactivation.  

4.2.1.1 Motility and longevity 

A time-based study was performed to evaluate the motility parameters and longevity of the vervet monkey 

sperm suspension. A total of four samples were exposed to each metal and motility was measured at 15, 60 
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and 120 minutes. The samples were exposed to the following concentrations of CuSO4: 10, 50, 100 and 250 

µg/ml (Table 14.1 and 14.2) and CdCl2: 10, 50, 100 and 500µg/ml (Table 15.1 and 15.2). Reason being for the 

lower total motility averages in the control samples compared to the values reported in 4.1.1.1 and 4.1.1.2.1, 

may be due to the low total motility percentages for all samples except one. The percentages ranged from 

20-40%, with one sample displaying a total motility of 80%. This resulted in a low total motility average and 

higher standard deviations compared to what was seen before.  

 

CuSO4 treatment: After 15 minutes of exposure to CuSO4, four out of the thirteen motility parameters 

presented significantly lower values for the 250 µg/ml concentration when compared to the control and 

other CuSO4 concentrations (Figure 15 and 16). After 60 minutes, eight out of the thirteen motility 

parameters presented significant lower values for the 250 µg/ml concentration when compared to the 

control. Additionally, five of the thirteen motility parameters were also significantly lower compared to the 

control for the 100 µg/ml concentration at this time point. After 120 minutes, five out of the thirteen 

parameters presented significantly lower values for both the 100 µg/ml and 250 µg/ml concentrations when 

compared to the control, 10 µg/ml and 50 µg/ml concentrations. Only the 10 µg/ml concentration did not 

result in any effect for any of the three time points on the sperm motility parameters when compared to the 

control (Figure 17 and 18). The decrease in all motility parameters over time clearly indicated the negative 

effect of the highest metal concentrations (100 µg/ml and 250 µg/ml) on vervet sperm motility. 

 

Table 14.1: Average measurements for vervet monkey sperm motility parameters after exposure to copper sulphate (10-250 µg/ml) at 15, 60 
and 120 minutes (n=4).  
 

Time  
 
 
(mins) 

Conc.  
Of  
CuSO4  
(µg/ml) 

Total  
Motility  
 
(%) 

Progressive  
Motility  
 
(%) 

Rapid  
Spermatozoa  
 
(%) 

Medium  
Spermatozoa 
 
(%) 

Slow  
Spermatozoa 
 
(%) 

15 Control  46,94 ± 24.54  23,22 ± 15,76 a 19,05  ± 14,05 a 10,14  ± 6,99  17,73  ± 5,22  
[10]  43,31 ± 20.71  21,46 ± 11,58 a 16,97  ± 5,73 a 6,52  ± 8,82 19,82  ± 7,20 
[50]  42,65 ± 27.44  25,35 ± 25,95 a 20,06  ± 17,40 a 7,76  ± 10,38 14,83  ± 4,46 

[100] 32,89 ± 17.93  14,90 ± 9,16 a  12,07  ± 6,83 a 6,38  ± 3,84 14,45  ± 8,55 
[250]  7,31 ± 7.42  0,63 ± 0,76 b  0,48  ± 0,56 b 0,48  ± 0,97 6,35  ± 6,44 

  

60 Control  40,82 ± 20.73 a 11,56 ± 7,24 a 9,15  ± 6,35 a 5,39  ± 3,75 a 26,29  ± 11,29  
[10]  37,64 ± 12.72 a 15,50 ± 3,94 a 11,66  ±  5,07 ab  5,89  ± 2,29 a 20,10  ± 12,20  
[50]  31,72 ± 9.67 a 9,38 ± 6,91 ab 7,80  ± 6,78 ac 3,87  ± 0,42 a 20,05  ± 13,41  
[100] 14,55 ± 9.82 b 3,71 ± 3,27 c 2,58  ± 2,35 d 3,51  ± 2,89 a 8,46  ± 6,77  
[250]  0,38 ± 0.77 b 0,00 ± 0,00 cd 0,00  ± 0,00 de 0,00  ± 0,00 b 0,38  ± 0,77  

  

120 Control  24,76 ± 12.96  5,88 ± 4,15 a 5,05  ± 3,57 a 1,22  ± 1,07  18,49  ± 9,49  
[10]  28,45 ± 11.66  7,80 ± 2,14 ab 5,85  ± 0,59 a 3,33  ± 1,48  19,27  ± 10,15   
[50]  15,82 ± 5.72  3,86 ± 2,77 ac 2,32  ± 1,56 ab 2,79  ± 2,39  10,71  ± 3,00  
[100] 3,70 ± 7.41  0,31 ± 0,62 d 0,21  ± 0,41 c 0,21  ± 0,41  3,29  ± 6,58  
[250]  0,00 ± 0.00  0,00 ± 0,00 d 0,00  ± 0,00 c 0,00  ± 0,00  0,00  ± 0,00  
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Table 14.2: Average measurements for vervet monkey sperm kinematic parameters after exposure to copper sulphate (10-250 µg/ml) at 15, 60 
and 120 minutes (n=4).  

 
Time  
 
 
(mins) 

Conc.  
of  
CuSO4  
(µg/ml) 

VCL  
 
 
(µm/s) 

VSL  
 
 
(µm/s) 

VAP  
 
 
(µm/s) 

LIN 
 
 
(%) 

STR 
  
 
(%) 

WOB  
 
 
(%) 

ALH  
 
 
(µm) 

BCF  
 
 
(Hz) 

15 Control  118,89  ± 37,94 56,71  ± 21,27  70,68  ± 24,37  47,22  ± 3,17  79,89  ± 3,76 a 59,08  ± 1,79 a 2,49  ± 1,02  17,00  ± 5,06  
 [10]  125,18  ± 21,19 71,50  ± 13,60 81,68  ± 14,28  57,34  ± 6,68   87,42  ± 2,62 b 65,47  ± 5,87 a 3,08  ± 0,41  20,35  ± 4,46  
 [50]  121,29  ± 20,47 60,52  ± 12,88  74,03  ± 15,50  49,95  ± 7,95  81,70  ± 1,78 ac 61,03  ± 8,50 a 2,49  ± 0,56  20,81  ± 4,25  
 [100] 94,94  ± 21,11  50,97  ± 22,48  61,58  ± 23,23  51,44  ± 15,54   80,40  ± 8,39 abc 62,95  ± 13,63 a 1,86  ± 0,62  18,78  ± 8,50  
 [250]  31,72  ± 30,58  8,97  ± 9,26  14,24  ± 13,72  19,89  ± 14,30   44,00  ± 30,97 d 33,76  ± 22,60 b 0,55  ± 0,93  4,52  ± 6,84  
  

60 Control  81,47  ± 14,41  36,76  ± 10,90  46,53  ± 11,22  44,76  ± 8,56  78,34 ± 5,27 a 56,80  ± 6,82 a 1,83  ± 0,76 a  14,17  ± 3,63 a 
 [10]  100,64  ± 23,25  56,27  ± 28,95  67,86  ± 29,08  53,91  ± 16,41   80,77  ± 7,69 ab 65,73  ± 14,35 a  2,02  ± 0,43 a 14,81  ± 3,16 a 
 [50]  87,05  ± 34,19  44,33  ± 22,36  55,68  ± 23,81  49,08  ± 6,80  77,26  ± 9,47 ac 63,48  ± 2,61 a 1,52  ± 0,82 a 13,87  ± 5,94 a 
 [100] 56,86  ± 39,73 20,51  ± 14,37  27,97  ± 19,31  27,10  ± 18,25  54,81  ± 36,66 d 37,06  ± 24,79 b  1,53  ± 1,16 a 13,44  ± 9,85 a 
 [250]  3,46  ± 6,92  0,07  ± 0,15  0,22  ± 0,44  0,53  ± 1,06  8,33  ± 16,67 e 1,59  ± 3,19 b 0,00  ± 0,00 b 0,00  ± 0,00 b 
  

120 Control  71,96  ± 11,96  37,56  ± 16,56  46,64  ± 14,57  51,03  ± 18,24 a 78,13  ± 10,56 a 63,98  ± 13,62  1,68  ± 0,91  15,67  ± 4,42 a 
 [10]  80,94  ± 6,45  42,58  ± 8,53  52,28  ± 4,51  53,12  ± 12,69 a 81,03  ± 12,57 a 64,86  ± 6,96  1,47  ± 0,70  14,40  ± 3,62 a 
 [50]  61,57  ± 28,75   25,20  ± 20,39   34,69  ± 22,57   34,91  ± 20,07 a 64,43  ± 20,79 a 50,56  ± 17,00   1,21  ± 1,06  10,79  ± 8,26 a 
 [100] 12,59  ± 25,18  2,06  ± 4,12  4,14  ± 8,28  4,10  ± 8,19 b 12,46  ± 24,91 b 8,22  ± 16,44  0,13  ± 0,26  1,40  ± 2,80 b 
 [250]  0,00  ± 0,00  0,00  ± 0,00  0,00  ± 0,00  0,00  ± 0,00 b 0,00  ± 0,00 b 0,00  ± 0,00  0,00  ± 0,00  0,00  ± 0,00 b 

Conc-concentration, CuSO4-copper sulphate, VCL-curvilinear velocity, VSL- straight-line velocity, VAP-average-path velocity, LIN-linearity, STR-
straightness, WOB-wobble, ALH-amplitude of lateral head displacement and BCF-beat-cross frequency, a - e = significantly different data relevant 
to the concentration of CuSO4 (P<0.05). 

 

 
 Figure 17: Average vervet monkey motility parameters that presented significant data at 15, 60 and 120 minutes of exposure to 
Copper Sulphate (10-250 µg/ml). a-e = significantly different values at the same time point (P<0.05) 
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Figure 18: Average vervet monkey kinematic parameters that presented significant data at 15, 60 and 120 minutes of exposure 
to Copper Sulphate (10-250 µg/ml). a-b = significantly different values at the same time point (P<0.05)  

 

CdCl2 treatment: After 15 minutes of exposure to CdCl2, all motility parameters had a tendency of lower 

average values when the different metal concentrations were compared to the control. However, due to 

large standard deviations, only two out of thirteen motility parameters presented significantly lower values 

for the 100 µg/ml and 500 µg/ml concentrations when compared to the control and other CdCl2 

concentrations (Table 15.1 and 15.2). After 60 minutes, a similar trend was observed as for 15 minutes with 

eight out of the thirteen motility parameters presented with significantly lower values for the 100 µg/ml and 

500 µg/ml concentrations when compared to the control and other CdCl2 concentrations. After 120 minutes, 

nine of the thirteen motility parameters presented with significantly lower values for 100 µg/ml and 500 

µg/ml concentrations. Additionally, six of the thirteen motility parameters were also significantly lower 

compared to the control for the 50 µg/ml concentration at this time point. Only the 10 µg/ml concentration 

did not result in differences for any of the three time points on the sperm motility parameters when 

compared to the control (Figure 19 and 20). The decrease in all motility parameters over time clearly 

indicated the negative effect of the highest metal concentrations (50 µg/ml, 100 µg/ml and 500 µg/ml) on 

vervet sperm motility. 
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Table 15.1: Average measurements for vervet monkey sperm motility parameters after exposure to cadmium chloride (10-500 µg/ml) at 15, 60 
and 120 minutes (n=4).  
 

Time 
 
 
(mins) 

Conc.  
of  
CdCl2 
(µg/ml) 

Total  
Motility  
 
(%) 

Progressive  
Motility 
 
(%) 

Rapid  
Spermatozoa  
 
(%) 

Medium  
Spermatozoa 
 
(%) 

Slow  
Spermatozoa 
 
(%) 

15 Control 45,70 ± 35,36  26,76 ± 31,64 23,19 ± 31,14  6,29 ± 3,53 16,22 ± 3,61 
[10]  42,61 ± 36,69 23,87 ± 32,81 21,76 ± 32,30 3,92 ± 2,31 16,94 ± 5,89 
[50]  41,35 ± 33,80 19,59 ± 31,35 17,56 ± 30,32 4,34 ± 3,22 19,45 ± 3,35  
[100]  29,57 ± 43,88 17,76 ± 34,09 16,62 ± 32,27 3,50 ± 5,86 9,46 ± 6,66 
[500]  1,21 ± 2,41 0,00 ± 0,00 0,00 ± 0,00 0,00 ± 0,00 1,21 ± 2,41  

  

60 Control  39,72 ± 40,6 23,75 ± 31,15 a 21,52 ± 30,21 a 3,68 ± 3,15 14,52 ± 8,74 a 
[10]  39,76 ± 35,3 19,13 ± 29,22 a 16,96 ± 27,39 a 4,36 ± 4,07 18,44 ± 5,77 a 
[50]  21,99 ± 33,6 8,22 ± 15,52 a 7,10 ± 13,62 a 2,30 ± 3,27 12,58 ± 16,94 a 
[100]  14,74 ± 28,60 3,04 ± 6,07 b 2,09 ± 4,18 b 1,94 ± 3,65 10,71 ± 20,73 b 
[500]  0,00 ± 0,00 0,00 ±0,00 c 0,00 ± 0,00 c 0,00 ± 0,00 0,00 ± 0,00 c 

  

120 Control  32,82 ± 44,20 a 16,50 ± 27,81 a 14,78 ± 26,39 a 5,93 ± 7,59 a 12,11 ± 11,80 
[10]  26,71 ± 34,90 a 11,36 ± 21,63 a 9,55 ± 18,41 a 3,24 ± 6,10 a 13,91 ± 10,73 
[50]  10,40 ± 13,50 a 0,36 ± 0,42 b 0,10 ± 0,12 b 0,82 ± 1,01 b 9,48 ± 12,79 
[100]  6,82 ± 13,60 a 0,28 ± 0,56 b 0,14 ± 0,28 b 0,97 ± 1,95 b 5,71 ± 11,41 
[500]  0,00 ± 0,00 b 0,00 ± 0,00 b 0,00 ± 0,00 b 0,00 ± 0,00 b 0,00 ± 0,00 

 

Table 15.2: Average measurements for vervet monkey sperm kinematic parameters after exposure to cadmium chloride (10-500 µg/ml) at 15, 
60 and 120 minutes (n=4).  
 

Time 

 
 
(mins) 

Conc.  
of  
CdCl2  
(µg/ml) 

VCL  

 
 
(µm/s) 

VSL  

 
 
(µm/s) 

VAP  

 
 
(µm/s) 

LIN 

 
 
(%) 

STR 

 
 
(%) 

WOB 
 
 
 (%) 

ALH  

 
 
(µm) 

BCF  

 
 
(Hz) 

15 Control 112,17 ± 56,84  63,95 ± 39,75 79,09 ± 50,72  54,27 ± 12,39  80,08 ± 9,92  67,34 ± 10,84  2,49 ± 0,54 a 15,66 ± 3,30 a 

 [10]  105,76 ± 59,64 59,17 ± 32,56 74,14 ± 45,72 57,16 ± 15,32  81,40 ± 7,29  69,65 ± 13,29  2,26 ± 1,14 a 14,52 ± 4,07 a 

 [50]  93,44 ± 50,15 52,32 ± 31,98 66,41 ± 42,45 54,73 ± 11,88  79,17 ± 6,65  68,73 ± 10,48  2,38 ± 0,65 a 15,27 ± 1,85 a 

 [100]  78,99 ± 67,74 37,21 ± 44,13 50,32 ± 56,24 37,00 ± 19,96  65,67 ± 15,35  52,62 ± 21,95  1,33 ± 1,36 b 7,81 ± 7,01 b 

 [500]  9,20 ± 18,40 2,86 ±  5,72 5,35 ± 10,70 7,77 ± 15,54  13,36 ± 26,71  14,54 ± 29,08  0,00 ± 0,00 c 0,00 ± 0,00 c 

  
60 Control  103,95 ± 50,99  59,55 ± 38,91 73,53 ± 47,69 52,24 ± 25,09 a 75,36 ± 20,41 a 65,38 ± 21,72 a 1,80 ± 0,99 a 10,70 ± 8,50 a 

 [10]  91,84 ± 48,55  52,76 ± 36,26 64,52 ± 45,21 54,96 ± 12,87 a 82,07 ± 4,13 a 66,75 ± 14,55 a 1,84 ± 0,75 a 13,54 ± 3,94 a 
 [50]  52,15 ± 43,61  28,23 ± 32,77 39,62 ± 36,04 35,66 ± 30,47 a 48,20 ± 40,07 a 55,59 ± 37,84 a 0,94 ± 1,10 a 6,90 ± 7,96 a 

 [100]  32,42 ± 37,57  15,38 ± 18,01 20,49 ± 23,90 23,64 ± 27,39 b 37,47 ± 43,28 b 31,52 ± 36,46 b 0,46 ± 0,93 b 3,17 ± 6,35 b 
 [500]  0,00 ± 0,00  0,00 ± 0,00 0,00 ± 0,00 0,00 ± 0,00 c 0,00 ± 0,00 c 0,00 ± 0,00 c 0,00 ± 0,00 c 0,00 ± 0,00 c 

  
120 Control  81,28 ± 63,87 46,71 ± 38,26 a 56,68 ± 46,95 a 43,44 ± 34,13  62,17 ± 42,36 a 51,60 ± 37,58  1,92 ± 1,49 a 13,42 ± 9,59 a 

 [10]  63,77 ± 43,87 28,76 ± 34,87 a 38,07 ± 42,15 a 35,68 ± 19,15  69,70 ± 10,96 a 49,49 ± 20,47 0,98 ± 0,94 a 8,39 ± 5,59 a 

 [50]  25,21 ± 29,28 6,67 ± 7,81 b 11,69 ± 13,52 a 13,17 ± 15,24  28,41 ± 33,04 b 23,26 ± 26,90 1,28 ± 1,49 a 3,92 ± 5,43 b 

 [100]  13,47 ± 26,94 3,22 ± 6,43 c 6,61 ± 13,23 b 5,97 ± 11,94  12,16 ± 24,32 c 12,27 ± 24,55 0,81 ± 1,63 b 0,99 ± 1,99 c 

 [500]  0,00 ± 0,00 0,00 ± 0,00 c 0,00 ± 0,00 b 0,00 ± 0,00  0,00 ± 0,00 c 0,00 ± 0,00 0,00 ± 0,00 c 0,00 ± 0,00 c 

Conc-concentration, CdCl2-cadmium chloride, VCL-curvilinear velocity, VSL-straight-line velocity, VAP-average-path velocity, LIN-linearity, STR-
straightness, WOB-wobble, ALH-amplitude of lateral head displacement and BCF-beat-cross frequency, a – c = significantly different data 
relevant to the concentration of CdCl2 (P<0.05). 
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Figure 19: Average vervet monkey motility parameters that presented significant data at 60 and 120 minutes of exposure to 
Cadmium chloride (10-500 µg/ml). a-c = significantly different values at the same time point (P<0.05)  
 

 
Figure 20: Average vervet monkey kinematic parameters that presented significant data at 15, 60 and 120 minutes of exposure to 
Cadmium chloride (10-500 µg/ml). a-c = significantly different values at the same time point (P<0.05)  

 

4.2.1.2 Vitality 

4.2.1.2.1 Eosin-Nigrosin (E-N) 

Although this test indicated a discrepancy between the total motility and percentage live spermatozoa 

during optimization, it was still employed for validation testing, in order to observe the effect of the metals. 
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The prepared vervet monkey suspension was exposed to the E-N stain after incubation (37 °C). A total of five 

samples were exposed to each metal and vitality was measured at 15 and 120 minutes. The samples were 

exposed to the following concentrations of CuSO4: 10, 50, 100 and 250 µg/ml (Table 16) and CdCl2: 10, 50, 

100 and 500 µg/ml (Table 17).  

 

Table 16: Average vitality percentages of the vervet monkey prepared suspensions after exposure to the E-N staining kit at 15 and 120 minutes 
of incubation (n=5) for CuSO4 treatment.  

 
Time 
(min) 

CuSO4  
(µg/ml) 

Live Spermatozoa 
(%) 

Dead Spermatozoa 
(%) 

15 Control  46,60 ±  22,96 53,40 ± 22,96 
[10]  41,20 ± 16,24 58,80 ± 16,24 
[50]  52,40 ± 22,86 47,60 ± 22,86 
[100]  42,80 ± 15,44 57,20 ± 15,45 
[250]  43,60 ± 19,50 56,40 ± 19,50 

    

120 Control  27,40 ± 19,37 72,60 ± 19,37 
[10]  29,60 ± 16,47 70,40 ± 16,47 
[50]  29,60 ± 16,95 70,40 ± 16,95 
[100]  32,20 ± 24,36 67,80 ± 24,36 
[250]  28,40 ±  13,33 71,60 ± 13,33 

 

Table 17: Average vitality percentages of the vervet monkey prepared suspensions after exposure to the E-N staining kit at 15 and 120 minutes 
of incubation (n=5) for CdCl2 treatment.  

 
Time 
(min) 

CdCl2  
(µg/ml) 

Live Spermatozoa 
(%) 

Dead Spermatozoa 
(%) 

15 Control  40,80 ± 18,29 59,20 ± 12,3 
[10] 44,00 ± 11,79 56,00 ± 11,79 
[50]  39,00 ± 17,61 61,00 ± 17,61 
[100]  33,80 ± 8,5 66,20 ± 8,5 
[500] 30,40 ± 11,13 69,60 ± 11,13 

    

120 Control  32,40 ± 12,46 67,60 ± 12,46 
[10] 29,60 ± 17,64 70,40 ± 17,64 
[50]  39,40 ± 20,44 60,60 ± 20,44 
[100]  37,80 ± 16,18 62,20 ± 16,18 
[500] 31,80 ± 12,66 68,20 ± 12,66 

 

No significant differences were found between the control and metal concentrations for percentage live and 

dead spermatozoa at 15 and 120 minutes, and over time, for both metals. This either indicates that the metal 

had no effect on the vitality of the vervet sperm tested or that the E-N stain is unable to detect the effects 

of the metals on vervet monkey sperm vitality. The control was observed to have a lower value compared 

to samples exposed to certain concentrations of both CuSO4 and CdCl2 and this may be due to variation and 

the large standard deviations. The discrepancy in percentage total sperm motility and vitality, as reported in 
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section 4.1.1.2.2.1 was not seen again; the percentages of total sperm motility (Table 14.1 and 15.1) and 

vitality (Table 16 and 17) were in the same range for all validation results. 

 

4.2.1.2.2 Hoechst and Propidium Iodide (H&P) 

The vervet monkey prepared suspensions were exposed to the H&P stains and allowed to incubate (37 °C). 

A total of five samples were exposed to each metal and vitality was measured at 15 and 120 minutes. The 

samples were exposed to the following concentrations of CuSO4: 10, 50, 100 and 250 µg/ml (Table 18) and 

CdCl2: 10, 50, 100 and 500 µg/ml (Table 19). Once again, the discrepancy in percentage total sperm motility 

and vitality, as reported in section 4.1.1.2.2.2 was not found with the validation results. 

 

Table 18: Average vitality percentages of the vervet monkey prepared suspensions after exposure to the H&P staining at 15 and 120 minutes 
of incubation (n=5) for CuSO4 treatment.  

  
Time 
(min) 

CuSO4  
(µg/ml) 

Live Spermatozoa 
(%) 

Dead Spermatozoa 
(%) 

15 Control 53,96 ± 37,05 46,04 ± 37,05 
[10] 54,52 ± 33,85  45,48 ± 33,85 
[50] 48,59 ± 37,48 51,41 ± 37,48 
[100] 33,20 ± 33,25 66,80 ± 33,25 
[250] 19,30 ± 29,83 80,70 ± 29, 83 

    

120 Control 26,067 ± 28,29 a 73,93 ± 28,29 a 
[10] 30,02 ± 40,39 a 69,98 ± 40,39 a 
[50] 22,92 ± 39,55 a 77,08 ± 39,55 a 
[100] 0,00 ± 0,00  b 100,00 ± 0,00 b 
[250] 0,00 ± 0,00 b 100,00 ± 0,00 b 

            a and b = significantly different data relevant to the concentration of CuSO4 (P<0.05) 

Table 19: Average vitality percentages of the vervet monkey prepared suspensions after exposure to the H&P staining at 15 and 120 minutes 
of incubation (n=5) for CdCl2 treatment.  

 
Time 
(min) 

CdCl2  
(µg/ml) 

Live Spermatozoa 
(%) 

Dead Spermatozoa 
(%) 

15 Control 53,19 ± 30,73 46,81 ± 30,73 
[10] 49,32 ± 29,78 50,68 ± 29,78 
[50] 57,45 ± 24,51 42,49 ± 24,54 
[100] 41,36 ± 29,40 59,31 ± 30,11 
[500] 46,59 ± 38,34 53,41 ± 38,34 

    

120 Control 50,88 ± 36,52 a 49,12 ± 36,52 a 
[10] 40,89 ± 28,82 a 59,11 ± 28,82 a 
[50] 38,40 ± 38,82 a 61,60 ± 38,82 a 
[100] 37,60 ± 36,13 a 62,40 ± 36,13 a 
[500] 0,22 ± 0,49 b 99,78 ± 0,49 b 

         a and b = significantly different data relevant to the concentration of CdCl2 (P<0.05). 
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CuSO4 treatment: Although the average percentage live spermatozoa seems to have decreased with an 

increase in metal concentration, there was no significant effect on sperm vitality at the 15 minute time point. 

However, at 120 minutes a significant decrease was found in the percentage live spermatozoa when 

comparing the 100 µg/ml and 250 µg/ml concentrations to the control as well as the lower concentrations 

of CuSO4 (P=0.018) (Figure 21).  

 

 
Figure 21: Average percentage live and dead vervet monkey spermatozoa at 15 and 120 minutes of exposure to Copper sulphate 
concentrations. a and b = significantly different values at the same time point (P<0.05) 
 

CdCl2 treatment: Although the average percentage live spermatozoa seems to have decreased with an 

increase in metal concentration, there was no significant effect on sperm vitality at the 15 minute time point. 

However, at 120 minutes a significant decrease was found in the percentage live spermatozoa when 

comparing the 500 µg/ml concentration to the control as well as the lower concentrations of CdCl2 (P=0.001) 

(Figure 22). 
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Figure 22: Average percentage live and dead vervet monkey spermatozoa that presented significant data at 120 minutes of 
exposure to Cadmium chloride concentrations. a and b = significantly different values at the same time point (P<0.05) 

 

4.2.1.2.3 WST-1 assay  
 
The vervet prepared suspensions were exposed to the following concentrations of CuSO4: 10, 50, 100 and 

250 µg/ml and CdCl2: 10, 50, 100 and 500 µg/ml. These samples were treated with the WST-1 reagent and 

the absorbances were read after 60, 120 and 180 minutes of incubation (37 °C). The average absorbance 

readings are displayed in Table 20 and 21. 
 

Table 20: Average absorbance readings of the vervet monkey prepared suspension (n=4) after exposure to CuSO4 and treated 
with WST-1 for 60, 120 and 180 minutes 
 

Time 
(min) 

CuSO4  
(µg/ml) 

Average Absorbance Readings 

60 Control  0.048 ± 0.018  
[10]  0.009 ± 0.033  
[50]  -0.044 ± 0.044  
[100]  -0.033 ± 0.038  
[250]  -0.009 ± 0.025  

   

120 Control  0.131 ± 0.033  
[10]  0.087 ± 0.042  
[50]  -0.024 ± 0.022 
[100]  -0.019 ± 0.023 
[250]  0.007 ± 0.010  

   

180 Control  0.205 ± 0.034 a 
 [10]  0.150 ± 0.062 a 
 [50]  0.006 ± 0.010 b 
 [100]  -0.004 ± 0.009 b 
 [250]  0.008 ± 0.010 b 

                a and b = significantly different data relevant to the concentration of CuSO4 (P<0.05) 
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Table 21: Average absorbance readings of the vervet monkey prepared suspension (n=3) after exposure to CdCl2 and treated 
with WST-1 for 60, 120 and 180 minutes 
 

Time 
(min) 

CdCl2  
(µg/ml) 

Average Absorbance Readings 

60 Control  0.032 ± 0.027  
[10]  0.026 ± 0.016 
[50]  0.026 ± 0.031 
[100]  0.027 ± 0.029 
[500]  0.040 ± 0.010 

   

120 Control  0.098 ± 0.020 
[10]  0.086 ± 0.007 
[50]  0.050 ± 0.057 
[100]  0.043 ± 0.061 
[500]  0.071 ± 0.013 

   

180 Control  0.151 ± 0.021 a 
 [10]  0.132 ± 0.018 b 
 [50]  0.081 ± 0.062 c 
 [100]  0.072 ± 0.062 c 
 [500]  0.086 ± 0.014 d 

a, b, c  and d = significantly different data relevant to the concentration of CdCl2 (P<0.05) 

CuSO4 treatment: The sperm average absorbance readings were not significant at the 60 and 120 minute 

time point. However, at 180 minutes a significant decrease was found in the average absorbance readings 

when comparing the 50 µg/ml, 100 µg/ml and 250 µg/ml concentrations to the control and 10 µg/ml 

concentration of CuSO4 (P=0.031) (Figure 23). All three time points did, however, present the same trend 

where the absorbance decreased as the concentration of CuSO4 increased.   

 

 
Figure 23: Average absorbance measurement for vervet monkey spermatozoa presenting significant data at 180 minutes of 
exposure to Copper sulphate concentrations. a and b = significantly different values at the same time point (P<0.05)  
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CdCl2 treatment: The sperm average absorbance readings were not significant at the 60 and 120 minute time 

point. However, at 180 minutes a significant decrease was found in the average absorbance readings when 

comparing the 10 µg/ml, 50 µg/ml, 100 µg/ml and 500 µg/ml concentrations to the control (P=0.013) (Figure 

24). All three time points did, however, present the same trend where the absorbance decreased until the 

100 µg/ml concentration and slightly increased at the 500 µg/ml concentration of CdCl2.  

 

 

 
Figure 24: Average absorbance measurement for vervet monkey spermatozoa presenting significant data at 180 minutes of 
exposure to Cadmium chloride concentrations. a, b, c and d = significantly different values at the same time point (P<0.05)  
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µg/ml). The prepared samples were exposed to each metal and compared to the reagent after 15 and 120 

minutes of incubation (37 °C). The average percentage intact and reacted acrosomes for CuSO4 and CdCl2 

are displayed in Table 22 and 23.  
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Table 22: Average intact and reacted acrosome percentages of vervet monkey prepared samples (n=7) after exposure to CuSO4 
for 15 and 120 minutes  

 

Time 
 
(min) 

CuSO4  
 
(µg/ml) 

Intact 
Acrosome  
(%) 

Reacted 
Acrosome 
(%) 

15 Control  26.15 ± 22.85 73.85 ± 22.85 
[10]  35.64 ± 24.81 64.36 ± 24.81 
[50]  21.09 ± 26.91 78.91 ± 26.91 
[100]  28.18 ± 33.29 71.82 ± 33.29 
[250]  24.43 ± 28.31  75.57 ± 28.31 

    

120 Control  34.40 ± 20.38  65.57 ± 20.35 
[10]  34.23 ± 26.61 65.77 26.61 
[50]  27.75 ± 30.81 72.25 ± 30.81 
[100]  28.21 ± 24.67 71.79 ± 24.67 
[250]  25.04 ± 35.00 74.96 ± 35.00 

 
 
 
 
Table 23: Average intact and reacted acrosome percentages of vervet monkey prepared samples (n=7) after exposure to CdCl2 
for 15 and 120 minutes  
 

Time 
 
(min) 

CdCl2  
 
(µg/ml) 

Intact 
Acrosome  
(%) 

Reacted  
Acrosome 
(%) 

15 Control  43.52 ± 35.04 56.48 ± 35.04 
[10]  54.13 ± 40.79 45.87 ± 40.79 
[50]  52.14 ± 39.43 47.86 ± 39.43 
[100]  47.17 ± 36.50 52.83 ± 36.50 
[500]  48.75 ± 37.57  51.25 ± 37.57 

    

120 Control  37.77 ± 36.08 62.23 ± 36.08 
[10]  47.45 ± 35.53 52.55 ± 35.53 
[50]  41.08 ± 33.13 58.92 ± 33.13 
[100]  30.93 ± 35.81 69.07 ± 35.81 
[500]  28.85 ± 23.15 71.15 ± 23.15  

 

CuSO4 treatment: The average percentage intact and reacted acrosomes at both 15 and 120 minutes were 

not significantly different between the control and four metal concentrations. It was also seen that the 

percentage intact acrosome values were low in comparison to the percentage reacted acrosomes at all 

concentrations of CuSO4 and at both time points. 

CdCl2 treatment: The same effect was seen for the CdCl2 treatment as was found for the CuSO4 treatment, 

at both 15 and 120 minutes.  
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4.2.1.4 Hyperactivation 

 As previously mentioned the stimulant caffeine was used to induce hyperactivation. Caffeine was used at a 

concentration of 5 mM and 100 µg/ml of each metal, CuSO4 and CdCl2, in combination with it. A total of five 

samples were exposed to caffeine, CuSO4 and CdCl2, and a combination of the metal and caffeine. The 

motility of the samples we measured at 15, 20, 40, 60 and 90 minutes of incubation (37 °C). The average 

percentage hyperactivation for caffeine, CuSO4, CdCl2 and their combinations are displayed in Table 24 and 

25.  

 

 

Table 24: Average percentage sperm hyperactivation of the vervet monkey samples after exposure to CuSO4 (100 µg/ml) and 
caffeine (5 mM) at 15, 20, 40, 60 and 90 minutes (n= 5). 
 
 

Time 
(min) 

CuSO4 and Caffeine 
(µg/ml)      (mM) 

Hyperactivation  
(%) 

15 Control  10.08 ± 10.58 
Caf [5] 11.99 ± 3.24 
CuSO4 [100] 4.18 ± 3.64 
Caf [5]+ CuSO4 [100] 16.81 ± 1.90 
  

20 Control  7.57 ± 7.70  
Caf [5] 7.04 ± 7.14 
CuSO4 [100] 3.35 ± 5.13 
Caf [5]+ CuSO4 [100] 13.15 ± 12.38 
  

40 Control  5.55 ± 6.26 a 
Caf [5] 6.70 ± 8.48 a 
CuSO4 [100] 1.05 ± 1.38 b 
Caf [5]+ CuSO4 [100] 5.55 ± 5.07 c 
  

60 Control  3.79 ± 5.20 
Caf [5] 6.53 ± 10.09 
CuSO4 [100] 1.65 ± 2.36 
Caf [5]+ CuSO4 [100] 3.73 ± 7.79 
  

90 Control  7.10 ± 8.73 a 
Caf [5] 6.39 ± 10.04 a 
CuSO4 [100] 0.00 ± 0.00 b 
Caf [5]+ CuSO4 [100] 0.80 ± 0.71 c 

            a, b and c = significantly different data relevant to the concentration of CuSO4 and Caffeine (P<0.05) 
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Table 25: Average percentage sperm hyperactivation of the vervet monkey samples after exposure to CdCl2 (100 µg/ml) and 
caffeine (5 mM) at 15, 20, 40, 60 and 90 minutes (n= 5).  

 

Time 
(min) 

CdCl2 and Caffeine 
(µg/ml)      (mM) 

Hyperactivation  
(%) 

15 Control  6.00 ± 1.59 a 
Caf [5] 14.08 ± 12.83 b 
CdCl2 [100] 0.41 ± 0.83 c 
Caf [5]+ CdCl2 [100] 12.81 ± 18.47 d 
  

20 Control  7.67 ± 6.62 a 
Caf [5] 11.15 ± 16.30 a 
CdCl2 [100] 0.75 ± 1.68 b 
Caf [5]+ CdCl2 [100] 9.21 ± 15.65 c 
  

40 Control  3.92 ± 4.96 a 
Caf [5] 6.80 ± 13.47 a 
CdCl2 [100] 0.42 ± 0.93 b 
Caf [5]+ CdCl2 [100] 7.21 ± 10.72 c 
  

60 Control  4.88 ± 3.59 a 
Caf [5] 4.91 ± 10.58 a  
CdCl2 [100] 0.30 ± 0.41 b 
Caf [5]+ CdCl2 [100] 2.95 ± 5.96 c 
  

90 Control  5.99 ± 8.47  
Caf [5] 7.96 ± 11.26 
CdCl2 [100] 0.29 ± 0.41  
Caf [5]+ CdCl2 [100] 9.55 ± 13.51 

            a and b = significantly different data relevant to the concentration of CdCl2 and Caffeine (P<0.05) 

 

CuSO4 and Caffeine treatment: The percentage hyperactivation was measured over time for each treatment 

and it was found that only the treatment with 100 µg/ml CuSO4 alone presented significant data at two time 

points (P=0.018). At 40 minutes, the percentage hyperactivation of 100 µg/ml CuSO4 was significantly lower 

compared to the control (P=0.012), and at 90 minutes, the percentage hyperactivation of 100 µg/ml CuSO4 

(P<0.001) and Caf+CuSO4 (P=0.013)  was significantly lower compared to the control (Figure 25). A definite 

trend was, however, noted at each time point where the percentage hyperactivation was the lowest when 

spermatozoa were treated with 100 µg/ml CuSO4 alone. Caffeine did not seem to increase the percentage 

hyperactivation compared to the control, but the combination of the caffeine and CuSO4 kept the percentage 

hyperactivation values similar to the control, except at 90 minutes.  
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Figure 25: Average percentage sperm hyperactivation of the vervet monkey samples presenting significant data after exposure 
to CuSO4 (100 µg/ml) and caffeine (5 mM) for 15- 90 minutes of incubation (37°C). a, b and c = significantly different values at 
the same time point (P<0.05).   
 

CdCl2 and Caffeine treatment: The percentage hyperactivation was measured over time for each treatment 

and for most time points, it was found that CdCl2 alone or in combination with caffeine had significant data 

compared to the control samples presented (P=0.025). At 15 minutes, the percentage hyperactivation of 

caffeine (P=0.006) and the combination of Caf+CdCl2 (P=0.002) was significantly higher compared to the 

control. The percentage hyperactivation of 100 µg/ml CdCl2 alone was also significantly lower compared to 

the control at 20 (P=0.021), 40 (P=0.007) and 60 (P=0.001) minutes (Figure 26).  A similar trend was noted 

for CdCl2 treatment as with CuSO4, where the percentage hyperactivation was lower when treated with the 

metal, caffeine maintained or increased percentage hyperactivation and the combination of caffeine and 
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Figure 26: Average percentage sperm hyperactivation of the vervet monkey samples presenting significant data after exposure 
to CdCl2 (100 µg/ml) and caffeine (5 mM) after 15-90 minutes of incubation (37 °C). a - d = significantly different values at the 
same time point (P<0.05).   
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parameters presented a decrease in values, especially after 75 minutes of exposure to the highest 

concentration of CuSO4, 250 µg/ml, compared to the control.  

Table 26.1: Average measurements for baboon sperm motility parameters after exposure to copper sulphate (10-250 µg/ml) at 15, 45 and 75 

minutes (n=4).  

 

Time  
 
 
(mins) 

Conc.  
Of  
CuSO4  
(µg/ml) 

Total  
Motility  
 
(%) 

Progressive  
Motility  
 
(%) 

Rapid  
Spermatozoa  
 
(%) 

Medium  
Spermatozoa 
 
(%) 

Slow  
Spermatozoa 
 
(%) 

15 Control  61.95 ± 13.14 35.98 ± 9.16 0.83 ± 0.86 13.38 ± 5.90 33.54 ± 9.33 
[10]  60.37 ± 18.75 29.34 ± 9.64 1.78 ± 2.51 11.22 ± 5.84 29.96 ± 7.52 
[50]  50.53 ± 32.91 22.68 ± 16.22 1.49 ± 2.79 8.29 ± 8.17 25.57 ± 18.01 

[100] 62.68 ± 17.21 29.74 ± 13.62 1.95 ± 2.69 11.20 ± 9.41 31.50 ± 4.97 
[250]  54.94 ± 14.92 26.63 ± 9.97 1.29 ± 1.77 9.00 ± 5.60 28.99 ± 9.12 
 

45 Control  50.72 ± 12.50 16.39 ± 7.86 0.11 ± 0.22 3.45 ± 4.01 25.93 ± 3.52 
[10]  45.02 ± 26.63 13.04 ± 13.83 0.82 ± 1.63 3.96 ± 6.15 17.91 ± 10.21 
[50]  37.94 ± 29.16 10.08 ± 11.18 0.31 ± 0.62 2.01 ± 4.01 17.45 ± 12.93 
[100] 50.71 ± 15.48 14.38 ± 16.25 0.97 ± 1.94 3.64 ± 6.29  22.39 ± 7.39 
[250]  25.43 ± 20.85 9.45 ± 10.81 0.43 ± 0.87 2.91 ± 4.59 11.63 ± 11.02 
 

75 Control  54.52 ± 13.89  15.09 ± 13.46 0.09 ± 0.16 a 3.25 ± 4.78 24.72 ± 11.62 
[10]  44.03 ± 27.94 12.92 ± 16.27 1.01 ± 1.76 a 3.85 ± 5.80 17.61 ± 11.45 
[50]  34.16 ± 29.16  9.86 ± 13.31 0.15 ± 0.26 a 2.74 ± 4.75 13.98 ± 12.91 
[100] 47.06 ± 9.28  12.20 ± 12.46 0.65 ± 1.13 a 3.50 ± 5.59 18.44 ± 8.57 
[250]  16.83 ± 15.58  4.37 ± 3.79 0.00 ± 0.00 b 0.72 ± 0.64 8.20 ± 7.63 

 

Table 26.2: Average measurements for baboon sperm kinematic parameters after exposure to copper sulphate (10-250 µg/ml) at 15, 45 and 

75 minutes (n=4).  

 
Time  
 
 
(mins) 

Conc.  
of  
CuSO4  
(µg/ml) 

VCL  
 
 
(µm/s) 

VSL  
 
 
(µm/s) 

VAP  
 
 
(µm/s) 

LIN 
 
 
(%) 

STR 
  
 
(%) 

WOB  
 
 
(%) 

ALH  
 
 
(µm) 

BCF  
 
 
(Hz) 

15 Control  116.56 ± 18.75 88.07 ± 18.44 101.54 ± 21.38 75.21 ± 5.08 a 86.78 ± 1.23 a 86.68 ± 5.85 1.81 ± 0.15 15.42 ± 0.82 a 
[10]  110.46 ± 17.69 70.68 ± 21.12 83.40 ± 22.65 64.18 ± 16.23 a 84.21 ± 4.10 a 75.64 ± 16.15 2.26 ± 0.68 15.95 ± 3.45 a 

[50]  94.30 ± 35.28 59.82 ± 38.34 73.53 ± 42.22 57.35 ± 28.41 b 74.02 ± 19.82 b 72.33 ± 25.89 1.42 ± 0.99 11.20 ± 7.60 b 

[100] 106.22 ± 31.29 76.17 ± 26.41 90.14 ± 30.18 70.96 ± 4.43 ab 84.33 ± 1.57 ab 84.14 ± 5.16 1.86 ± 0.24 14.35 ± 0.72 ab 

[250]  106.36 ± 15.57 75.78 ± 17.84 89.13 ± 18.40 70.59 ± 9.22 ab 84.54 ± 4.69 ab 83.26 ± 7.26 1.82 ± 0.30 14.16 ± 0.49 ab 

 

45 Control  80.56 ± 16.30 53.76 ± 10.81 63.03 ± 13.48 66.98 ± 6.05 85.51 ± 2.74 a 78.25 ± 5.13 1.74 ± 0.24 15.98 ± 1.57 

[10]  79.68 ± 31.92 46.14 ± 32.86 55.90 ± 35.20 54.83 ± 22.53 78.78 ± 12.12 a 67.30 ± 20.14 1.69 ± 0.60 14.73 ± 5.28 

[50]  63.98 ± 35.76 39.99 ± 33.59 46.86 ± 35.77 52.80 ± 25.14 78.38 ± 13.57 a 64.35 ± 23.46 1.09 ± 0.82 9.92 ± 7.41 

[100] 77.05 ± 30.98 49.01 ± 28.54 57.91 ± 30.69 60.84 ± 9.60 83.20 ± 4.27 a 72.85 ± 7.86 1.48 ± 0.59 13.72 ± 4.01 

[250]  60.84 ± 46.61 42.00 ± 32.34 48.30 ± 37.49 51.85 ± 34.69 65.41 ± 43.61 b 59.45 ± 39.76 1.18 ± 0.90 11.37 ± 7.95 

 

75 Control  74.75 ± 22.90 47.60 ± 16.07 56.43 ± 20.17 63.36 ± 2.70 a 84.76 ± 1.70 a 74.80 ± 4.36 a 1.68 ± 0.19 16.86 ± 1.22 a 

[10]  81.58 ± 34.20 46.41 ± 37.15 56.01 ± 40.70 52.69 ± 25.06 a 78.96 ± 11.94 a 64.39 ± 24.04 a 1.86 ± 0.32 17.78 ± 6.20 a 

[50]  53.64 ± 53.20 35.14 ± 36.71 41.04 ± 42.75 42.60 ± 37.23 b 56.98 ± 49.35 b 49.83 ± 43.50 b 1.10 ± 1.01 10.20 ± 8.93 b 
[100] 77.73 ± 33.12 48.40 ± 28.03 58.19 ± 33.65 59.38 ± 11.37 ab 83.07 ± 0.72 ab 71.42 ± 13.31 ab 1.55 ± 0.53 12.23 ± 3.88 c 

[250]  50.25 ± 43.76 33.54 ± 29.87 38.79 ± 34.22 44.28 ± 38.70 bc 57.47 ± 49.82 bc 51.29 ± 44.60 bc 1.14 ± 0.99 11.34 ± 9.82 c 

Conc-concentration, CuSO4-copper sulphate, VCL-curvilinear velocity, VSL- straight-line velocity, VAP-average-path velocity, LIN-linearity, STR-
straightness, WOB-wobble, ALH-amplitude of lateral head displacement and BCF-beat-cross frequency, a - c = significantly different data 
relevant to the concentration of CuSO4 (P<0.05).  
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Figure 27: Average motility and kinematic parameters that presented significant data at 15, 45 and 75 minutes of exposure to 

Copper Sulphate (10-250 µg/ml). a - c = significantly different (P<0.05)  

 

 

CdCl2 treatment: After 15 minutes of exposure to CdCl2, three out of thirteen sperm motility parameters 

presented significantly lower values not only for the 500 µg/ml concentration, but one parameter, LIN, also 

for the 10 µg/ml and 50 µg/ml concentration as well. This decrease in the three kinematic parameters for 

the two lowest metal concentrations might be due to a sampling effect, since the 100 µg/ml had similar 

values to the control. After 45 minutes, four out of the thirteen motility parameters decreased significantly 

after the 500 µg/ml concentration exposure. For percentage rapid spermatozoa, significant differences were 

also found for the 10 µg/ml, 50 µg/ml and 100 µg/ml concentrations, however, this may be due to a sampling 

effect as these values were higher than that of the control. After 75 minutes, eight of the thirteen motility 

parameters presented significant lower values not only for the 500 µg/ml concentration, but one parameter, 

rapid spermatozoa, also for the 100 µg/ml concentration (Figure 28 and 29). A trend was noted, where most 

baboon sperm motility parameters presented a decrease in values, especially after 75 minutes of exposure 

to the highest concentrations of CdCl2, 100 µg/ml and 500 µg/ml, compared to the control.  
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Table 27.1: Average measurements for baboon sperm motility parameters after exposure to Cadmium chloride (10-500 µg/ml) at 15, 45 and 

75 minutes (n=4).  

 
Time 
 
 
(mins) 

Conc.  
of  
CdCl2 
(µg/ml) 

Total  
Motility  
 
(%) 

Progressive  
Motility 
 
(%) 

Rapid  
Spermatozoa  
 
(%) 

Medium  
Spermatozoa 
 
(%) 

Slow  
Spermatozoa 
 
(%) 

15 Control 66.88 ± 34.88 46.11 ± 30.47 1.07 ± 1.96 18.26 ± 16.32 40.22 ± 19.00 

[10]  74.02 ± 36.83 51.66 ± 30.14 5.11 ± 6.35 25.33 ± 16.46 32.48 ± 21.58 

[50]  65.08 ± 43.81 47.70 ± 27.56 4.86 ± 7.91 19.22 ± 13.37 34.61 ± 20.48 

[100]  69.55 ± 36.04 45.30 ± 30.93 6.35 ± 8.94 16.96 ± 15.38 34.34 ± 22.64 

[500]  52.26 ± 39.17 24.80 ± 23.57 0.83 ± 0.95 10.05 ± 11.65 25.58 ± 21.73 

  

45 Control  57.10 ± 34.14 26.15 ± 19.33 0.15 ± 0.18 a 7.17 ± 6.25 34.10 ± 22.53 

[10]  64.53 ± 29.44 36.79 ± 22.74 2.14 ± 1.74 b 8.76 ± 11.72 42.01 ± 23.46 

[50]  61.95 ± 33.13 35.87 ± 20.84 2.44 ± 2.82 c 11.67 ± 10.07 36.40 ± 24.07 

[100]  61.78 ± 27.10 31.84 ± 19.66 2.19 ± 2.45 c 11.38 ± 12.74 30.93 ± 18.77 

[500]  0.90 ± 1.08 0.00 ± 0.00 0.00 ± 0.00 d 0.00 ± 0.00 0.09 ± 0.18 

  

75 Control  73.21 ± 16.45 a 32.19 ± 13.78 0.00 ± 0.00 a 6.68 ± 5.40 a 49.02 ± 16.60 a 

[10]  79.20 ± 7.32 a 34.09 ± 11.53 1.13 ± 1.67 b 6.56 ± 6.48 a 48.40 ± 8.93 a 

[50]  73.58 ± 7.40 a 29.06 ± 21.53 1.84 ± 2.72 b 8.40 ± 10.91 b 38.03 ± 6.85 a 

[100]  67.76 ± 8.30 a 22.74 ± 13.87 0.00 ± 0.00 ac 6.89 ± 8.04 ab 33.39 ± 8.93 a 

[500]  0.00 ± 0.00 b 0.00 ± 0.00 0.00 ± 0.00 ac 0.00 ± 0.00 c 0.00 ± 0.00 b 

 

Table 27.2: Average measurements for baboon sperm kinematic parameters after exposure to Cadmium chloride (10-500 µg/ml) at 15, 45 and 

75 minutes (n=4).  

 
Time 

 
 
(mins) 

Conc.  
of  
CdCl2  
(µg/ml) 

VCL  

 
 
(µm/s) 

VSL  

 
 
(µm/s) 

VAP  

 
 
(µm/s) 

LIN 

 
 
(%) 

STR 

 
 
(%) 

WOB 
 
 
 (%) 

ALH  

 
 
(µm) 

BCF  

 
 
(Hz) 

15 Control 125.47 ± 22.64 91.47 ± 15.29 108.71 ± 22.11 73.11 ± 3.89 a 84.60 ± 4.13 a 86.43 ± 2.59 a 2.01 ± 0.38 16.48 ± 2.92 

[10]  155.71 ± 34.36 95.45 ± 28.29 138.03 ± 36.94 62.04 ± 14.06 b 71.26 ± 18.53 a 87.97 ± 5.61 a 1.87 ± 1.08 11.78 ± 4.90 

[50]  137.41 ± 36.18 105.28 ± 29.69 121.27 ± 35.81 76.36 ± 6.28 c 87.02 ± 4.16 a 87.69 ± 4.10 a 1.81 ± 0.58 12.70 ± 3.79 

[100]  145.31 ± 45.38 113.72 ± 44.78 129.72 ± 48.40 76.77 ± 9.57 ab 87.11 ± 5.53 a 87.93 ± 6.34 a 1.85 ± 0.30 15.64 ± 3.02 

[500]  76.33 ± 53.98 50.87 ± 35.89 60.84 ± 44.04 50.01 ± 33.39 d 63.23 ± 42.29 b 59.40 ± 39.72 b 1.42 ± 0.97 11.69 ± 7.88 

  
45 Control  101.48 ± 19.37 71.66 ± 21.87 a 85.58 ± 22.93 69.49 ± 8.87 83.15 ± 4.23 a 83.38 ± 7.10 a 1.82 ± 0.55 12.64 ± 3.71 

[10]  113.92 ± 28.02 81.13 ± 24.60 a 94.82 ± 29.41 70.50 ± 4.06 85.64 ± 1.70 a 82.34 ± 5.02 a 1.79 ± 0.29 15.17 ± 1.48 

[50]  124.39 ± 29.22 98.39 ± 31.25 a 111.94 ± 33.59 77.93 ± 7.53 87.52 ± 1.93 a 88.94 ± 6.68 a 1.79 ± 0.25 13.95 ± 1.86 

[100]  112.21 ± 29.68 85.12 ± 32.26 a 96.12 ± 33.22 74.14 ± 9.76 87.72 ± 4.43 a 84.32 ± 7.75 a 1.86 ± 0.31 15.22 ± 2.05 

[500]  22.59 ± 26.34 6.15 ± 8.19 b 9.05 ± 11.26 14.29 ± 20.01 32.70 ± 38.47 b 20.78 ± 27.10 b 0.00 ± 0.00 0.00 ± 0.00 

  
75 Control  92.15 ± 15.45 a 63.41 ± 13.05 a 76.21 ± 15.88 a 68.53 ± 3.17 a 83.23 ± 0.72 82.35 ± 4.38  2.00 ± 0.22 13.75 ± 0.62 

[10]  93.02 ± 19.14 a 62.36 ± 17.30 a 75.08 ± 20.57 a 66.55 ± 6.95 a 83.00 ± 0.83 80.14 ± 7.69  1.87 ± 0.19 14.76 ± 1.29 

[50]  93.30 ± 36.77 a 63.65 ± 34.71 a 75.54 ± 39.38 a 65.82 ± 9.46 a 83.66 ± 2.11 78.58 ± 9.87  1.81 ± 0.11 14.96 ± 0.72 

[100]  81.72 ± 20.22 a 54.97 ± 19.92 a 64.77 ± 22.27 a 66.20 ± 10.83 a 84.46 ± 2.29 78.19 ± 10.87  1.84 ± 0.14 14.77 ± 1.36 

[500]  0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 0.00 ± 0.00  0.00 ± 0.00 0.00 ± 0.00 

Conc-concentration, CdCl2-cadmium chloride, VCL-curvilinear velocity, VSL-straight-line velocity, VAP-average-path velocity, LIN-linearity, STR-
straightness, WOB-wobble, ALH-amplitude of lateral head displacement and BCF-beat-cross frequency, a – d = significantly different data 
relevant to the concentration of CdCl2 (P<0.05). 
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Figure 28: Average motility parameters that presented significant data at 45 and 75 minutes of exposure to Cadmium chloride 
(10-500 µg/ml). a - d = significantly different (P<0.05) 

 

 

 
Figure 29: Average kinematic parameters that presented significant data at 15, 45 and 75 minutes of exposure to Cadmium 

chloride (10-500 µg/ml). a - d = significantly different (P<0.05) 
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4.2.2.2 Vitality  

4.2.2.2.1 Eosin-Nigrosin (E-N) 

The prepared baboon suspension was exposed to the E-N stain after incubation (37 °C). A total of three 

samples were exposed to each metal and vitality was measured at 15 and 90 minutes. The samples were 

exposed to the following concentrations of CuSO4: 10, 50, 100 and 250 µg/ml (Table 28) and CdCl2: 10, 50, 

100 and 500 µg/ml (Table 29).  

Table 28: Average vitality percentages of the baboon prepared suspensions (n=3) after exposure to the E-N staining kit at 15 and 90 minutes of 

CuSO4 treatment.  

 
Time 
(min) 

CuSO4  
(µg/ml) 

Live Spermatozoa 
(%) 

Dead Spermatozoa 
(%) 

15 Control  62.91 ± 11.37 37.09 ± 11.37 
[10]  46.75 ± 13.51 53.25 ± 13.51 
[50]  57.89 ± 8.84 42.11 ± 8.84 
[100]  34.27 ± 14.78 65.73 ± 14.78 
[250]  51.53 ± 18.39 48.47 ± 18.39 

    

90 Control  51.53 ± 20.56 48.47 ± 20.56 
[10]  55.66 ± 15.13 44.34 ± 15.13 
[50]  40.44 ± 7.53 59.56 ± 7.53 
[100]  31.86 ± 9.74 68.14 ± 9.74 
[250]  55.73 ± 17.11 44.27 ± 17.11 

 

Table 29: Average vitality percentages of the vervet prepared suspensions (n=3) after exposure to the E-N staining kit at 15 and 90 minutes of 
CdCl2 treatment.  

 
Time 
(min) 

CdCl2  
(µg/ml) 

Live Spermatozoa 
(%) 

Dead Spermatozoa 
(%) 

15 Control  44.97 ± 39.49 a 55.03 ± 39.49 a 
[10] 43.62 ± 10.25 a 56.38 ± 10.25 a 
[50]  39.64 ± 11.34 a 60.36 ± 11.34 a 
[100]  36.08 ± 15.28 a 63.92 ± 15.28 a 
[500] 12.50 ± 12.03 b 87.50 ± 12.03 b 

    

90 Control  33.83 ± 31.27 66.17 ± 31.27 
[10] 27.08 ± 13.77 72.92 ± 13.77 
[50]  28.68 ± 25.09 71.32 ± 25.09 
[100]  19.90 ± 24.08 80.10 ± 24.08 
[500] 9.76 ± 9.10 90.24 ± 9.10 

            a and b = significantly different data relevant to the concentration of CdCl2 (P<0.05) 
 

 

CuSO4 treatment: The data was found to be not significant for both live and dead spermatozoa at the two 

time points, as was seen for the vervet monkey. This either indicates that CuSO4 had no effect on the vitality 

of the baboon sperm tested or the stain is unable to detect the effects of CuSO4 on baboon sperm vitality. 
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CdCl2 treatment: After 15 minutes of exposure to CdCl2, a significant decrease (P=0.043) was seen for the 

percentage live spermatozoa for the 500 µg/ml CdCl2. An opposite effect was noted for the percentage dead 

spermatozoa, with a significant increase (P=0.043) in values. However, after 90 minutes of exposure, the 

data was found to be not significant for both live and dead spermatozoa. The insignificance of this data was 

probably due to the large standard deviations recorded for all treatments, since a general trend for a 

decrease in the average percentage live spermatozoa was seen with an increase in the concentration of CdCl2 

(Figure 30). It thus seems that E-N staining could detect the effect of CdCl2 on baboon sperm vitality. 

 

 
Figure 30: Average percentage live vs dead baboon spermatozoa that presented significant data at 15 and 90 minutes of 

exposure to Cadmium chloride (10-500 µg/ml). a and b = significantly different values at the same time point (P<0.05)  
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of exposure to CdCl2, the percentage live spermatozoa presented a zero value for the 500 µg/ml 

concentration. These results only indicate the effect of these metals on one sample, but a definite effect is 

seen after exposure to the highest concentrations of CuSO4 and CdCl2, causing a decrease in percentage live 

spermatozoa after 60 and 75 minutes of treatment. 

 

4.2.2.3 Acrosome Intactness 

The acrosome intactness of baboon prepared samples was evaluated with the addition of the metals CuSO4 

(10 µg/ml, 50 µg/ml, 100 µg/ml and 250 µg/ml) and CdCl2 (10 µg/ml, 50 µg/ml, 100 µg/ml and 500 µg/ml). 

The prepared samples were exposed to each metal and compared to the reagent after 15 and 90 minutes of 

incubation (37 °C). The average percentage intact and reacted acrosomes for CuSO4 and CdCl2 are displayed 

in Table 32 and 33.  

 

Table 32: Average intact and reacted acrosome percentages of baboon prepared samples (n=6) after exposure to CuSO4 for 15 
and 90 minutes 
 

Time 
 
(min) 

CuSO4  
 
(µg/ml) 

Intact  
Acrosome  
(%) 

Reacted  
Acrosome 
(%) 

15 Control  74.27 ± 18.06 a 25.73 ± 18.06 a 
[10]  77.93 ± 11.16 a 22.07 ± 11.16 a 
[50]  60.21 ± 31.90 a 23.12 ± 16.61 a 
[100]  55.56 ± 31.17 a 44.44 ± 31.17 a 
[250]  19.16 ± 29.82 b 80.84 ± 29.82 b 

    

90 Control  71.65 ± 13.23 a 28.35 ± 13.23 a 
[10]  75.02 ± 12.82 a 24.98 ± 12.82 a 
[50]  69.72 ± 17.46 b 30.28 ± 17.46 b 
[100]  45.35 ± 22.99 c 54.65 ± 22.99 c 
[250]  17.32 ± 26.97 d 82.68 ± 26.97 d 

             a - d = significantly different data relevant to the concentration of CuSO4 (P<0.05) 

Table 33: Average intact and reacted acrosome percentages of baboon prepared samples (n=5) after exposure to CdCl2 for 15 
and 90 minutes  
 

Time 
 
(min) 

CdCl2  
 
(µg/ml) 

Intact 
Acrosome  
(%) 

Reacted  
Acrosome 
(%) 

15 Control  94.12 ± 7.23 5.88 ± 7.23 
[10]  91.05 ± 10.42 8.95 ± 10.42 
[50]  90.63 ± 12.52 9.37 ± 12.52 
[100]  92.60 ± 8.79 7.40 ± 8.79 
[500]  84.38 ± 7.52 15.62 ± 7.52 

    

90 Control  91.51 ± 4.72  8.49 ± 4.72  
[10]  90.85 ± 8.88  9.15 ± 8.88  
[50]  90.22 ± 5.56  17.18 ± 20.21  
[100]  91.62 ± 7.40  8.38 ± 7.40  
[500]  85.21 ± 5.61  14.79 ± 5.61  
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CuSO4 treatment: After 15 minutes of exposure, a significant decrease (P=0.005) was seen in average 

percentage intact acrosomes, with a concordant increase (P=0.001) in the average percentage reacted 

acrosomes, for the 250 µg/ml concentration compared to the control and other CuSO4 concentrations. After 

90 minutes of exposure, the same significant increase (P<0.001) and decrease (P<0.001) was seen as after 

15 minutes, for average percentage intact and reacted acrosomes, with the addition of the 50 µg/ml and 

100 µg/ml concentrations, compared to the control and 10 µg/ml CuSO4 concentration (Figure 31).  

 

 
Figure 31: Average percentage intact and reacted acrosomes of baboon spermatozoa that presented significant data at 15 and 

90 minutes of exposure to Copper sulphate (10-250 µg/ml). a - d = significantly different (P<0.05)  

 

CdCl2 treatment: After both 15 and 90 minutes of exposure, the average percentage intact acrosomes ranged 

between 84-94% for both the control and treatments and no effect was found for different CdCl2 
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for the higher total motility averages compared to the value reported in 4.1.3.2.1, may be due to one sample 

out of the three that had a total motility of 90%, whereas the other two ranged between 30-50%. This is also 

resulted in higher standard deviations compared to what was seen before.  

 

CuSO4 treatment: After 15 minutes of exposure to CuSO4, only one (BCF) out of the thirteen motility 

parameters presented significantly lower values for the 250 µg/ml concentration when compared to the 

control and other CuSO4 concentrations. After 60 minutes, four out of the thirteen parameters, decreased 

significantly after the 250 µg/ml concentration exposure. After 120 minutes, nine out of the thirteen 

parameters presented significant lower values not only for the 250 µg/ml concentration, but for some 

parameters also for the 50 µg/ml and 100 µg/ml concentrations as well  (Figure 32, 33 and 34). A definite 

trend was seen, where all the rhesus sperm motility parameters presented a decrease in values, especially 

after 120 minutes of exposure to the highest concentration of CuSO4, 250 µg/ml, compared to the control.  

 

Table 34.1: Average measurements for rhesus monkey sperm motility parameters after exposure to Copper sulphate (10-250 µg/ml) at 15, 60 

and 120 minutes (n=3). 

 

Time  
 
 
(mins) 

Conc.  
Of  
CuSO4  
(µg/ml) 

Total  
Motility  
 
(%) 

Progressive  
Motility  
 
(%) 

Rapid  
Spermatozoa  
 
(%) 

Medium  
Spermatozoa 
 
(%) 

Slow  
Spermatozoa 
 
(%) 

15 Control  64.72 ± 26.00 51.14 ± 24.64 44.68 ± 25.92 9.87 ± 6.84 10.18 ± 1.45 
[10]  69.16 ± 23.94 58.15 ± 25.00 53.18 ± 27.74 8.33 ± 8.90 7.65 ± 5.09 
[50]  66.69 ± 23.93 54.20 ± 20.72 47.64 ± 23.30 9.18 ± 8.00 9.87 ± 2.13 

[100] 73.85 ± 22.12 59.09 ± 20.72 52.07 ± 24.64 10.63 ± 7.78 11.14 ± 4.59 
[250]  52.15 ± 43.93 41.26 ± 38.46 35.75 ± 37.57 8.25 ± 8.13 8.15 ± 4.67 

  

60 Control  57.35 ± 24.58 33.01 ± 13.71 25.95 ± 11.37 12.02 ± 9.17 19.37 ± 10.99 
[10]  58.51 ± 23.63 34.65 ± 10.45 24.77 ± 9.47 13.86 ± 8.05 19.87 ± 12.22 
[50]  55.66 ± 26.45 30.44 ± 15.12 20.11 ± 11.51 14.30 ± 10.40 21.25 ± 12.88 
[100] 49.07 ± 36.85 23.14 ± 22.96 13.87 ± 15.68 12.65 ± 9.78 22.54 ± 13.41 
[250]  4.55 ± 5.06 1.01 ± 1.75 0.51 ± 0.87 0.71 ± 1.22 3.34 ± 3.19 

  

120 Control  35.03 ± 37.50 11.58 ± 12.48 a 4.70 ± 5.17 11.02 ± 13.70 a 19.32 ± 19.13 
[10]  34.11 ± 29.58 9.55 ± 6.12 a 3.12 ± 1.66 9.24 ± 9.32 a 21.75 ± 20.33 
[50]  36.43 ± 34.80 10.62 ± 10.54 a 3.95 ± 3.69 11.86 ± 14.30 a 20.62 ± 17.69 
[100] 27.74 ± 30.96 4.05 ± 4.19 b 1.06 ± 1.28 5.01 ± 4.09 b 21.67 ± 26.07 
[250]  0.18 ± 0.32 0.18 ± 0.32 c 0.18 ± 0.32 0.00 ± 0.00 c 0.00 ± 0.00 
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Table 34.2: Average measurements for rhesus monkey sperm kinematic parameters after exposure to Copper sulphate (10-250 µg/ml) at 15, 

60 and 120 minutes (n=3).   

 
Time  
 
 
(mins) 

Conc.  
of  
CuSO4  
(µg/ml) 

VCL  
 
 
(µm/s) 

VSL  
 
 
(µm/s) 

VAP  
 
 
(µm/s) 

LIN 
 
 
(%) 

STR 
  
 
(%) 

WOB  
 
 
(%) 

ALH  
 
 
(µm) 

BCF  
 
 
(Hz) 

15 Control  176.69 ± 40.47 139.14 ± 41.15 154.49 ± 42.51 77.79 ± 6.29 89.63 ± 2.76 86.71 ± 4.91 2.57 ± 0.21 16.90 ± 1.18 a 
 [10]  204.26 ± 59.85 167.38 ± 60.76 182.39 ± 59.82 80.56 ± 8.05 90.83 ± 4.29 88.56 ± 5.13 2.53 ± 0.42 17.19 ± 0.41 a 
 [50]  189.00 ± 40.35 155.56 ± 43.00 171.77 ± 44.96 81.49 ± 6.29 90.34 ± 2.94 90.15 ± 5.16 2.16 ± 0.04 16.14 ± 1.33 a 
 [100] 168.23  ± 41.03 126.06 ± 35.80 141.86 ± 40.63 74.39 ± 4.37 88.87 ± 1.30 83.69 ± 4.37 2.59 ± 0.31 17.92 ± 0.47 a 
 [250]  149.88 ± 47.20 119.65 ± 38.51 134.07 ± 45.17 80.06 ± 10.76 89.49 ± 4.77 89.24 ± 7.68 2.12 ± 0.31 15.47 ± 2.92 b 
  

60 Control  133.74 ± 50.35 99.09 ± 63.22 110.62 ± 61.66 70.07 ± 18.6 87.20 ± 6.73 a 79.82 ± 15.93 a 2.07 ± 0.68 a 18.48 ± 2.85 a 
 [10]  129.99 ± 44.89 99.79 ± 54.07 108.87 ± 51.81 73.76 ± 14.22 89.94 ± 5.44 a 81.59 ± 10.81 a 2.17 ± 0.38 a 17.45 ± 1.60 a 
 [50]  122.76 ± 43.02 92.45 ± 54.69 101.43 ± 51.71 71.50 ± 16.72 88.79 ± 7.02 a 79.93 ± 12.29 a 2.27 ± 0.43 a 17.50 ± 1.99 a 
 [100] 93.63 ± 12.68 68.21 ± 17.47 78.95 ± 13.69 72.13 ± 11.53 85.48 ± 8.49 a 84.05 ± 5.43 a 2.01 ± 0.27 a 16.20 ± 0.42 a 
 [250]  38.58 ± 44.15 19.80 ± 32.52 25.75 ± 38.80 24.42 ± 36.28 37.20 ± 41.19 b 34.95 ± 41.72 b 0.72 ± 1.25 b 4.68 ± 8.11 b 
  

120 Control  85.03 ± 13.14 48.17 ± 22.66 a 56.36 ± 22.25 a 55.05 ± 17.13 a 83.97 ± 5.76 a 64.87 ± 15.50 a 1.98 ± 0.45 a 16.73 ± 5.70 a 
 [10]  90.65 ± 31.00 55.72 ± 36.12 a 63.52 ± 35.12 a 57.66 ± 17.38 a 84.96 ± 7.63 a 67.11 ± 14.42 a 2.15 ± 0.23 a 16.65 ± 3.12 a 
 [50]  85.51 ± 18.33 52.94 ± 35.03 a 60.11 ± 35.52 b 58.36 ± 25.70 a 84.62 ± 9.72 a 67.40 ± 21.46 a 2.26 ± 0.19 a 17.51 ± 3.66 a 
 [100] 56.87 ± 15.69 25.38 ± 4.99 b 37.79 ± 2.32 c 45.40 ± 4.56 a 67.16 ± 12.86 b 70.01 ± 20.09 a 1.29 ± 1.18 a 11.29 ± 9.93 a 
 [250]  14.13 ± 24.47 2.00 ± 3.47 b 3.93 ± 6.80 d 4.73 ± 8.19 b 17.02 ± 29.47 b 9.26 ± 16.04 b 0.00 ± 0.00 b 0.00 ± 0.00 b 

Conc-concentration, CuSO4-copper sulphate, VCL-curvilinear velocity, VSL- straight-line velocity, VAP-average-path velocity, LIN-linearity, STR-
straightness, WOB-wobble, ALH-amplitude of lateral head displacement and BCF-beat-cross frequency, a - d = significantly different data 
relevant to the concentration of CuSO4 (P<0.05).  

 
 
 

 
Figure 32: Average rhesus monkey motility parameters that presented significant data at 120 minutes of exposure to Copper 
Sulphate (10-250 µg/ml). a - c = significantly different values (P<0.05)  
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Figure 33: Average rhesus monkey kinematic parameters that presented significant data at 60 and 120 minutes of exposure to 
Copper Sulphate (10-250 µg/ml). a - d = significantly different values at the same time point (P<0.05)  

 

 
Figure 34: Average rhesus monkey kinematic parameters that presented significant data at 15, 60 and 120 minutes of exposure to 
Copper Sulphate (10-250 µg/ml). a and b = significantly different at each time point (P<0.05)  

 

 

CdCl2 treatment: After 15 minutes of exposure to CdCl2, three out of thirteen sperm motility parameters 

presented significantly lower values for the 500 µg/ml concentration when compared to the control and 

other CdCl2 concentrations. After 60 minutes, six out of the thirteen motility parameters presented 

significant lower values for the 500 µg/ml concentration. However, lower values for the control samples 
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might be due to a sampling effect, since the 10 µg/ml, 50 µg/ml and 100 µg/ml concentrations had higher 

values than the control.  After 120 minutes, all except one motility parameter presented significantly lower 

values for the 500 µg/ml concentration. (Figure 35, 36 and 37). A trend was noted, where all the rhesus 

sperm motility parameters presented a decrease in values, especially after 120 minutes of exposure to the 

highest concentration of CdCl2, 500 µg/ml, compared to the control. 

Table 35.1: Average measurements for rhesus monkey sperm motility parameters after exposure to Cadmium chloride (10-500 µg/ml) at 15, 

60 and 120 minutes (n=3). 

 

Time 
 
 
(mins) 

Conc.  
of  
CdCl2 
(µg/ml) 

Total  
Motility  
 
(%) 

Progressive  
Motility 
 
(%) 

Rapid  
Spermatozoa  
 
(%) 

Medium  
Spermatozoa 
 
(%) 

Slow  
Spermatozoa 
 
(%) 

15 Control 62.33 ± 26.27 47.88 ± 23.30 42.48 ± 24.70 9.02 ± 2.47 a 10.83 ± 3.06 
[10]  59.29 ± 31.35 46.01 ± 30.48 39.68 ± 30.76 10.83 ± 1.13 a 8.78 ± 3.58 
[50]  63.90 ± 32.66 50.43 ± 33.31 45.17 ± 34.89 8.41 ± 2.23 a 10.31 ± 2.78 
[100]  63.63 ± 30.00 45.36 ± 29.67 40.38 ± 30.70 8.61 ± 1.21 a 14.64 ± 4.23 
[500]  43.83 ± 38.44 24.61 ± 31.16 18.66 ± 27.81 8.07 ± 5.91 b 17.10 ± 7.18 

  

60 Control  43.25 ± 45.46 27.48 ± 30.27 22.76 ± 25.42 7.20 ± 7.12 13.29 ± 13.11 
[10]  55.00 ± 26.83 31.96 ± 25.17 23.33 ± 20.88 13.83 ± 5.85 17.84 ± 2.00 
[50]  46.14 ± 37.55 30.95 ± 34.56 25.00 ± 31.61 9.01 ± 3.76 12.14 ± 2.63 
[100]  49.25 ± 36.79 30.46 ± 30.63 23.21 ± 29.03 12.38 ± 4.67 13.66 ± 3.58 
[500]  1.83 ± 1.58 0.09 ± 0.16 0.09 ± 0.16 0.09 ± 0.16 1.65 ± 1.45 

  

120 Control  49.06 ± 45.88 a 27.93 ± 35.51 a 19.18 ± 25.53 a 12.11 ± 10.75 a 17.78 ± 9.61 a 
[10]  45.16 ± 47.53 a 29.33 ± 39.49 a 24.21 ± 33.05 a 8.11 ± 8.68 a 12.83 ± 5.80 a 
[50]  45.61 ± 54.72 a 28.58 ± 40.08 a 21.94 ± 31.03 a 8.88 ± 11.89 a 14.79 ± 11.80 a 
[100]  41.74 ± 56.56 a 18.59 ± 25.67 a 12.28 ± 17.06 a 10.76 ± 14.60 a 18.70 ± 24.90 a 
[500]  0.81 ± 1.15 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.81 ± 1.15 b 

 

Table 35.2: Average measurements for rhesus monkey sperm kinematic parameters after exposure to Cadmium chloride (10-500 µg/ml) at 15, 

60 and 120 minutes (n=3).  

 
Time 

 
 
(mins) 

Conc.  
of  
CdCl2  
(µg/ml) 

VCL  

 
 
(µm/s) 

VSL  

 
 
(µm/s) 

VAP  

 
 
(µm/s) 

LIN 

 
 
(%) 

STR 

 
 
(%) 

WOB 
 
 
 (%) 

ALH  

 
 
(µm) 

BCF  

 
 
(Hz) 

15 Control 166.46 ± 35.79 117.58 ± 14.08 137.76 ± 27.69 71.58 ± 6.70 a 86.24 ± 6.65 82.94 ± 1.66 a 2.53 ± 0.24 16.28 ± 1.04 
 [10]  163.08 ± 59.12 115.21 ± 43.59 134.87 ± 54.96 70.32 ± 1.58 a 86.06 ± 2.67 81.78 ± 3.83 a 2.60 ± 0.29 16.03 ± 1.04 
 [50]  172.98 ± 67.00 126.64 ± 48.34 146.25 ± 61.87 73.16 ± 4.07 a 87.63 ± 4.97 83.56 ± 4.06 a 2.56 ± 0.31 16.13 ± 1.10 
 [100]  152.31 ± 55.11 109.12 ± 40.50 125.84 ± 49.90 71.40 ± 1.28 a 87.34 ± 3.29 81.83 ± 3.58 a 2.60 ± 0.33 16.31 ± 1.69 
 [500]  103.61 ± 47.94 69.91 ± 37.56 82.27 ± 45.12 65.35 ± 11.37 b 84.83 ± 5.00 76.80 ± 10.39 b 2.16 ± 0.23 15.92 ± 0.48 
  

60 Control  89.95 ± 78.89 64.99 ± 56.96 a 75.56 ± 66.95 48.18 ± 41.73 a 57.59 ± 49.97 a 55.83 ± 48.43 a 1.44 ± 1.24 a 11.44 ± 9.97 a 
 [10]  117.88 ± 21.12 78.35 ± 20.54 a 92.05 ± 23.19 65.83 ± 5.55 a 84.96 ± 2.82 b 77.45 ± 5.35 a 2.41 ± 0.19 a 15.77 ± 0.95 a 
 [50]  118.89 ± 45.37 76.95 ± 43.22 a 91.46 ± 48.02 61.94 ± 10.92 a 83.22 ± 3.08 b 74.23 ± 10.68 a 2.28 ± 0.12 a 17.15 ± 1.74 a 
 [100]  117.26 ± 43.57 76.77 ± 46.76 a 91.49 ± 51.65 62.07 ± 15.52 a 82.62 ± 3.47 b 74.76 ± 16.01 a 2.18 ± 0.16 a 17.45 ± 3.90 a 
 [500]  34.87 ± 30.30 4.21 ± 3.76 b 12.42 ± 10.81 8.11 ± 7.40 b 22.46 ± 19.68 c 23.86 ± 21.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 
  

120 Control  99.00 ± 30.60 a 56.63 ± 39.58  67.89 ± 40.71 a 53.39 ± 23.42 a 80.38 ± 10.10 a 65.35 ± 20.92 a 1.91 ± 0.27 a 15.26 ± 4.14 a 
 [10]  112.19 ± 51.93 a 71.01 ± 58.30  84.78 ± 57.80 a 57.42 ± 25.39 a 78.57 ± 15.20 a 71.28 ± 18.52 a 1.85 ± 0.49 a 11.55 ± 7.86 a 
 [50]  98.27 ± 50.82 a 65.72 ± 54.49  75.65 ± 56.21 a  60.65 ± 24.08 a 83.05 ± 10.32 a 71.79 ± 20.07 a 1.17 ± 1.19 a 10.27 ± 10.64 a 
 [100]  95.50 ± 8.43 a 42.17 ± 32.53  59.43 ± 23.24 a 42.82 ± 30.28 a 65.24 ± 29.22 a 61.40 ± 18.92 a 1.36 ± 1.13 a 10.84 ± 12.15 a 
 [500]  23.93 ± 33.84 b 2.15 ± 3.04  8.03 ± 11.35 b 4.48 ± 6.34 b 13.37 ± 18.90 b 16.77 ± 23.72 b 0.00 ± 0.00 b 0.00 ± 0.00 b 

Conc-concentration, CdCl2-cadmium chloride, VCL-curvilinear velocity, VSL-straight-line velocity, VAP-average-path velocity, LIN-linearity, STR-
straightness, WOB-wobble, ALH-amplitude of lateral head displacement and BCF-beat-cross frequency, a – c = significantly different data 
relevant to the concentration of CdCl2 (P<0.05). 
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Figure 35: Average rhesus monkey motility parameters that presented significant data at 15 and 120 minutes of exposure to 
Cadmium chloride (10-500 µg/ml). a and b = significantly different at each time point (P<0.05)  

 

 
Figure 36: Average rhesus monkey kinematic parameters that presented significant data at 15, 60 and 120 minutes of exposure to 
Cadmium chloride (10-500 µg/ml). a - c = significantly different at each time point (P<0.05)  
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Figure 37: Average rhesus monkey kinematic parameters that presented significant data at 60 and 120 minutes of exposure to 
Cadmium chloride (10-500 µg/ml). a and b = significantly different at each time point (P<0.05)  

 

 

4.2.3.2 Hyperactivation 

 As previously described the stimulant caffeine was used to induce hyperactivation. Caffeine was used at a 

concentration of 5 mM and 100 µg/ml of each metal in combination with it. One sample was exposed to 

caffeine, a metal and a combination of the two. Unfortunately, due to the rhesus monkey being a seasonal 

breeder, more semen samples could not be collected to increase the repeats of this experiment. The motility 

of the sample was measured at 10, 20, 35, 50, 65 and 80 minutes. The percentage hyperactivation are 

displayed in the Table 36 and 37.  
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Table 36: The percentage sperm hyperactivation of the rhesus monkey sample after exposure to CuSO4 (100 µg/ml) and caffeine 
(5 mM) at 10, 20, 35, 50, 65 and 80 minutes incubation time (n= 1). 
 
 

Time 
(min) 

CuSO4 and Caffeine 
(µg/ml)      (mM) 

Hyperactivation  
(%) 

10 Control  63.47 
Caf [5] 70.41 
CuSO4 [100] 71.86 
Caf [5]+ CuSO4 [100] 71.14 
  

20 Control  58.10 
Caf [5] 59.26 
CuSO4 [100] 37.95 
Caf [5]+ CuSO4 [100] 79.60 
  

35 Control  59.11 
Caf [5] 68.80 
CuSO4 [100] 35.64 
Caf [5]+ CuSO4 [100] 64.09 
  

50 Control  65.62 
Caf [5] 78.77 
CuSO4 [100] 41.14 
Caf [5]+ CuSO4 [100] 71.68 
  

65 Control  67.65 
Caf [5] 81.70 
CuSO4 [100] 28.57 
Caf [5]+ CuSO4 [100] 74.44 
  

80 Control  65.92 
Caf [5] 72.73 
CuSO4 [100] 14.38 
Caf [5]+ CuSO4 [100] 59.82 
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Table 37: The percentage sperm hyperactivation of the rhesus monkey sample after exposure to CdCl2 (100 µg/ml) and caffeine 
(5 mM) at 10, 20, 35, 50, 65 and 80 minutes incubation time (n= 1). 
 

 

Time 
(min) 

CdCl2 and Caffeine 
(µg/ml)      (mM) 

Hyperactivation  
(%) 

10 Control  41.13 
Caf [5] 71.20 
CdCl2 [100] 37.76 
Caf [5]+ CdCl2 [100] 61.50 
  

20 Control  36.31 
Caf [5] 94.48 
CdCl2 [100] 29.07 
Caf [5]+ CdCl2 [100] 74.14 
  

35 Control  17.71 
Caf [5] 82.32 
CdCl2 [100] 26.42 
Caf [5]+ CdCl2 [100] 66.13 
  

50 Control  16.26 
Caf [5] 66.48 
CdCl2 [100] 14.97 
Caf [5]+ CdCl2 [100] 53.95 
  

65 Control  11.26 
Caf [5] 69.40 
CdCl2 [100] 23.44 
Caf [5]+ CdCl2 [100] 54.56 
  

80 Control  31.14 
Caf [5] 76.72 
CdCl2 [100] 8.98 
Caf [5]+ CdCl2 [100] 49.27 

             
 

 

After 80 minutes of exposure to CuSO4, the percentage hyperactivation presented a lower value for the 100 

µg/ml concentration and Caffeine maintained the percentage hyperactivation to values higher than the 

control. After 80 minutes of exposure to CdCl2, the same effect was seen as with CuSO4 exposure. However, 

due to the evaluation of only one sample for each metal, calculated averages could not be determined, 

statistics could not be performed, and therefore we cannot indicate the true effect of the metals on rhesus 

sperm hyperactivation. These results only indicate the effect of these metals on one sample, but a definite 

effect is seen after 80 minutes with the 100 µg/ml concentration of CdCl2 and CuSO4.  
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Chapter 5:  Discussion and Conclusion  

An estimated 50-80 million people world-wide are affected by infertility (Mati, 2004) and furthermore 48.5 

million couples are unable to conceive (Mascarenhas et al., 2012). Infertility is present in both males and 

females and there are many factors that contribute to these high rates. According to Andrology Australia 

(2016), male infertility is diagnosed when, after testing both partners, reproductive problems are found in 

the male. It is estimate that one in twenty men has some kind of fertility problem often associated with low 

numbers of spermatozoa in his ejaculate. The causes of male infertility include: sperm production problems 

such as varicocele; blockage of sperm transport, for example through the absence of vas deferens; sexual 

problems such as erectile dysfunction; hormonal problems; or sperm antibodies through injury or infection 

in the epididymis (Andrology Australia, 2016). 

Male infertility was the focus of this study, specifically the function of spermatozoa, as sperm dysfunction 

has been identified as a common cause of male infertility (Aitken et al., 1991). Sperm functional tests have 

been revealed to be a more suitable option to identify functionally deficient sperm (Lamb, 2010) than a 

standard semen analysis because it is not a test of fertility (Jequier, 2010).  

Since sperm abnormalities are regarded as indicators for reduced fertility in both human and nonhuman 

primates, it’s necessary to develop methods based on nonsubjective techniques for measuring individual 

sperm characteristics (Valle et al., 2012).  

Non-human primates (NHPs) formed the research models for this study due to their phylogenetic closeness 

to humans (Bornman et al., 1988; Dancet et al., 2011). The focus species for this study were vervet monkey 

(Chlorocebus aethiops), chacma baboon (Papio ursinus), and rhesus monkey (Macaca mulatta). These three 

primates were selected, as Old World Primates have been found to be more applicable human models than 

New World Primates (van der Horst, 2005). The Chacma baboon are closer to humans than macaque (Simerly 

et al., 2010) and have been found to be an appropriate research model for human reproduction (Dancet et 

al., 2011).  

The aim of this study was to evaluate NHP spermatozoa using established sperm functional tests for humans, 

design novel techniques for sperm analysis in primates and standardize protocols for future studies on male 

infertility. It was ultimately our objective to assess NHP sperm function in order to use these species as 

primate models for future reproductive studies in order to explain high infertility rates in humans. 

The functional tests employed for this study were sperm motility and longevity, vitality, DNA integrity, 

acrosome intactness and hyperactivation. The NHPs sperm functionality was first evaluated using these tests, 
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in order to optimise each test for the three primate species. Secondly, once all functional tests were 

performed, the tests were repeated with the addition of chemicals to the incubation media in order to verify 

the sensitivity of each functional test. The chemicals used were two heavy metals, namely copper sulphate 

(CuSO4) and cadmium chloride (CdCl2). As previously mentioned, high doses of CdCl2 exposure causes rapid 

testicular edema, haemorrhage and necrosis (Puluputturi and Dayapulae, 2012) and CuSO4 significantly 

reduces the motility of both moving sperm and resting sperm (Chen et al., 2011). Previous studies have 

shown that the metals decrease human sperm motility at concentrations of 250µg/ml CuSO4 and 500µg/ml 

CdCl2, after five hours of exposure (Israel, 2013; Prag, 2013). The metals were therefore used at these 

concentrations in order to produce an inhibitory affect on NHP sperm function. However, due to low quality 

and limited availability of semen samples, certain functional tests could not be completed for the baboon 

and rhesus monkey, respectively. 

5.1 Optimization 

As mentioned above, the NHPs sperm functionality was first evaluated using the selected tests usually 

employed to evaluate human semen samples, in order to optimise each test for the three primates to 

acquire species specific data. This baseline data were compared to results obtained from treatment tests 

and ultimately could be further applied in a clinical or experimental set-up.  

5.1.1 Preparation method 

This study required the appropriate preparation method to obtain a suitable sperm sample for functional 

testing for all three species of NHPs.  

A study by Morell and Rodriguez-Martinez (2009) has demonstrated various separation and selection 

techniques to obtain improved sperm quality. Their separation technique included washing of semen and 

the selection technique included the methods of migration (swim-up), filtration (glass wool, membranes) 

and centrifugation on a colloid (density gradient, single layer) (Morell and Rodriguez-Martinez, 2009). Colloid 

centrifugation methods were found to offer the best possibility for selecting good quality spermatozoa and 

removing cellular debris and pathogens which may be present in seminal plasma (Morell and Rodriguez-

Martinez, 2009). More specifically, density gradient centrifugation (DGC) separates motile, morphologically 

normal, chromatin-intact spermatozoa from the rest of the ejaculate (Morell, 2006). The silane-coated silica 

colloids have the advantage of being autoclavable and stable for long periods in salt solutions, thus 

permitting standardised ready-to-use formulations to be sold comercially, such as PureSperm (Morell and 

Rodriguez-Martinez, 2009).  
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A study by Hernandez-Lopez et al. (2005), compared the effects of two density gradient centrifugation 

substances, Percoll and PureSperm, on common marmoset semen and it was found that these substances 

are not toxic to marmoset sperm. As many NHPs develop a tight coagulum following ejaculation, 

spermatozoa are only easily recovered from the liquid phase. Samples are also prone to contamination from 

bacteria from the penis skin and/or hair surrounding the genitals. Therefore DGC using Percoll, PureSperm 

or other silica-based products, is the better choice to obtain good quality samples (Hernandez-Lopez et al., 

2005). A second study by Sakkas et al. (2000), demonstrated the use of Percoll and PureSperm, as well as 

the Swim-up method to separate human spermatozoa with chromatin and nuclear DNA anomalies. It was 

found that the Swim-up technique was not efficient at isolating a population of spermatozoa with a low 

percentage of nuclear anomalies, whereas the DGC substances significantly reduced the percentage of 

spermatozoa with nuclear DNA damage (Sakkas et al., 2000).  

These previous studies clearly indicate the benefit of using density gradient centrifugation, therefore the 

preparation methods compared in this study were PureSperm (PS) and Swim-up (SU). The PureSperm 

selected sperm preparations presented a significantly higher motility average and sperm concentration for 

the vervet monkeys compared to the Swim-up, and presented a similar trend for baboon and rhesus 

monkeys. It was therefore decided to use the PureSperm selection method for all further functional testing, 

unless stated otherwise. 

5.1.2 Motility and Longevity 

A time-based study was performed in order to evaluate motility and longevity, and motility parameters were 

measured every 15 minutes with the use of the CASA system. The motility parameters of the five vervet 

samples, however, presented no significant data when the different time points were compared. Although 

no significant data was seen, a definite trend was noted, with the average percentages being halved for 

almost all the parameters after 75 minutes. This insignificant data may be due to the high standard deviations 

arising from inconsistent samples as well as a change in sample size from five to four at 60 and 75 minutes 

due to low sample quality . Another reason for insignificance may be due to the short 15 minute interval 

period between time points of analysis and would therefore require longer periods of intervals between 

analysis in order to see an effect.  

Only two motility parameters presented significant data when compared to the semen samples for the 

twelve baboon samples measured only after 15 minutes of incubation. Motility over time could, however, 

not be measured here. The two siginifcantly higher motility parameters were percentage Medium 

spermatozoa (P=0.003) and BCF (P<0.001) in PS samples compared to the semen. A higher percentage of 

http://etd.uwc.ac.za



 

99 
 
 

medium spermatozoa in PS would be expected as PS contains a higher percentage of motile spermatozoa 

compared to semen. The increased BCF in PS further proves the ability of the method to select good quality 

sperm for testing. According to a previous study, PS has been shown to significantly improve BCF compared 

to their original semen samples (Chen and Bongso, 1999). Additionally a trend of higher motility and 

kinematic parameters in PS compared to semen was noted for the baboon samples and was used as 

reference for subsequent testing.  

Four motility parameters presented with significant data for the nine rhesus samples when compared to the 

semen samples. A time based study could also not be performed and therefore we were unable to evaluate 

longevity. The significant motility parameters in PS compared to semen were LIN (P=0.004), STR (P=0.001), 

WOB (P=0.016) and ALH (P=0.02). These parameters were seen to have low standard deviations for PS 

samples in comparison to the semen samples and other parameters. Again the PS preparations tend to have 

higher motility and kinematic parameters as seen for the vervet and baboon samples. 

Reason being for the inability to perform time-based studies was due to time constraints and low quality 

samples for the baboon and rhesus samples. Therefore, this became an objective for validation testing in 

order to obtain better quality samples and measuring motility over time as longevity has been said to be an 

indicator of fertility (WHO, 1999). The vervet species, however, allowed for measurement over time, but 

presented no significant data and therefore it was decided to measure motility at less time points but with 

longer intervals in order to allow the treatments to take effect. Therefore validation testing included the use 

of time points 15, 60 and 120 minutes of incubation in order to see an effect and the continued use of PS for 

sperm preparation. 

According to a previous study, vervet samples obtained by rectal electroejaculation had few or no motile 

spermatozoa, except for one that yielded approximately 0.2 X 106/ml with 28 % motility (Sparman et al., 

2007). Similar results were also obtained for some vervet samples used in the current study and could 

therefore partly explain the insignificant data obtained after testing and analysis for vervet samples. 

However, the motility test in this instance was shown to be successful in measuring the motility parameters 

and the longevity of at least one species of the focus NHPs. According to the study by Seier et al. (1989), the 

motility percentage of vervet males with unknown fertility and males with known fetility was found to be 

55.40 ± 18.40% and 43.64 ± 19.10%, respectively. These values are lower that what we obtained, with a total 

motility ranging from 50-80%. For baboon sperm motility, a study by Nyacheio et al. (2012) reported a 

motility percentage of 61.22-67.33%, which is similar to what we obtained from our semen samples (61.44 

± 18.76%) and an even higher percentage when prepared with PS (82.37 ± 13.60%).  According to Lanzendorf 
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et al. (1990), the sperm motility of rhesus monkeys was reported to be 76.8-86.8%, however we obtained 

lower values for both semen (38.10 ± 27.46%) and PS (54.20 ± 26.17%) samples. The study by Maree and 

van der Horst (2012) found the motility percentage of the semen of these three species to be 57.4 ± 15.5% 

(vervet monkey), 73.4 ± 16.7% (chacma baboon) and 69.2 ± 10.2% (rhesus monkey). These findings were 

somewhat similar to what we obtained as the vervet monkey results fell into the range of 50-80%, the 

baboon results were in the 60% range and higher for PS, however our rhesus monkey results were lower 

than what was seen in this previous study. The study also obtained the following motility and kinematic 

parameters after Swim-up preparation with Ham’s F10 medium (Invitrogen, Cape Town, South Africa). For 

vervet monkey, motility 94.7 ± 4.7%, VCL 328.8± 18.6 µm/s, VSL 293.0 ± 24.4 µm/s, VAP 315.4 ± 20.6 µm/s, 

LIN 89.0 ± 4.4%, STR 92.8 ± 3.0%, WOB 95.9 ± 1.8%, ALH 3.0 ± 0.2 µm and BCF 13.9 ± 1.2 Hz. For the baboon, 

motility 93.9 ± 2.9%, VCL 367.7 ± 45.5 µm/s, VSL 337.8 ± 40.2 µm/s, VAP 357.2 ± 44.2 µm/s, LIN 92.0 ± 3.6%, 

STR 94.7 ± 3.0%, WOB 97.2 ± 1.2%, ALH 3.4 ± 0.4 µm and BCF 15.4 ± 1.4 Hz, and for the rhesus monkey, 

motility 94.0 ± 5.5%, VCL 292.3 ± 19.2 µm/s, VSL 217.6 ± 34.3 µm/s, VAP 251.6 ± 27.9 µm/s, LIN 74.2 ± 9.3%, 

STR 86.1 ± 5.4%, WOB 85.9 ± 5.8%, ALH 4.0 ± 0.4 µm and BCF 17.3 ± 1.3 Hz (Maree and van der Horst, 2012). 

All these values for motility and kinematic parameters, for all three NHPs, are higher than what we obtained 

in the current study, except for LIN, STR, WOB and BCF, which presented lower values for the rhesus monkey. 

These higher values may be due to the difference in preparation of the spermatozoa in this previous study, 

as the semen samples were prepared with the Swim-up technique and we made use of the PureSperm 

method. Furthermore, sperm motion parameters of the rhesus monkey were evaluated as part of a study 

by Hung et al. (2009), however, no dramatic changes were noted and only after chemical activation was 

there a decrease (VAP, VSL, LIN, BCF and  STR) and increase (VCL and ALH) in some parameters. The only 

similar effect was noted for ALH in PS samples being signifcantly higher than in the semen samples. These 

results therefore do indicate that we were successful in measuring the baseline motility parameters of our 

three NHPs. 

5.1.3 Vitality  

Vitality assessment involved the use of three methods, namely Eosin-Nigrosin staining, Hoechst and 

Propidium Iodide staining and WST-1 cytotoxicity assay. These three different techniques were employed in 

order to optimise which method would be most sensitive in determining vitality of the three primate species 

and apply it in the validation part of the study.  
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5.1.3.1 Eosin-Nigrosin (E-N) 

Prepared samples were stained with E-N after a 15 minute and 75-90 minute (last time point reading) 

incubation time. The test was performed in order to evaluate the sensitivity of E-N to distinguish live 

spermatozoa, which remained white, from dead spermatozoa, which absorbed the eosin dye and stained 

pink. Vervet monkey samples were stained after incubation of 15 and 75-90 minutes and the percentage live 

sperm significantly decreased at the last time point. However, a discrepancy was noted at the first time point 

with the percentage total motility of the sample. The total motility was 78.30 ± 17.73% and the live sperm 

was 54.12 ± 17.52% at the 15 minute time point. The baboon and rhesus monkey samples could only be 

evaluated at one time point and therefore the ability of the test to distinguish between live and dead sperm 

could not be proven over time for these species. However, a similar discrepancy was noted for the baboon 

and rhesus monkey as found with the vervet samples, where the percentage total motility was higher than 

the percentage live spermatozoa at the 15 minute time point. 

The discrepancy could be due to the delay in time, ranging from five to ten minutes, from when the motility 

was analysed up until when the E-N smears were prepared. Another possible reason for the low vitality and 

high motility percentage could be due to the E-N stain did not stain the spermatozoa accurately. However, 

for the vervet samples, the vitality test was still sensitive in determining live from dead sperm as well as 

indicating a short time frame during which E-N staining should be performed for sperm vitality testing. A 

previous study by Seier et al. (1989) indicated the E-N staining to be successful for testing vitality of vervet 

monkey samples and also indicating a maximum of 68.00 ± 14.90% live sperm with a 55.40 ± 18.40% total 

sperm motility. This therefore proves that the high vitality with a lower motility is not uncommon for this 

species. A previous study with the use of drill (African forest baboon) sperm, reported on good results for 

viability testing (Maya-Soriano et al., 2015) with the use of E-N and a study by Talwar et al. (1979) also 

indicated the successful use of the stain for viability testing of rhesus monkey sperm. Another study on 

rhesus monkey sperm indicated a percentage live spermatozoa of 59.6 ± 30.5 (Thomsen, 2013), which is 

close to the 51.38 ± 5.06% at the 15 minute time point obtained for rhesus monkeys in this study. In the 

instance of this project, the baboon and rhesus species would require more testing to evaluate more than 

one time point and with a larger sample size. The E-N staining technique was still employed for validation 

testing in order to further test the sensitivity of the technique for the three species and also to select good 

samples with better time management as previous studies have shown this technique to be successful.  
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5.1.3.2 Hoechst and Propidium Iodide (H&P) 

Prepared samples were exposed to H&P and measured after 15 minutes and 45-60 minutes (last time point 

reading) of incubation. The test was performed in order to evaluate the sensitivity of it to distinguish live 

spermatozoa, which stained blue, from dead spermatozoa, which stained red. Vervet monkey samples were 

stained at 15 and 45-60 minutes; the data has shown a tendency to decrease at the last time point but this 

change was not significant. A similar discrepancy was noted for these samples as with the E-N stained 

samples. The live sperm was 49.58 ± 10.09% at the 15 minute time point, while the total motility was 61.35 

± 18.32%. The baboon and rhesus samples could only be evaluated at one time point and therefore the 

ability of the test to distinguish between live and dead sperm could not be proven over time for these species. 

However a similar discrepancy was noted for the baboon and rhesus monkey as with the vervet monkey 

samples, where the percentage total motility was higher than the percentage live spermatozoa at the 15 

minute time point. 

Reasons for the discrepancy could again be due to the time delay between motility analysis and preparation 

of the smears. Secondly, the H&P stains might not have accurately stained the sperm during the analysis. 

With regards to the baboon and rhesus samples, an added reason could be due to the low percentage total 

motility at the 15 minute time point seen for both species and as previously stated this low motility clearly 

indicates why the vitality of the samples were low.  

A study by Mdhluli et al. (2004) indicated the successful use of Hoechst 33258 for vitality testing of vervet 

monkey spermatozoa and yielded 78.75 ± 5.64% live spermatozoa, while this study obtained a lower value 

of 49.58 ± 10.09% at the 15 minute time point. A previous study by Putkhao et al. (2013), incorporated a 

similar staining technique (Viability kit, Invitrogen) for rhesus monkeys, using the SYBR 14 dye, staining live 

spermatozoa green and Propidium Iodide, staining dead spermatozoa red. It indicated a much higher 

percentage live spermatozoa of 58.18 ± 1.74 while we obtained a percentage live spermatozoa of 38.56 ± 

6.91. These previous studies further proves the reasons for the discrepancy in results and the test would 

require more testing and a larger sample size for all three species. As with E-N, the H&P staining technique 

was still employed for validation testing as these previous studies have shown the technique to be successful 

and to further test the sensitivity of the technique for the three species by selecting good samples with 

better time management.  

5.1.3.3 WST-1 cytotoxicity assay 

The WST-1 reagent was evaluated on three preparation methods, namely semen, PureSperm and Swim-up 

samples. Only the vervet monkey samples were used to evaluate this assay due to time constraints with the 
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other two species. The absorbances were read at 15 minute intervals until 45 minutes and the data 

presented a significant difference at the 15 minute time point, where semen presented a significantly higher 

absorbance value compared to Swim-up. However, Swim-up presented a significantly higher absorbance 

than PureSperm. As previously stated, the reason for these differences is due to the concentration of 

spermatozoa in the semen and Swim-up samples compared to the PureSperm. The semen and Swim-up had 

a higher concentration of spermatozoa and therefore more sperm cells to undergo the metabolic reaction 

when exposed to the reagent therefore producing the detectable formazan dye. According to Roche 

Diagnostics (2006), the reagent, tetrazolium salt, is cleaved by cellular enzymes, mitochondrial 

dehydrogenases, to formazan. The higher number of viable sperm cells in semen probably resulted in higher 

mitochondrial dehydrogenase activity which in turn increases the amount of formazan dye formed, which 

directly correlates to the number of metabolically active sperm cells (Roche Diagnostics, 2006).  The dye is 

read by a spectrophotometer, resulting in the absorbance value indicating the formazan produced only by 

viable cells.  

This assay proved to be a successful vitality test as it clearly indicated the relationship in the presence of live 

cells in the samples with the presence of the dye. A previous study by Aitken et al. (2003) indicated that the 

WST reagent is readily reduced by human spermatozoa. The PureSperm samples did present the lowest 

absorbance values compared to the semen and Swim-up, however, PureSperm was selected for validation 

tests, as it was the method of choice for preparation and all functional testing. An increase in absorbance 

values over time was also seen for all three methods, although this increase was not significant. As 

mentioned above, the reason for this increase could be due to the increased number of viable cells, 

increasing enzyme activity which increases the amount of dye formed over time. 

5.1.4 DNA Integrity  

The DeadEnd™ Fluorometric TUNEL System G3250 (Promega, USA) was employed in order to evaluate DNA 

integrity. The system is designed to detect and quantify apoptotic cells within a cell population. It measures 

nuclear DNA fragmentation, which is a hallmark of apoptosis (Promega Corporation, 2009) and thus, in terms 

of this project, it assesses sperm DNA integrity. The baboon and rhesus monkey samples were exposed to 

the system, however, the test proved unsuccessful for both species as fluorescence was not present and all 

samples revealed the same result as previously mentioned. There was no distinction between fragmented 

and non-fragmented DNA and therefore we no longer proceeded with this test and the evaluation of DNA 

integrity. This also provided reasoning for not attempting the test with the vervet monkey samples as well 

as further validation tests. According to a previous study by Mitchell et al. (2010), the conventional TUNEL 

http://etd.uwc.ac.za



 

104 
 
 

assay is not a sensitive method for analysing DNA fragmentation in human spermatozoa because the highly 

compacted nature of sperm chromatin impedes the ability of terminal transferase to access the sites of DNA 

cleavage. This provides reasoning for its failure when employed to evaluate the baboon and rhesus monkey 

samples. This assay would require modification and optimization for both human and primate sperm, which 

is further explained in the study by Mitchell et al. (2010), or alternatively, a different method for testing 

sperm DNA integrity should be selected. Furthermore, according to Agarwal et al. (2016), the TUNEL assay 

has its advantages in being sensitive, reliable, with minimal inter-observer variability and it can be performed 

on few spermatozoa, however, it lacks strict standardization, which makes comparison between laboratories 

more difficult, explaining the existence of many clinical thresholds (Feijo and Esteves, 2014).  

Henkel (2016), stated that there are currently eight tests available for sperm DNA fragmentation analysis, 

namely sperm chromatin structure assay (SCSA), TUNEL assay, Acridine Orange (AO), aniline blue staining 

(AB), chromomycin A3 staining (CMA3), toluidine staining (TS), Comet assay and sperm chromatin dispersion 

test (SCD), with its improved version called Halosperm assay. These tests, besides TUNEL, should therefore 

be considered for use in future studies when testing DNA integrity in NHPs. Other studies successfully 

evaluating DNA integrity in baboons and rhesus monkey spermatozoa involved the use of AO test (Cseh et 

al., 2000) and the Comet assay (Li et al., 2007).  

5.1.5 Acrosome Intactness 

Acrosome intactness was measured through the use of reagents FITC-PSA and FITC-PNA. Samples were 

exposed to these reagents in order to determine acrosomal status of spermatozoa. Those spermatozoa with 

intact acrosomes fluoresced green and those without an acrosome would appear dark when analysed with 

a fluorescence microscope. The FITC-PNA reagent did not produce measurable results and it was decided to 

forego this reagent and employ the FITC-PSA for further testing. The reason for the failure and success of 

these two reagents respectively, could be due to their difference in binding specificity. PSA binds to α-methyl 

mannoside residues localized in the acrosome contents (Cross et al., 1986), while PNA binds to β-ɒ-galactosyl 

residues localized on the outer acrosomal membrane (Mortimer et al., 1987). Therefore PSA labels the 

acrosome contents of suitably permeabilized spermatozoa while PNA labels glycoproteins of the outer 

acrosomal membrane in cells whose plasmalemma has been disrupted, and this might not have been the 

case with the primate spermatozoa at the time of evaluation (Mortimer et al., 1990). A study by Lybaert et 

al. (2009) has shown the successful use of FITC-PSA and FITC-PNA for acrosome reaction in mouse 

spermatozoa and another study by de Villiers (2006) has demonstrated the use of FITC-PNA for the 

evaluation of acrosomal status in vervet monkeys. Therefore it is recommended to undergo more testing in 
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order to distinguish whether or not FITC-PNA is suitable for other NHP spermatozoa. Furthermore, a study 

by Tollner et al. (1990) has demonstrated the successful labelling of cynomolgous monkey spermatozoa with 

the use of FITC-PSA as well as a study by Julius (1998), evaluating the induction of acrosome reaction in 

spermatozoa of Tana Mangabeys and De Brazza’s monkeys.  

Vervet monkey samples of Semen and PureSperm preparations were exposed to FITC-PSA after 15 and 45 

minutes of incubation. However, the data was found to be insignificant for the comparison of the two 

preparation methods as well as the two time points. A tendency in percentage intact acrosomes to decrease 

was seen after 45 minutes with an increase in percentage reacted acrosomes for both Semen and PureSperm 

preparations. The acrosome intactness test was successful in distinguishing intact from reacted acrosomes, 

however, as previously stated, because of insignificant data, further testing is required and with a larger 

sample size. The baboon and rhesus monkey samples could only be evaluated at one time point and 

therefore the ability of the test to distinguish between intact and reacted acrosomes could not be proven 

over time for these species. The test was, however, still considered for use for validation testing.  

5.1.6 Hyperactivation 

Hyperactivation is important in human fertility as the impairment of it may be related to infertility. 

Spermatozoa of infertile patients have a diminished capability to become hyperactivated (Munire et al., 2004) 

and thus emphasise the importance of the evaluation of hyperactivation during sperm functional testing. 

Hyperactivation was induced via the Flush technique with the use of stimulants and assessed through the 

use of the CASA system. Preliminary experiments was performed with the two stimulants Caffeine and 

Procaine at concentrations ranging from 1 to 10 mM, however only caffeine was selected at a concentration 

of 5mM because, as found in a study by Hong et al. (1981), this concentration is optimal for stimulating 

sperm motility. Another study by Colas et al. (2010) found that caffeine significantly increased the proportion 

of capacitated ram spermatozoa and was a potent inductor of hyperactivation. Procaine, however, was 

discarded, as caffeine produced better results, and it has been shown to be an inhibitor of sperm motility 

due to its membrane stabilizing ability (Hong et al., 1981).  

As mentioned in chapter 3, section 3.6.6, established rhesus monkey cut-off values were used in order to 

determine percentage hyperactivation for the 3 primate species. These cut-off values were: VCL≥130 µm/s, 

linearity ≤69% and ALH ≥7.5 µm (≥3.75 µm) (Baumber and Meyers, 2006).  

Vervet monkey samples were exposed to caffeine for 5, 15 and 30 minutes. The caffeine significantly 

increased the percentage hyperactivation at each time point compared to the control, however, the results 
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was insignificant over time for both the control and caffeine samples. Baboon samples were exposed to 

caffeine from 5 to 60 minutes, resulting in a significantly higher percentage hyperactivation at the 15 and 30 

minute time point compared to the control as well as an increase in hyperactivation over time. Rhesus 

samples were exposed to the stimulant from 15 to 60 minutes, and the percentage hyperactivation for the 

caffeine samples was significantly higher at the 45 and 60 minute time point compared to the control. 

However, there was no significant difference over time for both the control and caffeine rhesus samples. 

These results proved the stimulatory effect of caffeine to induce hyperactivation in spermatozoa of all three 

species according to VCL, LIN and ALH cut-off values (Baumber and Meyers, 2006). Hyperactivation was 

found to peak at 15 and 30 minutes for the baboon spermatozoa and at 45 and 60 minutes for the rhesus 

spermatozoa. It would be expected that the vervet monkey and baboon had many motile spermatozoa, 

however, one or two of the cut-off criteria for VCL, LIN and ALH may not have been met for these 

spermatozoa, as these criteria were specific for rhesus monkeys. Secondly, the cut-off values for the vervet 

monkey and baboon would be expected to be higher, than the standard rhesus monkey values applied here, 

if species specific values were first determined and applied for these two species. Time constraints in this 

study did, however, not allow for the establishment of more specific cut-off values for these NHPs.  

According to previous studies by Chan et al. (1982), Glover et al. (1990) and Wolf et al. (1990), caffeine and 

cAMP have been reported to enhance nonhuman primate sperm motility. A study by Baumber and Meyers 

(2006), presented results, where caffeine did not cause a significant increase in hyperactivated motility of 

rhesus monkey spermatozoa but only when combined with cAMP was there a significant increase. Another 

study investigating hyperactivation in the cynomolgus monkey produced the same result (Mahony and 

Gwathmey, 1999). This could possibly explain why the data was insignificant over time for the tested samples 

in this study. However, a study by Nyachieo et al. (2010) demonstrated that baboon sperm motility was 

significantly higher when exposed to caffeine individually as well as combined with dbcAMP.  

Their results are similar to hyperactivation results obtained in this study with the baboon caffeine samples 

being higher than the control, as well as being significant over time.  

This Flush technique with the use of Caffeine at a concentration of 5mM was therefore found to be successful 

in stimulating and inducing hyperactivation in these three primate species and was employed for validation 

testing.  
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All sperm functional tests employed in this study, except for DNA integrity testing, was found to be successful 

in evaluating the spermatozoa of the three primate species. These techniques were then applied to the 

second part of the study, repeating the functional tests with an added chemical to cause inhibition of sperm 

function. 

 

5.2 Validation 

The second part of this study involved repeating all functional tests performed in order to verify their 

optimization and validate the sensitivity of these tests. Due to time constraints, low quality and limited 

availability of semen samples, certain tests could not be completed for baboon (WST-1 assay and 

hyperactivation) and rhesus monkey (vitality, acrosome reaction and WST-1), respectively. 

Spermatozoa were prepared with the selected preparation method, PureSperm, and were exposed to 

chemicals copper sulphate (CuSO4) and cadmium chloride (CdCl2), shown to have an inhibitory effect on 

sperm function. This suspension was then used for all further functional testing. As previously stated, CuSO4 

has been seen to reduce sperm motility (Chen et al., 2011) and a study by Katayose et al. (2004) had found 

that higher concentrations of copper has significant adverse effects on sperm motility. CdCl2 has also been 

shown to cause testicular edema (Puluputturi and Dayapulae, 2012) and studies have shown that low levels 

of cadmium can result in decreased semen quality and/or altered reproductive hormone levels (Wirth and 

Mijal, 2010). These heavy metals were seen to have an effect at concentrations in the range of 250 µg/ml 

and 500 µg/ml and were therefore used in this study in order to cause an inhibitory effect. 

5.2.1 The effect of CuSO4 and CdCl2 on Motility and Longevity 

A time-based study was performed, similar to the first part of the study, where vervet monkey samples were 

exposed to different concentrations of CuSO4 and CdCl2 at 15, 60 and 120 minutes. CuSO4 significantly 

reduced various motility parameters all time points at the highest concentrations (100 µg/ml and 250 µg/ml) 

and a decrease in all parameters was seen after 120 minutes of exposure (Figure 17 and 18). The negative 

effect of CuSO4 was most prominently seen in progressive motility, rapid swimming spermatozoa, STR, WOB 

and BCF, which presented a common significant effect at two or all time points. After 15, 60 and 120 minutes 

of CdCl2 treatment, two (15 min), eight (60 min) and nine (120 min) parameters were found to have 

significantly lower values for the 100 µg/ml and 500 µg/ml concentrations compared to the control and other 

CdCl2 concentrations. After 120 minutes of exposure six parameters was also significantly lower compared 

to the control for the 50 µg/ml concentration (Figure 19 and 20). CdCl2 was seen to significantly reduce 
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motility at the highest concentrations and a decrease in all parameters was seen after 120 minutes of 

exposure. The parameters which presented a common significant effect at two or all time points were 

progressive motility, rapid swimming sperm, STR, ALH and BCF. Both metals presented a significant negative 

effect at their highest concentrations in the same set of motility parameters (progressive motility, rapid 

swimming sperm, STR and BCF). These specific motility parameters should therefore be considered as a 

standard for evaluating the effect of CuSO4 and CdCl2, or even other metals, on vervet monkey sperm motility.  

 

For the baboon samples, after 15, 45 and 75 minutes of CuSO4 treatment, three (15 min), one (45 min) and 

five (75 min) parameters presented significantly lower values for the 250 µg/ml concentration compared to 

the control and other concentrations of CuSO4 (Figure 27). However, some parameters presented a 

significant effect as well at 50 µg/ml and 100 µg/ml after 75 minutes. After 15, 45 and 75 minutes of CdCl2 

treatment, three (15 min), four (45 min) and eight (75 min) parameters presented significantly lower values 

for the 500 µg/ml concentration compared to the control and other concentrations of CdCl2. After 45 

minutes of exposure the percentage rapid swimming sperm also presented significance for all the CdCl2 

concentrations and was also significant for the control and 100 µg/ml concentration after 75 minutes (Figure 

28 and 29). These results indicate that both metals significantly reduced motility at their highest 

concentrations and a trend was noted with a decrease in all parameters after 75 minutes of exposure. The 

common parameters that presented a significant effect to CuSO4 at all three time points were LIN, STR and 

BCF, and to CdCl2 at two or all three time points, were rapid swimming sperm, VSL, LIN, STR and WOB. The 

common parameters between the two metals were LIN and STR, therefore, they should be considered as a 

standard for evaluating the effect of CuSO4 and CdCl2, or even other metals, on baboon sperm motility.  

 

For the rhesus monkey samples, after 15, 60 and 120 minutes of CuSO4 treatment, one (15 min), four (60 

min) and nine (120 min) parameters presented significantly lower values for the 250 µg/ml concentration 

compared to the control and other CuSO4 concentrations. After 120 minutes of exposure five parameters 

were also significantly lower for the 100 µg/ml concentration and one parameter, VAP, for the 50 µg/ml  

concentration (Figure 32, 33 and 34). After 15, 60 and 120 minutes of CdCl2 treatment, three (15 min), six 

(60 min) and twelve (120 min), parameters presented significantly lower values for the 500 µg/ml 

concentration compared to the control and other CdCl2 concentrations. After 60 minutes of exposure one 

parameter, straightness, was also significantly lower for all the CdCl2 concentrations compared to the control 

(Figure 35, 36 and 37). As for the baboon, these results indicate that both metals significantly reduced 

motility at their highest concentrations and a trend was noted with a decrease in all parameters after 120 
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minutes of exposure. The common parameters which presented a significant effect to CuSO4 at two and all 

three time points were STR, WOB, ALH and BCF, and to CdCl2 at two or all three time points, were medium 

swimming sperm, LIN, STR, WOB, ALH and BCF. The common parameters between the two metals were STR, 

WOB, ALH and BCF, therefore, they should be considered as a standard for evaluating the effect of CuSO4 

and CdCl2, as well as other metals, on rhesus monkey sperm motility.  

 

The last time point for each species presented the most parameters which were significant for both metals, 

except for the vervet samples, which had the most significant parameters at the 60 minute time point. This 

indicates that the metals had a more prominent inhibitory effect at the last time point and with the highest 

concentration of the metals.  

 

According to a previous study, cadmium chloride has been found to reduce sperm concentration and motility 

in adult rats (Xu et al., 2001), and in human studies, it has been found that men with significantly higher 

blood cadmium levels had low sperm motility (Wirth and Mijal, 2010). With regards to copper, a study by 

Roblero et al. (1996) showed that 100 µg/ml copper ion (Cu2+) significantly affected human sperm motility. 

Other studies indicated that high concentrations of copper in the seminal plasma is correlated with reduced 

sperm motility and may render sperm immotile (Roblero et al., 1996; Wong et al., 2001; Eidi et al., 2010). 

 

Previous studies by Roychoudhury et al. (2008) and Slanina et al. (2015) indicated motility parameters that 

were significantly affected from exposure to CuSO4. The first study indicated a significant decrease in VAP, 

VCL and VSL at time points 0, 60 and 120 minutes, as well as STR, LIN, WOB, ALH and BCF were altered for 

rabbit sperm motility parameters (Roychoudhury et al., 2008). The study also indicated a non-significant 

decrease in ALH, which indirectly confirmed the decrease in progressive motility and BCF significantly 

decreased at the 0 and 60 minute time point (Roychoudhury et al., 2008). The second study indicated 

significantly lower values when analysing turkey spermatozoa for total motility and progressive motility after 

30 minutes of exposure to CuSO4 at concentrations ranging from 12.5 µg/ml to 50 µg/ml. A different study 

on turkey spermatozoa also presented a significant decrease in VCL, ALH and BCF (Slanina et al., 2015). In 

this current study the parameters which presented with significance for all three primate species across the 

three time points were progressive motility, rapid swimming spermatozoa, LIN, STR, WOB, ALH and BCF, 

which are similar to what was found in these previous studies and therefore confirms the negative effect of 

CuSO4 on sperm motility and kinematics.  
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Copper is the metal cofactor for a variety of enzymes, including amine oxidase, copper-dependent 

superoxide dismutase, cytochrome oxidase and tyrosinase (Abdul-Rasheed, 2010). Copper not only 

promotes ROS formation, but can also bind directly to the free thiol groups of cysteine. In consequence, 

excess copper can lead to oxidation and crosslinks between proteins, thus inactivating enzymes or impairing 

structural proteins (Aydemir et al., 2006). Since spermatozoa contain high concentrations of polyunsaturated 

fatty acids and generate ROS, mainly superoxide anion and hydrogen peroxide, they are particularly 

susceptible to peroxidative damage (Wong et al., 2001), including lipid peroxidation. The enhanced 

production of free radicals reduces oxidative processes and glucose consumption, which reduces or 

abolishes sperm motility (Abdul-Rasheed, 2010) and damage to lipid membranes induced by ROS has been 

proposed as one of the major causes of human male infertility (Huang et al., 2000).  

 

According to Adamkovicova et al. (2012, 2016), after Wister rats were exposed to CdCl2, significant changes 

were seen in all sperm motion parameters. They reported a significant decrease in total motility, progressive 

motility, parameters reflecting velocity characteristics as well as STR, LIN, WOB, ALH and BCF. These findings 

confirmed the positive relationship between cadmium levels and asthenozoospermia, supporting the 

hypothesis that environmental exposure may contribute significantly to reduced sperm motility (Xu et al., 

2001; Benoff et al., 2009). In this current study CdCl2 was seen to significantly reduce progressive motility, 

rapid swimming spermatozoa, VSL, LIN, STR, WOB, ALH and BCF across the three time points and for all three 

species. These parameters were similar to what was found in these previous studies and therefore confirms 

the negative effect of CdCl2 on sperm motility.   

 

The decrease in sperm motility after exposure to CdCl2 might be explained by cadmium’s effects on 

microtubules and sperm mitochondrial function (Oliveira et al., 2009 (b)). A study by Kanous et al. (1993) 

found that cadmium inhibits microtubule sliding in bovine sperm, and microtubule sliding is in the base of 

flagellar motion (Oliveira et al., 2009 (b)). Oliveira et al. (2009 (b)) found that cadmium exposure affected 

sperm mitochondrial function and previous study by Au et al. (2001) also showed the deformation of 

mitochondrial cristae in sea urchin after direct exposure to cadmium. Since cadmium competes with calcium 

for calmodulin binding (Lindemann et a., 1991), and calcium calmodulin binding is important for sperm 

motility, calmodulin inhibition results in decrease in sperm motility (Schlingmann et al., 2007). As previously 

mentioned, the sperm membrane contains a characteristic high level of unsaturated fatty acids which makes 

spermatozoa susceptible to oxidative damage (Gravance et al., 2003). Low levels of ROS production by 

spermatozoa are necessary for physiological processes involving sperm capacitation and acrosome reaction. 
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However, excessive generation of ROS leads to reduced mitochondrial membrane potential and is associated 

with a decreasing energy availability, which may impede sperm motility (Wang et al., 2003; Tremellen, 2008).  

 

As previously stated, in this study, a definite trend was noted, where all motility parameters presented a 

decrease at the last time point and some parameters were significantly reduced. This effect of the metals 

was seen in all three NHP species. Therefore, it is clear that CusO4 and CdCl2 reduced sperm motility in the 

three primate species and the motility tests employed were sensitive to this change. 

5.2.2 The effect of CuSO4 and CdCl2 on Vitality  

As previously stated, certain functional tests could not be completed due to the specified reasons, one of 

these tests being vitality for the rhesus monkey. 

5.2.2.1 Eosin-Nigrosin (E-N) and heavy metal exposure 

As in the first part of the study, prepared samples were exposed to concentrations of CuSO4 and CdCl2, after 

which they were stained with Eosin-Nigrosin after 15 minutes and at the last time point of exposure. The 

vervet monkey samples were found to be insignificant for both live and dead spermatozoa at the two time 

points, 15 and 120 minutes, for both metals. As previously stated, this either indicated that the metals had 

no effect on the vitality of the spermatozoa or the vitality test was unable to detect any change caused by 

the metal on the spermatozoa. Due to the sampling effect observed where the control had lower values than 

samples exposed to the metals, this could also be a reason for the results obtained.  

The baboon samples proved insignificant for both live and dead spermatozoa at the two time points, 15 and 

90 minutes, for the CuSO4 concentrations, as seen for the vervet samples. However, exposure to CdCl2 

yielded different results. After 15 minutes a significant decrease was seen for the percentage live 

spermatozoa for the 500 µg/ml concentration, with a significant increase in values for the percentage dead 

spermatozoa. After 90 minutes of exposure, however, no significant difference between the control and 

exposed preparations were found for both live and dead spermatozoa. These results suggest that, as with 

the vervet monkey samples, CuSO4 had no effect on the vitality of the baboon spermatozoa or the vitality 

test was unable to detect any change caused by the metal. The test did, however, detect the negative effect 

of CdCl2 on sperm vitality, but only at the 15 minute time point, which may be due to the large standard 

deviations recorded at the 90 minute time point.  

According to a previous study, significant negative correlations were found between seminal plasma copper 

concentrations and sperm vitality (P<0.01) (Eidi et al., 2010). Two studies by Babaei and Abshenas (2013) 
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and Tabassomi and Alavi-Shoushtari (2013) illustrated the successful use of the E-N stain to evaluate sperm 

vitality. Both studies indicated a significant decrease in percentage live spermatozoa after the consumption 

of copper by rats (Babaei and Abshenas, 2013) and a significant decrease in viability after exposure of water 

buffalo spermatozoa to 0.064 mg/l CuSO4 (Tabassomi and Alavi-Shoushtari, 2013). This effect of CuSO4 was 

however not evident in E-N stained spermatozoa in the current study. A study by Zhao et al. (2015), 

demonstrated the use of E-N staining for the evaluation of vitality in rat spermatozoa and found that 

cadmium significantly lowered sperm vitality (P<0.01) similar to the negative effect seen in our baboon 

samples. 

Taking the results from previous studies into account, the use of the E-N stain to test the effect of the two 

heavy metals on primate spermatozoa was thus inconclusive in the current study. Since this vitality test was 

sensitive to the effect caused by one metal (CdCl2) in one primate species (baboon), it would require more 

testing in order to validate its sensitivity. The reason for this anomaly is not clear, and the possibility that the 

technique used is species specific can be ruled out due to previous studies on spermatozoa from drill (African 

forest baboon) (Maya-Soriano et al., 2015) rhesus monkey (Talwar et al., 1979) successfully employing E-N 

viability testing of primate spermatozoa.   

5.2.2.2 Hoechst and Propidium Iodide (H&P) and heavy metal exposure 

As in the first part of the study, prepared samples were exposed CuSO4 and CdCl2, after which they were 

stained with H&P after 15 minutes and the last time point of exposure. In the vervet monkey samples, no 

effect was seen on sperm vitality after 15 minutes of exposure to CuSO4. However, after 120 minutes, a 

significant decrease in the percentage live spermatozoa was found for the 100 µg/ml and 250 µg/ml 

concentrations. Treatment with CdCl2 proved the same result, with no effect on vitality at the 15 minute 

time point, but a significant decrease was seen after 120 minutes in the percentage live spermatozoa 

exposed to 500 µg/ml CdCl2. For the baboon species, only one sample could be evaluated and therefore the 

ability of the test to detect the effect of the metals could not be proven. However, after 60 and 75 minutes 

of exposure to metals, the percentage live spermatozoa presented a 0 value for all the concentrations of 

CuSO4 and at the 500 µg/ml concentration of CdCl2. These provisional results suggest that the metals have a 

negative effect on baboon sperm vitality. However, in order to validate the sensitivity of test, more testing 

is required with a larger sample size. These results indicate that the metals did not have an immediate effect 

on sperm vitality but the vitality test was sensitive to the effects of the metals. 

As stated with the Eosin-Nigrosin staining, previous studies have shown negative correlations between 

seminal plasma copper concentrations and sperm vitality (Eidi et al., 2010) and copper has been correlated 
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with the disturbance of semen parameters, one being sperm viability (Hamad et al., 2014). According to 

Pizent et al. (2012), several studies have found evidence that low-levels of cadmium affects semen quality. 

With regards to the vervet samples, an effect was only seen after the last time point for both metals, which 

indicates that a longer incubation period is required in order for the test to detect change in the sperm 

vitality. The provisional baboon results indicated that all CuSO4 concentrations caused a decrease in vitality, 

while only the 500 µg/ml CdCl2 had an effect, also at the last time point of testing. A previous study by Cardaci 

(2016), used the LIVE/DEAD assay (the SYBR® and Propidium iodide dyes) to measure sperm viability of the 

Drosophila after exposure to cadmium concentrations ranging from 10 µM to 500 µM CdCl2. It was found 

that there was an increase in the number of dead sperm proportional to increasing amounts of CdCl2 (Cardaci, 

2016). The possible mechanism behind this effect may be explained by the work of Oliveira et al. (2009 (b)), 

which showed CdCl2 exposure resulted in DNA fragmentation in rats. Therefore nuclear degradation is 

occurring in the CdCl2 treated spermatozoa and this is supported by the high number of dead sperm (Cardaci, 

2016). These previous findings therefore support the effects of copper and cadmium seen on sperm vitality.  

5.2.2.3 WST-1 cytotoxicity assay and heavy metal exposure 

As in the first part of the study, only vervet samples were tested, where samples were exposed to CuSO4 and 

CdCl2, after which they were treated with the WST-1 reagent. The absorbances were read at 60, 120 and 180 

minutes of incubation (37 °C). The data presented a significant decrease in absorbance only after 180 

minutes of exposure for both metals. This significance was seen at the 50 µg/ml, 100 µg/ml and 250 µg/ml 

concentrations CuSO4 and all the CdCl2 concentrations. A definite trend was seen with the CuSO4 exposure, 

where the absorbance values decreased with an increase in CuSO4 concentration for all three time points. 

After exposure to CdCl2, the absorbance values decreased with an increase in CdCl2 concentration except for 

the 500 µg/ml concentration where a slight increase was noted. Previous study by Aitken et al. (2003), 

indicated that human spermatozoa have the ability to reduce the WST-1 reagent and this significant effect 

was only seen after 180 minutes of incubation. This provides reasoning for the significant decrease in 

absorbance seen only after 180 minutes for this study. Another study by Ohtani et al. (2004), indicated that 

most tetrazolium (MTT, WST) assays have the ability to detect sperm toxicity caused by introduced chemical 

agents and WST-3 is thought to be the best for sperm analysis. Park et al. (2012) investigated the freezing 

and thawing damage caused to spermatozoa, and also demonstrated the successful use of WST-1 in order 

to evaluate sperm viability.  

A study by Knazicka et al. (2012), evaluated the effect of copper ions on the viability of buffalo spermatozoa. 

The spermatozoa was exposed to concentrations of copper ranging from 3.9 µM/l to 1000 µM/l and viabilty 
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was measured by the MTT (metabolic activity) assay. Sperm viability was found to decrease significantly for 

all concentrations of copper and proved that this heavy metal, at high doses, are  toxic to sperm motility and 

this subsequently disrupts the viability of spermatozoa (Knazicka et al., 2012). This result was also seen in 

the current study, especially for the vervet samples, where copper significantly decreased sperm motility 

and would therefore confirm the significant decrease in vitality seen via the WST-assay. 

As mentioned in section 5.2.1, copper toxicity leads to ROS production followed by protein and lipid 

oxidation (Olivari et al., 2008). This was negatively correlated with sperm motility and viability (Tvdra et al., 

2013). Once copper is taken up into a cell, the excess of it is reduced to cuprous ions that readily bind with 

sulfhydryl groups (Vlarengo et al., 1980), interfering with electron transport and inhibiting ATP production 

(Wimalasena et al., 2007). Copper also accumulates in the sperm mitochondria (Earnshaw et al., 1986), 

decreasing the mitochondrial membrane potential while causing ROS formation, leading to oxidative 

damage (Krumschnabel et al., 2005). In a study by Dawson et al. (1998), the effect of seminal plasma metals, 

one being cadmium, were compared to sperm viability and it was found that the metals levels were inversely 

correlated with the percentage of live sperm, (cadmium, P<0.01). The presence of these metals exerted a 

toxic effect on spermatozoa (Dawson et al., 1998). Previous studies also found that cigarette smoking has 

detrimental effects on sperm vitality, presenting negative correlations (Emad et al., 2012) and reduced 

sperm vitality (Chia et al., 1994). This cadmium induced toxicity effect is believed to be due to increased 

oxidative stress (Liu et al., 2010), the generation of ROS resulting  in oxidative deterioration of lipids, proteins 

and DNA (Kaur and Sharma, 2015), which impairs sperm quality.  

The current study’s results and findings thus indicate that both metals had a negative effect on sperm vitality, 

with a decrease seen in absorbance values, as absorbance shows the direct proportion of viable cells 

therefore illustrating a decrease in live spermatozoa (Park et al., 2012). Therefore, this test was successful 

and sensitive to the change elicited by the metals on vervet sperm vitality. However, tests were performed 

on only one species, therefore more testing is required in order to further prove its sensitivity.  

 

Out of the three vitality tests employed, the WST-1 assay was the most successful in evaluating sperm vitality 

and the effect of the metals, as the first tests proved insignificant results at some time points. The WST assay 

would therefore be best suited for further vitality and toxicity tests of other primate species.  
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5.2.3 The effect of CuSO4 and CdCl2 on Acrosome Intactness 

As previously stated, certain functional tests could not be completed due to the specified reasons, one of 

these tests being acrosome intactness for the rhesus monkey.  

As in the first part of the study, FITC-PSA reagent was employed to evaluate acrosome intactness. Samples 

were exposed to CuSO4 and CdCl2, after which they were exposed to the reagent. For the vervet monkey 

samples, however, the data was found to be not significant for percentage intact and reacted acrosomes, 

after 15 and 120 minutes, for both metals. The test did detect acrosomes that had reacted, as both metals 

presented lower values for the percentage intact acrosomes in comparison to the percentage reacted 

acrosomes for all concentrations of  CuSO4 and CdCl2, therefore distinguishing between intact and reacted, 

however this change was not significant. The baboon samples, however, presented a significant decrease in 

percentage intact and an increase in percentage reacted acrosomes for the 250 µg/ml CuSO4 concentration 

after 15 minutes and additionally at the 50 µg/ml and 100 µg/ml concentration after 90 minutes of exposure. 

After CdCl2 exposure, the results proved the same as the vervet samples and were not significant for 

percentage intact and reacted acrosomes, at both times. These results indicate that CuSO4 had a negative 

effect on the intactness of baboon sperm acrosomes and this change was detected by the employed test, 

but not for vervet monkey spermatozoa. CdCl2 presented no significant effect on both vervet monkey and 

baboon spermatozoa but the test did however detect a difference between intact and reacted acrosomes. 

Either the metals had no effect on acrosome intactness of the spermatozoa or the reagent did not accurately 

stain the acrosomal contents. 

A study by Roblero et al. (1996) indicated that copper at a concentration of 100 µg/ml caused a significant 

decrease in human sperm viability after 5 hours of exposure. According to Aydemir et al. (2006), 

spermatozoa require a minimal level of ROS for normal capacitation and acrosome reaction. As mentioned, 

it has been shown that copper in vitro increased lipoprotein oxidation (Abuja and Albertini, 2001; Raveh et 

al., 2001). Therefore increased lipid peroxidation and altered membrane function can render sperm 

dysfunctional through impaired sperm functions, one being acrosome reaction reactivity (Cummins et al., 

1994). A study by Roychoudhury et al. (2010) found that after copper exposure (3.57 to 4.85 µg CuSO4/ml) 

there was a higher occurrence of rabbit spermatozoa with disordered membranes, which suggested 

alterations in anterior part of the head (acrosome). These findings therefore support the significant decrease 

in intact acrosomes seen for baboon samples after 90 minutes of CuSO4 exposure, suggesting that the metal 

had an effect on the acrosomal membrane resulting in the release of acrosomal content. However, a study 

by Misro et al. (2008) found that a high release of copper drastically lowers human sperm motility and 
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viability but only marginally affected the acrosome status. This supports the insignificant results obtained 

when evaluating the vervet samples and possible species differences in the effect of this heavy metal on 

sperm acrosome intactness.  

According to a study by Tielemans et al. (1999), cadmium exposure has not been associated with a significant 

reduction in human semen quality. This could explain why no effect was seen on acrosome intactness in 

both baboon and vervet species. However, several studies have found that infertile men with varicocele are 

typically oligozoospermic and the spermatozoa from these men had many defects, one of them being an 

acrosome reaction insufficiency (Rogers et al., 1985; Naftulin et al., 1991; Vigil et al., 1994; Benoff et al., 

1995; El Mulla et al., 1995; Benoff, 1997; Benoff et al., 1997). This defect and others such as increased 

tapering head forms and reduced zona pellucida binding ability, results from an interaction between the 

observed increase in testicular cadmium and actin (Wang et al., 1996). Additionally, according to Oliveira et 

al. (2009 (b)), CdCl2 (2 and 3mg) was found to significantly decrease the percentage of mice sperm with intact 

acrosomes. Arabi and Mohammadpour (2006) found that cadmium at a concentration of 750 µM/l 

significantly elevated malondialdehyde level/lipid peroxidation rate as well as indicated a negative effect of 

the metal on the membrane integrity of bull spermatozoa. Cadmium was observed to alter acrosomal 

membrane integrity and caused abnormal acrosome reaction (Arabi and Mohammadpour, 2006).  

The incubation of cadmium with spermatozoa has been show to result in various and distinct morphological 

alterations of the sperm head membrane and especially of the acrosome region. This part of the 

spermatozoon is involved in the release of acrosomal enzymes and may therefore be highly sensitive to 

chemicals. In particular, cadmium, as well as other metals, has been shown to produce a large round hole in 

the acrosome sperm membrane (Castellini et al., 2009). As previously stated, low levels of ROS produced by 

spermatozoa are needed for physiological processes involving sperm capacitation and the acrosome reaction 

and increased cadmium levels results in the excessive generation of ROS (Wang et al., 2003; Tremellen, 2008) 

therefore impairing this physiological process. All these findings therefore suggest that an increase in 

cadmium levels could result in failure of acrosome reaction, however, this was not the aim of the present 

study.  

With regards to this study and its findings, the acrosome intactness test was successful in distinguishing 

intact from reacted acrosomes, however, it was not significant and only sensitive to the change elicited by 

CuSO4 and in one species. An increase in concentration of the metal resulted in a decrease in intact 

acrosomes, therefore causing more acrosomes to become reacted. However, due to this effect only being 
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evident in one species, more testing is required in order to further prove the effects of both metals on 

acrosome intactness and in more than one species.  

5.2.4 The effect of CuSO4 and CdCl2 on Hyperactivation 

As previously stated certain functional tests could not be completed due to the specified reasons, one of 

these tests being hyperactivation for the baboon. 

As in the first part of the study, hyperactivation was evaluated through the use of the Flush technique. 

Samples were exposed to caffeine (5mM), CuSO4 (100 µg/ml) and CdCl2 (100 µg/ml), and a combination of a 

metal and caffeine. Vervet monkey samples were exposed and measured at 15, 20, 40, 60 and 90 minutes 

of incubation (37 °C) and the data was significant when treated with 100 µg/ml CuSO4 over time. The data 

was also significant after 90 minutes of exposure to Caf (5mM) + CuSO4 (100 µg/ml). After CdCl2 treatment, 

the control samples presented significant data over time , after 15 minutes of exposure the data was 

significant for the caffeine and Caf (5mM) + CdCl2 (100 µg/ml) samples and after 20, 40 and 60 minutes, the 

data was significant after treatment with 100 µg/ml CdCl2. A trend was noted for both metals, where the 

percentage hyperactivation was lower when treated with the metals, caffeine maintained or increased 

percentage hyperactivation compared to the control and the combination of caffeine and the metal kept the 

values similar and even higher than the control values at each time point except after 60 (CdCl2) and 90 

(CuSO4) minutes. For the rhesus monkey species, only one sample could be evaluated and therefore the 

ability of the test to detect the effect of the metals could not be proven. However, after 80 minutes of 

exposure to both metals, the percentage hyperactivation presented a lower value for the 100 µg/ml 

concentration of both metals and caffeine maintained the percentage hyperactivation to values higher than 

the control.  

It is clear that both metals significantly lowered the percentage sperm hyperactivation for the tested primate 

species and as previously mentioned, the kinematic parameters of focus when determining hyperactivation 

are VCL, LIN and ALH (Baumber and Meyers, 2006). Therefore, according to the results obtained in 5.2.1, the 

parameters VCL, LIN, ALH, as well as STR was significantly and negatively affected by the highest 

concentrations of the these metals across the three primate species. CuSO4 significantly reduced LIN, STR 

and ALH after 60 and 120 minutes of exposure to the 100 µg/ml and 500 µg/ml concentrations. CdCl2 

significantly reduced VCL, LIN, ALH and STR after 60, 75 and 120 minutes of exposure to the 100 µg/ml and 

500 µg/ml concentrations. This significant effect on these kinematic parameters may therefore be related to 

the lowered hyperactivation levels seen here ranging from 15 to 90 minutes of exposure to the 100 µg/ml 

concentration of both metals.  
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According to Tabassomi and Alavi-Shoushtari (2013), the exposure of spermatozoa to higher copper 

concentrations (>0.064 mg/l) was detrimental to sperm parameters, one of them being progressive motility, 

where a significant decrease was seen. This could explain the significant effect caused by 100 µg/ml CuSO4 

to the vervet monkey samples as well as the effect seen after 80 minutes for the rhesus monkey sample. 

ROS are active participants in sperm capacitation, hyperactivation and sperm-oocyte fusion. Spermatozoa, 

however, lack cytoplasm, an important component containing antioxidants to counteract the damaging 

effects of high levels of ROS (Aitken et al., 1993(b); Tvdra et al., 2011). This therefore leaves sperm functional 

properties, in this case hyperactivation, vulnerable to the damaging effect caused by increased ROS 

production, which has previously been shown to result from excessive copper levels. However, a study by 

Bolanca et al. (2016), proved a different result, where high concentrations of copper were associated with 

increased human hyperactivated spermatozoa, indicated by low values of parameters LIN and STR. It was 

also seen that higher concentrations of copper, among other metals, negatively impact forward progression 

and sperm concentration (Bolanca et al., 2016). This was, however, not the case in the current study, as a 

definite decrease in percentage hyperactivation was seen when treated with CuSO4.  

A study by Hung et al. (2007) has shown that the exposure of rhesus monkey spermatozoa to environmental 

tobacco smoke (of which cadmium is a major component (Mukhopadhyay et al., 2010)) decreased sperm 

motility and its ability to undergo hyperactivation when exposed to cAMP and caffeine. Furthermore a study 

by Young et al. (1995) investigating rat spermatozoa, demonstrated that the percentage of motile cells 

mimicking hyperactivated motion was diminished with increased concentration (20-100 µg/ml) or increased 

exposure to cadmium. This proves the results found in the current study where the vervet samples were 

affected after 20, 40 and 60 minutes, as well as the lower values obtained for the rhesus sample after 

exposure to the 100 µg/ml CdCl2 after 80 minutes.  

The molecular events implicated in the initiation of capacitation include the removal of cholesterol from the 

sperm plasma membrane, ion fluxes resulting in alteration of sperm membrane potential and increased 

tyrosine phosphorylation of proteins involved in the induction of hyperactivation (Luconi et al., 1996; 

Osheroff et al., 1999). As previously explained, sperm samples treated with cadmium have shown structural 

and functional alterations of the sperm membrane due to peroxidation conditions. Lipid peroxidation 

impairs plasma membrane ion exchanges, which is necessary for maintenance of sperm movements (Rao et 

al., 1989). Copper and cadmium have both been shown to cause damage to the sperm membrane due to 

ROS and it would therefore affect the processes involved in the induction of hyperactivation by decreasing 

or impairing it.  
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The hyperactivation test was therefore shown to be successful as it was sensitive to the effect elicited by the 

metals as well as combined with caffeine. A decrease in hyperactivation was seen in particular for the vervet 

species which was proved by the significant data when treated with 100 µg/ml of CdCl2 and CuSO4. However, 

this effect was only proven for one species and therefore more testing would be required to further prove 

the sensitivity of this test for other primate species.  

 

5.3 Conclusion  

The current study involved an assessment of primate sperm function in order to establish the possibility of 

using these species as primate models for reproductive studies. We therefore hypothesised that by 

evaluating sperm functional tests and designing novel techniques for sperm analysis in primates, protocols 

will be standardized for use in future studies on male infertility. This would allow comparisons of human and 

NHP sperm function which may reveal or explain the high infertility rates in humans.  

Sperm functional testing is seen as the second-tier level of sperm testing when the semen analysis (first-tier) 

reveals sperm abnormalities or if the couple is diagnosed with unexplained infertility (Vasan, 2011). The 

overall significance of sperm functional testing is that it complements the basic semen analysis, which at 

most only allows for the diagnosis of male infertility without providing evidence for an aetiological or 

physiopathological origin. Therefore there is a need to assess sperm functional competence in the extended 

evaluation of the infertile man (Oehninger et al., 2000). The functional tests investigated in this study were 

sperm motility and longevity, vitality, DNA integrity, acrosome intactness and hyperactivation. The first part 

of the study involved an optimization step, testing the competence of each functional test to efficiently 

evaluate primate sperm functional status. Most tests were found to be successful with the exception of one 

(Figure 38) and these tests were then further employed for validation testing. Furthermore, the vervet 

monkey delivered the most complete set of data and more significant results than the other two primate 

species investigated (Figure 39).  
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Figure 38: Functional tests that were successful in evaluation of sperm functional status during the optimization step 
 
 
 

 
Figure 39: Functional tests performed that were successful for the three primate species as well as those that presented significant 
(*) results (P<0.05) during Optimization.  ML – motility and longevity, EN – Eosin-Nigrosin stain, HP – Hoechst and Propidium Iodide 
stain, WST – WST- 1 cytotoxicity assay, AI – acrosome intactness, HA - hyperactivation  

 

As previously explained, DNA integrity assessment using the TUNEL-assay in this study was not successful 

because no distinction could be made between fragmented and non-fragmentted DNA of certain species 

tested. It was therefore decided not continue with this sperm functional test in the remainder of the 

optimization part of the study as well as during validation testing. For future studies, it is recommended that 

DNA integrity should be re-evaluated in these three species with other methods in order to establish which 

method would best suit primates as well as human sperm. Others methods could include the Halosperm kit, 

Sperm chromatin structure assay (SCSA), Acridine orange test, Toluidine Blue, Aniline Blue, In situ nick 

translation assay, Comet assay and Sperm chromatin dispersion test (Schulte et al., 2010).  
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All functional tests were successfully performed when using samples from all three species, however, time 

constraints, low quality and low numbers of samples only allowed for either one sample or one time point 

to be evaluated, preventing analysis over time for baboon and rhesus monkey samples. The vervet monkey 

samples were therefore successfully used for all testing, providing results for analysis performed over time. 

However, this did not prevent the use of all three primate species for validation testing. All methods or 

techniques for functional testing were accepted and employed for use in the second part of the study.  

The second part of the study involved the validation of all sperm functional tests, through the use of heavy 

metals to elicit a change or inhibitory action on sperm function in order to validate whether the tests were 

sensitive to this change. The chemicals copper sulphate and cadmium chloride were selected as they have 

been shown to negatively effect sperm function. Primate sperm was exposed to concentrations 10, 50, 100 

and 250 µg/ml CuSO4 and 10, 50, 100 and 500 µg/ml CdCl2. All sperm functional parameters were found to 

be significantly decreased with the highest concentrations of the chemicals and if not significant, trends were 

seen of a reduction in results compared to controls. A significant decrease was seen in motility for all three 

species, vitality for vervet and baboon sperm, acrosome intactness for baboon sperm and hyperactivation 

for vervet spermatozoa (Figure 40). 

 
Figure 40: Functional tests performed that were successful for the three primate species as well as those that presented significant 
(*) results (P<0.05) during Validation.  ML – motility and longevity, EN – Eosin-Nigrosin stain, HP – Hoechst and Propidium Iodide 
stain, WST – WST- 1 cytotoxicity assay, AI – acrosome intactness, HA - hyperactivation  

 

For motility, both metals were found to significantly reduce motility for all three primates, at the highest 

concentration and a trend was noted with a decrease in all parameters after 120 minutes of exposure. These 
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significant reductions in motility parameters therefore prove the negative effect of these metals on sperm 

motility as well as the sensitivity of the motility test to the effect of these chemicals.  

For vitality, the E-N proved no significant data for the vervet monkey spermatozoa when exposed to both 

metals and the same result was obtained for the baboon spermatozoa when exposed to CuSO4. However, a 

significant negative effect was seen when baboon spermatozoa were exposed to CdCl2. The H&P test did, 

however, detect a significant reduction in the percentage live spermatozoa for vervet monkey spermatozoa 

after exposure to the highest concentrations of both metals but this significant result was not seen for the 

baboon spermatozoa. The WST-1 assay proved to be the most successful out of the three vitality tests, as it 

detected a significant decrease in absorbances, which is directly proportional to viable spermatozoa, when 

exposed to all concentrations of CuSO4 and 500 µg/ml CdCl2, over time. These results prove the negative 

effect of these metals on sperm vitality and the sensitivity of these tests to distinguish live from dead 

spermatozoa after exposure to these chemicals.  

For acrosome intactness, the test was successful in distinguishing between intact and reacted acrosomes, 

however, the data proved not significant for vervet spermatozoa after exposure to both metals and for 

baboon spermatozoa after exposure to concentrations of CdCl2 but significant after exposure to CuSO4.  

For hyperactivation, both metals were found to cause a significant decrease in the percentage 

hyperactivation at the 100 µg/ml concentrations for the vervet spermatozoa. A significant effect was also 

seen when exposed to the combination of the metal and caffeine. These results indicate that the test was 

therefore successful and sensitive to the effect elicited by these chemicals.  

 

These findings show that all tests employed were therefore successful in their abilities to determine sperm 

function and were sensitive to the inhibitory action of the chemicals CuSO4 and CdCl2.  

As previously mentioned, metals may affect the male reproductive system directly, when they target specific 

reproductive organs, or indirectly, when they act on the neuroendocrine system (Pizent et al., 2012). 

Transition metals such as cadmium, chromium, nickel, vanadium and zinc constitute an important group of 

environmental factor that can disturb normal functioning of male reproductive system (Chandel and Jain, 

2014). Increased levels of these metals in blood plasma or semen appear to be significantly and positively 

correlated with male infertility (Umeyama et al., 1986; Kumar et al., 2000). There is growing evidence that 

oxidative stress is implicated in the pathogenesis of male infertility (Aitken, 1994; Apostoli et al., 2007; 

Makker et al., 2009). Toxicological studies have shown that transition metals can accumulate in testes and/or 
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epididymis impairing their endocrine and reproductive functions (Pandey and Singh, 2002; Fossato da Silva 

et al., 2011; Liu et al., 2013). They can also adversely affect spermatogenesis and cause testicular necrosis 

through a direct effect on the testicular vasculature (Ragan and Mast, 1990; Aruldhas et al., 2005; Massanyi 

et al., 2007; Al-Attar, 2011). Several metals, including iron and cadmium, may increase ROS production, 

decrease glutathione and other antioxidant levels, enhance the lipid peroxidation of the cell membrane, 

cause apoptosis and contribute to the oxidative damage of DNA (Jones et al., 1979; Aitken et al., 1993 (b); 

Liang et al., 1999; Wellejus et al., 2000). This damage compromises paternal genomic contribution to the 

embryo (Tremellen, 2008) and increases the risk of infertility, miscarriage or serious disease in the offspring 

(Aitken and Koppers, 2011).  

In order to further validate the sensitivity of these functional tests and the effect of these metals, further 

investigations should include a larger sample size from all three species as this was a limiting factor for many 

of the evaluations. Secondly, time periods of analysis should be lengthened in order to further investigate 

whether the metals need time in order to elicit a more prominent effect and also a lengthened period of 

study in order to allocate a sufficient amount of time for the investigation of more than one species. Thirdly, 

as there are many methods to evaluate one function, it should be considered to include more than one in 

order to establish which method works best for different species, contributing to the development of 

research primate models.  

The many methods for evaluating sperm vitality could include, the use of the Eosin stain only, hypo-osmotic 

swelling test (WHO, 2010), Pentoxifylline (Khalili et al., 1999), MTT viability assay (Nasr-Esfahani et al., 2002; 

Byun et al., 2008) FluoVit vitality kit (Microptic, 2013) or the Vitaltest® (HalotechDNA, 2015). Methods for 

acrosome reaction include, the use of FITC-PNA (peanut-agglutinin) (Esteves et al., 2007), as it proved 

unsuccessful in this study and may require further investigation. Other methods include the use of the 

Coomassie brilliant blue (CBB) stain and acid phosphatase detection (Zhang et al., 2005), immunodetection 

techniques, differential interference contrast or phase contrast and flow cytometry (Pietrobon et al., 2001). 

For hyperactivation, together with the current Flush technique and SCA CASA system employed in this study, 

previous studies have illustrated the use of the Cellsoft CASA system with an equipped hyperactivation 

module (Cyro Resources, New York, NY) (Wang et al., 1991) to evaluate hyperactivation. A new method was 

developed in a study by Mazzilli et al. (2001), to evaluate sperm hyperactivation based on sperm head axis 

angle deviation through the use of the superimposed image analysis system (SIAS).  

The evaluation of additional sperm functional tests and their sensitivity would contribute to the assessment 

of NHP sperm function and the development of suitable models for research studies. Future studies should 
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include the evaluation of more sperm functions or functional tests, such as, sperm morphology, location and 

viability of sperm mitochondria, cervical-mucus penetration, zona pellucida binding and acrosome reaction 

induction, since metals have been found to affect the male reproductive system. 

Sperm morphology is a strong indicator of bodily and testicular health and morphology as a tool in the clinical 

diagnosis of a patient and also as a prognostic and predictive tool for the prediction of male fertility potential, 

makes its evaluation require further refinement (Menkveld et al., 2011). According to the WHO (2010), there 

are three recommended staining methods for sperm morphology analysis, the Papanicolaou, Shorr and Diff-

Quik stain, whereafter the stained preparations are examined and classified as normal or abnormal. 

Additionally, van der Horst and Maree (2009), developed a new staining technique, the SpermBlue® staining 

process, to successfully evaluate sperm morphology of human and animal spermatozoa.  A study by Kao et 

al. (2004), through the use of a new concurrent PCR method, found that mtDNA (mitochondrial DNA) content 

may be used for the assessment of the fertility and motility of human sperm and that depletion of mtDNA 

may play an important role in the pathophysiology of some types of male infertility and subfertility. The 

location and viability of the mitochondria can be assessed by staining the mitochondria with the fluorescent 

probe, MitoTracker® Red CM-H2XRos (Invitrogen). The presence and intactness of individual proteins is 

determined by labelling it with specific probes in the mitochondrial electron transport chain. To label 

mitochondria, spermatozoa are simply incubated with the probes and can be treated with an aldehyde-

based fixative for samples that need fixation. Semen is centrifuged and resuspended in prewarmed (37 °C) 

staining solution containing the MitoTracker®probe, whereafter they may be analyzed by fluorescence 

microscopy (Invitrogen, 2008).  

Sperm-cervical mucus penetration test measures the ability of sperm in the semen to swim up into a 

column of cervical mucus or substitute (Ola et al., 2003). A study by Hull et al. (1984) found that 

spermatozoa that are unable to penetrate cervical mucus were also unable to fertilize a human oocyte in 

vitro. Zona pellucida binding assays have been used to predict fertility in humans (Kaskar et al., 1994) and 

have also been used to study how different sperm abnormalities influence fertility. Most assays use fresh 

or salt-stored oocytes collected from fresh ovaries but because ovaries are not easy to obtain on a regular 

basis, chilled and frozen-thawed ovaries have been tested, with varying results (Hermansson et al., 2007). 

The acrosome reaction induction test induces the acrosome reaction to evaluate if spermatozoa can 

actually undergo the acrosome reaction (can also be used as a positive control for treatment study). Sperm 

samples are treated with the Calcium Ionophore (A 23187) (Sigma, Cape Town, South Africa), followed by 
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an incubation in medium containing high bovine serum albumin to induce Acrosome reaction 

(Mukhopadhyay et al. 2008). 

This study allowed for the evaluation of established sperm functional tests, where they were optimized for 

the indicated primate sperm and their sensitivity validated with the selected metals. Therefore, we achieved 

our first aim for assessing NHP sperm function and the evaluation of standard sperm functional tests, further 

proving that primates would be good models for reproductive studies. Secondly, although novel sperm 

functional tests were not developed per se, the standard tests were adjusted and modified in order to 

accommodate the species specific requirements of the semen and the quality of spermatozoa for each 

primate species. Therefore, more testing is required to further validate the sensitivity of these functional 

tests with larger sample sizes, more primate or mammalian species, longer incubation periods or time-based 

studies, as well as including other sperm functions for testing. We were able to inhibit sperm function, testing 

the sensitivity of each test, which was successful in detecting change and therefore reaching our second aim. 

The development of set protocols of each functional test for each of the studied three species is a necessity, 

taking into account the constraints and findings of this study, if they are to be considered for use as basic 

primate models in the future.  

 

 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/



 

126 
 
 

References  

Abaigar T, Cano M, Pickard AR, Holt VW,. 2001. “Use of computer-assisted sperm motility assessment and 

multivariate pattern analysis to characterize ejaculate qualitu in Mohor gazelles (Gazelle dama mhorr): 

effects of body weight , electroejaculation technique and short-term semen storage.” Reproduction 122: 

265-273. 

Abaigar T, Holt WV, Harrison RAP, del Barrio G,. 1999. "Sperm subpopulations in boar (Sus scrofa) and gazelle 

(Gazella dama mhorr) semen as revealed by pattern analysis of computer-assisted motility assessments." 

Biol. Reprod. 60: 32-41. 

Abdul-Rasheed OF. 2010. "Association between seminal plasma copper and magnesium levels with oxidative stress 

in Iraqi infertile men." Om Med J 25 (3): 168-178. 

Abuja PM, Albertini R,. 2001. "Methods for monitoring oxidative stress, lipid peroxidation and oxidant resistance of 

lipoproteins." Clin Chim Acta 306: 1-17. 

Adami HO, Bergstrom R, Mohner M, Zatonski W, Storm H, Ekbom A, Tretli S, Teppo L, Ziegler H, Rahu M, Gurevicius 

R, Stengrevics A,. 1994. "Testicular cancer in nine northern European countries." Int J Cancer 59: 33-38. 

Adamkovicova M, Toman R, Cabaj M, Hluchy S, Massanyi P, Lukac N, Martiniakova M,. 2012. "Computer Assisted 

Semen Analysis of Epididymal Spermatozoa after in Interperitoneal Aministration of Diazinon and Cadmium." 

Animal Scien and Biotechnologies 45 (1): 105-110. 

Adamkovicova M, Toman R, Martiniakova M, Omelka R, Babosova R, Krajcovicova V, Grosskopf B, Massanyi P,. 2016. 

"Sperm motility and morphology changes in rats exposed to cadmium and diazinon." Reprod Biol Endocrin 14 

(42): 1-7. 

Afzelius BA. 1976. "A human syndrome caused by immotile cilia." Science 193: 317-319. 

Afzelius BA. 1959. "Electron microscopy of the sperm tail. Results obtained with a new fixative." J Biophys Biochem 

Cytol 5: 269-278. 

Agarwal A, Bragais FM, Sabanegh E,. 2008a. "Assessing Sperm Function." Urol Clin N Am 35: 157-171. 

Agarwal A, Cocuzza M, Abdelrazik H, Sharma RK,. 2008b. "Oxidative stress measurement in patients with male or 

female factor infertility." Handbook of Chemiluminescent Methods in Oxidative Stress Assessment 195-218. 

Agarwal A, Desai NR, Ruffoli R, Carpi A,. 2008c. "Lifestyle and testicular dysfunction: A brief update." Biomed 

Pharmacother 62: 550-553. 

Agarwal A, Majzoub A, Esteves SC, Ko E, Ramasamy R, Zini A,. 2016. "Clinical utility of sperm DNA fragmentation 

testing: practice recommendations based on clinical scenarios." Trans Androl Urol 5 (6): 935-950. 

Agarwal A, Said TM,. 2003. "Role of sperm chromatin abnormalities and DNA damage in male infertility." Hum 

Reprod Update 9 (4): 331-345. 

Agarwal A, Sharma RK, Nelson DR,. 2003. "New semen quality scores developed by principal component analysis of 

semen characteristics." J. Androl. 24: 343-352. 

Agbaje IM, McVicar CM, Schock BC, McClure N, Atkinson AB, Rogers D, Lewis SE,. 2008. "Increased concentrations of 

the oxidative DNA adduct 7,8-dihydro-8-oxo-2-deoxyguanosine in the germ-line of men with type 1 

diabetes." Reprod Biomed Online 16: 401-409. 

Agency for Toxic Substances and Disease Registry (ATSDR). 2008. September. 

http://www.atsdr.cdc.gov/phs.asp?id=46&tid=15. 

http://etd.uwc.ac.za/



 

127 
 
 

Aitken RJ. 1994. "A free radical theory of male infertility." Reprod Fertil Dev 6: 19-23. 

Aitken RJ. 2010. "Whither must spermatozoa wander.The future of laboratory seminology." Asian J Androl 12 (3): 

449-450. 

Aitken RJ, Baker MA,. 2008. "The role of proteomics in understanding sperm cell biology." Int J Androl 31: 295-302. 

Aitken RJ, Buckingham DW, Fang HG,. 1993a. "Analysis of the response of human spermatozoa to A23187 employing 

a novel technique for assessing the acrosome reaction." J Androl 14: 132-141. 

Aitken RJ, De luliis GN, McLachlan RI,. 2009. "Biological and clinical significance of DNA damage in the male germ 

line." Int J Androl 32: 46-56. 

Aitken RJ, Harkiss D, Buckingham D,. 1993b. "Relationshop between iron-catalysed lipid peroxidation potential and 

human sperm function." J Reprod Fertil 98: 257-265. 

Aitken RJ, Irvine DS, and Wu FC,. 1991. "Prospective analysis of sperm-oocyte fusion and reactive oxygen species 

generation as criteria for the diagnosis of infertility." Am J Obstet Gynecol 164: 542-551. 

Aitken RJ, Koppers AJ,. 2011. "Apoptosis and DNA damage in human spermatozoa." Asian J Androl 13: 36-42. 

Aitken RJ, Ryan AL, Curry BJ, Baker MA,. 2003. "Multiple forms of redox activity in populations of human 

spermatozoa." Mol Hum Reprod 9 (11): 645-661. 

Alasmari W, Barrat C, Publicover SJ, Whalley KM, Foster E, Kay V, Martins da Silva S, Oxenham SK,. 2013. "The Clinical 

significance of calcium-signalling pathways mediating human sperm hyperactivation." Hum Reprod 28: 866-

876. 

Al-Attar AM. 2011. "Antioxidant effect of vitamin E treatment on some heavy metals-induced renal and testicular 

injuries in male mice. ." Saudi J Biol Sci 18: 63-72. 

Alberts SC, Altmann J,. 2004. "Reproductive Behavior in Wild Baboons." Gynecol Obstet Invest 57: 10-12. 

Amann RP, Hammerstedt RH,. 1993. "In vitro evaluation of sperm quality: an opinion." J Androl 14: 397-406. 

Andrology Australia. 2016. Male Infertility. Accessed 01 2017. https://www.andrologyaustralia.org/your-

health/male-infertility/. 

Apostoli P, Catalani S,. 2011. "Metal ions affecting reproduction and development." Met Ions Life Sci 8: 263-303. 

Apostoli P, Kiss P, Porru S, Bonde JP, Vanhoorne M, ASCLEPIOS Study Group,. 1998. "Male reproductive toxicity of 

lead in animals and humans." Occup Environ Med 55: 364-374. 

Apostoli P, Telisman S, Sager PR,. 2007. "Reproductive and developmental toxicity of metals." In Handbook on the 

Toxicology of Metals, edited by Fowler BA, Nordberg M, Friberg LT, Nordberg NF, 213-249. Amsterdam: 

Academic Press Elsevier. 

Arabi M, Mohammadpour AA,. 2006. "Adverse Effects of Cadmium on Bull Spermatozoa." Vet Res Commun 8: 943-

951. 

Arima A, Katoa H, Ooshimaa Y, Tateishia T, Inouea A, Muneoka A, Ihara T, Kamimura S, Fukusato T, Kubota S, Sumida 

H, Yasuda M,. 2009. "In utero and lactational exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 

induces a reduction in epididymal and ejaculated sperm number in rhesus monkeys." Repro Tox 28: 495–

502. 

http://etd.uwc.ac.za/



 

128 
 
 

Aruldhas MM, Subramanian S, Sekar P, Vengatesh G, Chandrahasan G, Govindarajulu P, Akbarsha MA,. 2005. 

"Chronic chromium exposure-induced changes in testicular histoarchitecture are associated with oxidative 

stress: Study in a non-human primate (Macaca radiata Geoffroy)." Hum Reprod 20: 2801-2813. 

Au DWT, Reunov AA, Wu RSS,. 2001. "Reproductive impairment of sea urchin upom chronic exposure to cadmium. 

Part II. Effects on sperm development." Environ Pollut 111: 11-20. 

Auger J, Jouannet P,. 1997. "Evidence for regional difference of semen quality among fertile French men." Hum 

Reprod 12: 740-745. 

Aviles M, Castells MT, Martinez-Menarguez JA, Abascal I, Ballesta J,. 1997. "Localization of penultimate carbohydrate 

residues in zona pellucida and acrosomes by means of lectin cytochemistry and enzymatic treatments." 

Histochem J 29: 583-593. 

Aydemir B, Kiziler AR, Onaran I, Alici B, Ozkara H, Akyolcu MC,. 2006. "Impact of Cu and Fe concentrations on 

oxidative damage in male infertility." Biol Trace Elem Res 112 (3): 193-203. 

Babaei H, Abshenas J,. 2013. "Zinc therapy improves adverse effects of long term administration of copper on 

epididmal sperm quality of rats." Iran J Reprod Med 11 (7): 577-582. 

Baccetti B, Mirolli M,. 1994. "Notulae seminiologicae. 3. Mathematical diagnosis from TEM seminological detection." 

Andrologia 26: 47-49. 

Barross C, Bedford JM, Franklin LE, Austin CR,. 1976. "Membrane vesiculation as a feature of mammalian acrosome 

reaction ." J Cell Biol 34: 1-5. 

Bartov B, Berkovitz A, Eltes F, Kogosowski A, Menezo Y, Barak Y,. 2002. "Real-time fine morphology of motile human 

sperm cells is associated with IVF-ICSI outcome." J Androl 23: 1-8. 

Baumber J, and Meyer SA,. 2006. "Hyperactivated Motility in Rhesus Macaque (Macaca mulatta)." J Androl 27 (3): 

459-468. 

Benbrahim-Tallaa L, Waalkes MP,. 2008. "Inorganic arsenic and human prostate cancer." Environ Health Perspect 

116: 158-164. 

Benoff S. 1997. "Environmental toxins and varicocele." Assist. Reprod. Technol. Androl. 9: 261-284. 

Benoff S, Barcia M, Hurley IR, Cooper GW, Gilbert BR,. 1995. "Varicocele-related infertility:altered expression of 

sperm receptor proteins with myosin motors." J Soc Gynecol Invest 2: 376. 

Benoff S, Hauser R, Marmar JL, Hurley IR, Napolitano B, Centola GM,. 2009. "Cadmium concentrations in blood and 

seminal plasma: correlations with sperm number and motility in three male populations (infertility patients, 

artificial insemination donors, and unselected volunteers)." Mol Med 15: 248-262. 

Benoff S, Hurley IR, Barcia M, Mandel FS, Cooper GW, Hershlag A,. 1997. "A potential role for cadmium in the 

etiology of varicocele-associated infertility." Fertil Steril 67: 336-347. 

Benoff S, Jacob A, Hurley IR,. 2000. "Male infertility and environmental exposure to lead and cadmium." Hum Reprod 

Update 6: 107-121. 

Berridge MV, Herst PM, Tan AS. 2005. "Tetrazolium dyes as tools in biology: New insights into their cellular 

reduction." Biotechnology Annual Review 11: 127-152. 

Berridge MV, Tan AS,. 1998. "Trans-plasma membrane electron transport: a cellular assay for NADH- and NADPH-

oxidase based on extracellular, superoxide-mediaed reduction of the sulfonated tretrazolium salt WST-1." 

Protoplasma 205: 74-82. 

http://etd.uwc.ac.za/



 

129 
 
 

Blom E. 1950. "Interpretation of spermatic cytology in bulls." Fertil Steril 1: 223-238. 

Blom E. 1983. "Pathological conditions in the genital organs and in the semen as grounds for rejection of breeding 

bulls for import or export to and from Denmark, 1985-1982." Nordisk Veterinaer Med 35: 105-130. 

Blom E. 1973. "The ultrastructure of some characteristic sperm defects and a proposal for a new classification of the 

bull spermiogram." Nordisk Veterinaer Med 25: 383-391. 

Bolanca I, Pbhodas J, Ljiljak D, Matjacic L, Kuna K,. 2016. "Synergistic effects of K, Ca, Cu and Zn in Human Semen in 

Relation to Parameters Indicative of Spontaneous Hyperactivation of Spermatozoa ." PLoS ONE 11 (3): 1-16. 

Bondarenko GI, Dambaeva SV, Grendell RL, Hughes AL, Durning M, Garthwaite MA, Golos TG,. 2009. 

"Characterization of cynomolgus and vervet monkey placental MHC class I expression: diversity of the 

nonhuman primate AG locus." Immunogenetics 61: 431–442. 

Bonde JP, Ernst E, Jensen TK, Hjollund NH, Kolstad H, Henriksen TB, Scheike T, Giwercman A, Olsen J, and Skakkebaek 

NE. 1998. "Relation between semen quality and fertility: a population-based study of 430 first-pregnancy 

planners." Lancet 352: 1172-1177. 

Bornman MS, van Vuuren M, Meltzer DGA, van der Merwe CA, van Rensburg SJ,. 1988. "Quality of Semen Obtained 

by Electroejaculation From Chacma Baboons (Papio ursinus)." J Med Primatol 17: 57-61. 

Brazil C. 2010. "Practical semen analysis: from A to Z ." Asian J Androl 12: 14-20. 

Brugo-Olmeda S, Chilik C, Kopelman S,. 2000. "Definition and causes of infertility." Reprod BioMed Online 2 (1): 41-

53. 

Bustos-Obregon E. 2001. "Adverse Effects of Exposure to Agropesticides on Male Reproduction." APMIS 109: 233-

242. 

Byun JW, Choo SH, Kim HH, Kim YJ, Hwang YJ, Kim DY,. 2008. "Evaluation of Boar Sperm Viablity by MTT Reduction 

Assay in Beltsville Thawing Solution Extender." Asian-Aust J Anim Sci 21 (4): 494-498. 

Cardaci PJ,. 2016. "Apical Testis Structure and the Effects of Cadmium Treatment on Spermatogenesis in 

(Drosophila)." Seton Hall University Dissertations and Theses (ETDs) Paper 2216: 1-39. 

Carlsen E, Giwercman A, Keidig N, Skakkebaek NE,. 1992. "Evidence for decreasing quality of semen during past 50 

years." BMJ 305 (6854): 609-613. 

Carlsen E, Giwercman A, Keiding N, Skakkebaek NE,. 1995. "Declining semen quality and increasing incidence of 

testicular cancer: is there a common cause?" Environ Health Perspect 103: 137-139. 

Castellini C, Mourvaki E, Sartini B, Cardinali R, Moretti E, Collodel G, Fortaner S, Sabbioni E, Renieri T,. 2009. "In vitro 

toxic effects of metal compounds on kinetic traits and ultrastructure of rabbit spermatozoa." Reprod Toxicol 

27: 46-54. 

Cayman's. 2012. "WST-1 Cell Proliferation Assay kit." (Caymans Chemical Company) 1-12. 

Cayman's. 2012. "XTT Cell proliferation Assay Kit." (Caymans Chemical Company) 1-12. 

Centers for Disease Control and Prevention (CDC). 2016. "Reproductive Health: What is infertility?" Accessed 08 16, 

2016. http://www.cdc.gov/reproductivehealth/Infertility/index.htm. 

Chachamovich JR, Chachamovich E, Ezer H, Fleck MP, Knauth D, Passos EP,. 2010. "Investigating quality of life and 

health-related quality of life in infertility: a systematic review." J Psychosom Obstet Gynaecol 31 (2): 101-110. 

http://etd.uwc.ac.za/



 

130 
 
 

Chan P. 2010. "Clinical male infertility: Epidemiology and basic evaluation." Edited by Chan P, Robaire B. Handbook of 

Andrology (American Society of Andrology) Chapter 19: 1-4. 

Chan PJ, Hutz RJ, Dukelow WR,. 1982. "Nonhuman primate in vitro fertilization: Seasonality, cumulus cells, cyclic 

nucleotides, ribonucleic, and viability assays." Fertil Steril 38: 609-615. 

Chandel M, Jain GC,. 2014. "Toxic effects of transition metals on male reproductive system: A review." J Environ 

Occup Sci 3 (4): 204-213. 

Chavarro JE, Toth TL, Wright DL, Meeker JD, Hauser R,. 2010. "Body mass index in relation to semen quality, sperm 

DNA integrity, and serum reproductive hormone levels among men attending an infertility clinic." Fertil Steril 

93: 2222-2231. 

Chen CJ, Kuo TL, Wu MM,. 1988. "Arsenic and cancers." Lancet 1: 414-415. 

Chen CJ, Wang CJ,. 1990. "Ecological correlation between arsenic levels in well water and age adjusted mortality 

from malignant neoplasms." Cancer Res 50: 5470-5474. 

Chen MJ, Bongso A,. 1999. "Comparative evaluation of two density gradient preparations for sperm separation for 

medically assisted conception." Hum Reprod 14 (3): 759-764. 

Chen Y, Chen J, Wang Y, Chen F, Hu J,. 2011. "Effect of Copper Sulphate on Sperm Motility in Misgurnus 

anguillicaudatus." Progress of Veterinary Medicine 4. 

Chia SE, Xu, B, Ong CN, Tsakok FM, Lee ST,. 1994. "Effect of cadmium and cigarette smoking on human semen 

quality." Int J Fertil Menopausal Stud 39 (5): 292-298. 

Chowdhury RA. 2004. "Male Reproductive Toxicity- New Perspective in Life Science." Edited by Chanda AK. 

Chatterjee P. Life Science in Modern Perspective (Staff College, University of Calcutta) 97-105. 

Chu DS, Liu H, Nix P, Wu TF, Ralston EJ, Yates JR 3rd, Meyer BJ,. 2006. "Sperm chromatin proteomics identifies 

evolutionarily conserved fertility factors." Nature 443 (7107): 101-105. 

Colas C, Cebrian-Perez A, Muino-Blanco T,. 2010. "Caffeine induces ram sperm hyperactivation independent of 

cAMP-dependent protein kinase." Int J Androl 33: 187-197. 

Collodel G, Iacoponi F, Mazzi L, Terzuoli G, Pascarelli NA, Moretti E,. 2013. "Light, polarizing, and transmission 

electron microscopy: three methods for the evaluation of sperm quality." Syst Biol Reprod Med 59: 27-33. 

Cooper TG, Noonan E, von Eckardstein S, Auger J, Baker HW, Benhre HM, Haugen TB, Kruger T, Wang C, Mbizvo MT, 

Vogelsong KM,. 2010. "World Health Organization reference values for human semen characteristics." Hum 

Reprod Update 16 (3): 231-245. 

Cross NL, Morales P, Overstreet JW, Hanson FW,. 1986. "Two simple methods for detecting acrosome-reacted 

human sperm." Gamete Res 15: 213-226. 

Cseh S, Chan PJ, Corselli J, Bailey LL,. 2000. "Electroejaculated Baboon (Papio anubis) Sperm Requires a Higher 

Dosage pf Pentoxifylline to Enhance Motility." J Assist Reprod Gen 17 (8): 449-453. 

Cui W. 2010. "Mother or nothing: the agony of infertility." Bull World Health Organ 88 (12): 881-882. 

Cummins JM, Jequier AM, Kan R,. 1994. "Molecular biology of human male infertility: link with aging, mitochondrial 

genetics and oxidative stress? ." Mol Reprod Dev 37: 345. 

D’Hooghe TM, Hill JA, Mwendaa JM,. 2004. "A Critical Review of the Use and Application of the Baboon as a Model 

for Research in Women's Reproductive Health." Gynecol Obstet Invest 57 (1): 1-60. 

http://etd.uwc.ac.za/



 

131 
 
 

Dancet EAF, Spessens C, Vangenechten R, Billiet J, De Tavernier J, Welkenhuysen M, D'hooghe TM,. 2011. 

"Acceptability of Preclinical Research on Nonhuman Primates in Reproductive Medicine: The Patient 

Perspective." Reprod Sci 18: 70-78. 

Davis RO, Katz DF,. 1992. "Standardization and comparability of CASA instruments." J Androl 13: 81-86. 

Dawson EB, Ritter S, Harris WA, Evans DR, Powell LC,. 1998. "Comparison of sperm viability with seminal plasma 

metal levels." Biol Trace Elem Res 64 (1): 215-219. 

De luliis Gn, Newey RJ, King BV, Aitken RJ,. 2009. "Mobile phone radiation induces reactive oxygen species 

production and DNA damage in human spermatozoa in vitro." PLoS One 4 (7): 1-9. 

de Villiers C. 2006. "The Effect of Gonadotropin-releasing hormones (GnRH) I & II on sperm motility and acrosome 

status of the vervet monkey (Chlorocebus aethiops) in vitro." University of the Western Cape, Medical 

Bioscience Department 1-147. 

de Villiers C, Seier JV,. 2010. "Sudden death in Chacma Baboons (Papio ursinus)." Lab Anim Europe 10 (2): 10-12. 

Denil J, Ohl DA, Hurd WW, Menge AC, Hiner MR,. 1992. "Motility longevity of sperm samples processed for 

intrauterine insemination." Fertil Steril 58 (2): 436-438. 

Devroey P, Vandevorst M, Nagy P, Van Steirteghem A,. 1998. "Do we treat the male or his gamete?" Hum Reprod 13: 

178-185. 

Dietrich T, Schulze W, Reimer M,. 1986. "Classification of the germinal epithelium in Java monkeys (Macaca 

cynomolgus) using digital image processing." Der Urologe Ausg 25: 179-186. 

Earnshaw MJ, Wilson S, Akberali HB, Butler RD, Marriott KRM,. 1986. "The action of heavy metals on the gametes of 

the marine mussel, Mytilus edulis (L.) - III. The effect of applied copper and zinc on sperm motility in relation 

to ultrastructural damage and intracellular metal localization." Mar Environ Res 20: 261-89. 

Eddy EM, Toshimori K, O'Brien DA,. 2003. "Fibrous sheath of mammalian spermatozoa ." Microsc Res Tech 61: 103-

115. 

Eidi M, Eidi A, Pouyan O, Shahmohammadi P, Fazaeli R, Bahar M,. 2010. "Seminal plasma levels of copper and its 

relationship with seminal parameters." Iran J Reprod Med 8 (2): 60-65. 

El Mulla KF, Kohn FM, Beheiry AH, Schill WB,. 1995. "The effect of smoking and varicocele on human sperm acrosin 

activity and acrosome reaction." Hum Reprod 10 (12): 3190-3194. 

Eley RM. 1992. "Reproductive biology of the vervet monkey Cercopithecus aethiops: a review." Utafiti 4 (1): 1-33. 

Emad AT, Azza ME, Sohair KS, Nagwa MG, Taymour M,. 2012. "Effect of Smoking on Sperm Vitality, DNA Integrity, 

Seminal Oxidative Stress, Zinc in Fertile Men." Urology 80: 822-825. 

Erenpreiss J, Bungum M, Spano M, Elzanaty S, Orbidans J, Giwercman A,. 2006. "Intraindividual variation in sperm 

chromatin structure assay parameters in men from infertile couples: clinical implications." Hum Reprod 16 

(6): 428-434. 

Erenpreiss J, Hlevicka S, Zalkalns J, Erenpreiss J,. 2002. "Effect of leukocytospermia on sperm DNA integrity: a 

negative effect in abnormal semen samples." J Androl 23 (5): 717-723. 

ESHRE (European Society of Human Reproduction and Embryology) Andrology Special Interest Group. 1996. 

"Consensus workshop on advanced diagnostic Andrology techniques." Hum Reprod 11: 1463-1479. 

Eskenazi B, Wyrobek AJ, Sloter E, Kidd SA, Moore L, Young S, Moore D,. 2003. "The association of age and semen 

quality in healthy men." Huma Reprod 18 (2): 447-454. 

http://etd.uwc.ac.za/



 

132 
 
 

Esteves SC, Sharma RK, Thomas AJT Jr, Agarwal A,. 2007. "Evaluation of Acrosomal Status and Sperm Viability in 

Fresh and Cryopreserved Specimens by the use of Fluorescent Peanut Agglutinin Lectin in conjunction with 

Hypo-osmotic Swelling Test." International Braz J Urol 33 (3): 364-376. 

Evenson DP, Larson KL, Jost LK,. 2002. "Sperm Chromatin Structure Assay: Its Clinical Use for Detecting Sperm DNA 

Fragmentation in Male Infertility and Comparisons With Other Techniques." J Androl 23: 25-43. 

Faqi AS. 2012. "A critical evaluation of developmental and reproductive toxicology in nonhuman primates." Syst Biol 

Reprod Med 58: 23-32. 

Fawcett DW. 1970. "A comparative view of sperm ultrastructure." Biol Reprod 2: 90-127. 

Fawcett DW. 1961. "Sperm tail structure in relation to the mechanism of movement." Edited by Bishop D. 

Spermatozoon Motility (A.A.A.S.) 147-169. 

Fawcett DW. 1975. "The mammalian spermatozoon ." Dev Biol 44: 394-436. 

Feijo CM, Esteves SC,. 2014. "Diagnostic accuracy of sperm chromatin dispersion test to evaluate sperm 

deoxyribonucleic acid damage in men with unexplained infertility." Fertil Steril 101: 58-63. 

Fenichel P, Donzeau M, Farahifar D, Basteris B, Ayraud N, Hsi BL,. 1991. "Dynamics of human sperm acrosome 

reaction: relation with in vitro fertilization." Fertil Steril 55: 994-999. 

Fisch H. 2008. "Declining worldwide sperm counts: Disproving a myth." Urol Clin north Am 35: 137-146. 

Fisch H, Goluboff ET,. 1996. "Geographic variations in sperm counts: A potential cause of bias in studies of semen 

quality ." Fertil Steril 65: 1044-1046. 

Fossato da Silva DA, Teixeira CT, Scarano WR, Favareto AP, Fernandez CD, Grotto D, Barbosa F Jr, Kempinas Wde G,. 

2011. "Effects of methylmercury on male reproductive functions in Wistar rats." Reprod Toxicol 31 (4): 431-

439. 

Fossella J, Samant SA, Silver LM, King SM, Vaughan KT, Olds-Clark P, Johnson KA, Mikami A, Vallee RB, Pilder SH,. 

1999. "An axonemal dynein at the hybrid sterility 6 locus: implications for t haplo-type-specific male sterility 

and the evolution of species barriers." Mamm Genome 11 (1): 8-15. 

Franco J, Mauri A, Petersen C, Baruffi R, Oliveria J,. 1994. "Efficacy of the sperm survival test for the prediction of 

oocyte fertilization in culture." Hum Reprod 8: 916-918. 

Franken DR, and Henkel R,. 2010. "Sperm functional assays." Optimizing IUI Results-A Guide to Gynecologists, 155-

167. 

Franken DR, Oehninger S,. 2012. "Semen analysis and sperm function testing." Asian J Androl 14: 6-13. 

Ghasemzadeh J, Talebi AR, Khalili MA, Fesahat F, Halvaei I, Nabi A, Ashourzadeh S,. 2015. "Sperm parameters, 

protamine deficiency, and apoptosis in total globozoospermia." Iran J Reprod Med 13 (8): 495-502. 

Gibbons IR. 1965. "Chemical dissection of cilia ." Arch Biol (Liege) 76: 317-352. 

Gibbons IR. 1961. "The relationship between the fine structure and direction of beat in gill cilia of a lamellibranch 

mollusc." J Biophys Biochem Cytol 11: 179-205. 

Gibbons IR, Grimstone AV,. 1960. "On flagellar structure in certain flagellates ." J Biophys Biochem Cytol 7: 697-716. 

Giwa-Osagie OF. 2004. "The Need for Infertility Services in the Developing World: WHO point of view." Gynecol 

Obstet Invest 57 (1): 58. 

http://etd.uwc.ac.za/



 

133 
 
 

Glover TD, Barrat CLR, Tyler JPP, Hennessay JF,. 1990. "Human Male infertility and Semen Analysis." Academic Press 

1-247. 

Gould KG, Young LG, Smithwick EB, Phythyon SR,. 1993. "Semen characteristics of the adult male chimpanzee (Pan 

troglodytes)." Am J Primat 29: 221-232. 

Goyer RA, Liu J, Waalkes MP,. 2004. "Cadmium and cancer of prostate and testis." BioMetals 17: 555-558. 

Gravance CG, Garner DL, Miller MG, Berger T,. 2003. "Flow cytometric assessment of changes in rat sperm 

mitochondrial function after treatment with pentachlorophenol." Toxicol In Vitro 17: 253-257. 

Guraya SS. 2000. "Cellular and molecular biology of capacitation and acrosome reaction in spermatozoa." Int Rev 

Cytol 199: 1-64. 

Guzick DS, Overstreet JW, Factor-Litvak P, Brazil CK, Nakajima ST, Coutifaris C, Carson SA, Cisneros P, Steinkampf MP, 

Hill JA, Xu D, Vogel DL,. 2001. "National Cooperative Reproductive Medicine Network. Sperm morphology, 

motility, and concentration in fertile and infertile men." N Engl J Med 345: 1388-1393. 

Halotech. 2014. "Clinical relevance of DNA Fragmentation." Halotech. Accessed January 24, 2014. 

http://www.halotechdna.com/en/dna_fragmentation/clinical_dna_fragmentation. 

HalotechDNA. 2015. "halotechdna." Vers. 1.0. May 26. Accessed March 2017. www.halotechdna.com. 

HalotechDNA. 2014. "SCD Compared with Other Techniques." Halotech 1-4. Accessed 01 24. 

http://www.halotechdna.com/en/dna_fragmentation/scd_vs_other_techniques. 

Hamad AWR, Al-Daghistani HI, Shquirat WD, Abdel-Dayem M, Al-Swaifi M,. 2014. "Sodium, Potassium, Calcium and 

Copper levels in Seminal Plasma are Associated with Sperm Quality in Fertile and Infertile Men." Biochem 

Pharmacol 3 (4): 1-7. 

Harrison RM,. 1980. "Semen parameters in Macaca mulatta: ejaculates from random and selected monkeys." J Med 

Primatol 9 (5): 265-273. 

Henkel R. 2017. "Clinical utility of sperm DNA fragmentation testing: a commentary." Transl Androl Urol 1-3. 

Henkel R. 2015. "Novel Sperm Tests and their Importance, Non-invasive Sperm Selection for invitro fertilization: 

Novel Concepts and Methods." Edited by Borges Jr E and Setti A.S., Agarwal A. Springer Science (Springer 

Science+Business Media New York) 23-40. 

Henkel R. 2012a. "Sperm preparation: state-of-the-art -physiological aspects and application of advanced sperm 

preparation methods." Asian J Androl 14: 260-269. 

Henkel R. 2012b. "Sperm processing for IVF, Practical Manual of In Vitro Fertilization: Advanced Methods and Novel 

Devices." Edited by Varghese A, and Agarwal A, Nagy SP. Springer (Springer) 1-703. 

Henkel R, and Schill WB,. 2003. "Sperm preparation for ART." Repro Biol Endocrinol 1: 108. 

Henkel R, MaaB G, Bodeker R-H, Scheibelhut C, Stalf T, Mehnert C, Schuppe HC, Jung A, and Schill W-B,. 2005. 

"Sperm function and assisted reproduction technology ." Reprod Med Biol 4: 7-30. 

Hermansson U, Axner E, Holst BS,. 2007. "Application of a zona pellucida binding assay (ZBA) in the domestic cat 

benefits from the use of in vitro matured oocytes." Acta Vet Scand 4928: 1-7. 

Hernandez-Lopez L, Umland N, Mondragon-Ceballos R, Nayudu PL,. 2005. "Comparison of the effects of Percoll and 

PureSperm on the common marmoset (Callithrix jacchus) semen." J Med Primatol 34: 86-90. 

http://etd.uwc.ac.za/



 

134 
 
 

Hess RA. 1998. "Effects of environmental toxicants on the efferent ducts, epididymis and fertility." J Reprod Fertil 

Suppl 53: 247-259. 

Hewitson L, Schatten G,. 2002. "The Use of Primates as models for assissted reproduction." Reprod Biomed Online 5: 

50-55. 

Himes J,. 2007. "Sperm Longevity in the midwater gelata, Atolla sp., Aurelia labiata, Bathocyroe sp., Nanomia bijuga, 

and Poralia sp." Mbari (University of California, Berkley ) 1-12. 

Hirano Y, Shibahara H, Obara H, Suzuki T, Takamizawa S, Yamaguchi C, Tsunoda H, Sato I,. 2001. "Relationships 

between sperm motility characteristics assessed by the computer-aided sperm analysis (CASA) and 

fertilization rates in vitro." J Assist Reprod Genet 18 (4): 215-220. 

Hong CY, Chaput De Saintonge DM, Turner P,. 1981. "The inhibitory action of procaine, (+) propanolol and (+-) 

propanolol on human sperm motility: antagonism by caffeine." Br J Clin Pharmacol 12: 751-753. 

Hong CY, Chiang BN,. 1983. "Mitochondrial respiration inhibitors and human sperm motility: implication in the 

development of spermicides." Br J clin Pharmac 16: 487-490. 

Hossain A, Osuampke C, Nagamani M,. 2008. "Extended culture of human spermatozoa in the laboratory may have 

practical value in the assisted reproductive procedures." Fertil Steril 89 (1): 237-239. 

Huang YL, Tseng WC, Cheng SY, Lin TH,. 2000. "Trace elements and lipid peroxidation in human seminal plasma ." 

Biol Trace Elem Res 76 (3): 207-2015. 

Hull MGR, McLeod FN, Joyce DN, Ray BD, McDermott A,. 1984. "Human in-vitro fertilization, in vivo sperm 

penetration of cervical mucus and unexplained fertility." Lancet 2: 245-246. 

Human Fertilisation & Embryology. 2012. About Infertility. Accessed 08 19, 2016. 

http://www.hfea.gov.uk/infertility.html. 

Hung P, Froenicke L, Linc CY, Lyonsb LA, Miller MG, Pinkerton KE, VandeVoort CA,. 2009. "Effects of environmental 

tobacco smoke in vivo on rhesus monkey semen quality, sperm function, and sperm metabolism." Reprod 

Toxicol 27: 140-148. 

Hung PH, Baumber J, Meyers SA, Vandevoort CA,. 2007. "Effects of environmental tobacco smoke in vitro on rhesus 

monkey sperm function." Reprod Toxicol 23: 499-506. 

Huse F, Okumura M, Sakamoto M, Kazama T, Kayatama T,. 1993. "Acrosome-Reacted Sperm in Infertile and Fertile 

Men Using the Triple-Stain technique." Arch Androl 30 (1): 41-45. 

Huszar G, Jakab A, Sakkas D, Ozenci CC, Cayli S, Delpiano E, Ozkavukcu S,. 2007. "Fertility testing and ICSI sperm 

selection by hyaluronic acid binding: clinical and genetic aspects." Reprod Biomed Online 14 (5): 650-663. 

Huszar G, Ozenci CC, Cayli S, Zavaczki Z, Hansch E, Vigue L,. 2003. "Hyaluronic acid binding by human sperm indicates 

cellular maturity, viability and unreacted acrosomal status." Fertil Steril 79 (3): 1616-1624. 

Invitrogen. 2008. "MitoTracker Mitochondrion-Selective probes." (Molecular Probes, Invitrogen detection 

technologies) 1-6. 

Irvine DS. 1998. "Epidemiology and aetiology of male infertility." Hum Reprod 13: 33-44. 

Israel G. 2013. "Human sperm as a Bioindicator of Cadmium chloride toxicity." University of the Western Cape,  

Jarow JP, Sharlip ID, Belker AM, Lipshultz LI, Sigman M, Thomas AJ, Schlegel PN, Howards SS, Nehra A, Damewood 

MD, Overstreet JW, Sadovsky R,. 2002. "Best pratice policies for male infertility." J Urol 167 (5): 2138-2144. 

http://etd.uwc.ac.za/



 

135 
 
 

Jasko DJ, Lein DH, Foote RH,. 1990. "Determination of the relationship between sperm morphologic classifications 

and fertility in stallions: 66 cases (1987-1988)." J Am Vet Med Assoc 197: 389-394. 

Jensen TK, Bonde JP, Joffe M,. 2006. "The influence of occupational exposure on male reproductive function." Occup 

Med 56: 544-553. 

Jequier AM. 2010. "Semen analysis: a new manual and its application to the understanding of semen and its 

pathology." Asian J Androl 12: 11–13. 

Johnson AD, Gomes WR, Vandemark NL,. 1970. "The Testis." Academic Press, New York 483-554. 

Jones R, Mann T, Sherins RJ,. 1979. "Peroxidative breakdown of phospholipids in human spermatozoa: spermicidal 

effects of fatty acid peroxides and protective action of seminal plasma." Fertil Steril 31: 531-537. 

Jorgensen N, Andersen AG, Eustache F, Irvine DS, Suominen J, Petersen JH, Andersen AN, Auger J, Cawood EH, Horte 

A, Jensen TK, Jouannet P, Keiding N, Vierula M, Toppari J, Skakkebaek NE,. 2001. "Regional differences in 

semen quality in Europe." Hum Reprod 16: 1012-1019. 

Jorgensen N, Auger J, Giwercman A, Irvine DS, Jensen TK, Jouannet P, Keiding N, Le Bon C, MacDonald E, Pekuri AM, 

Scheike T, Simonsen M, Suominen J, Skakkeboek NE,. 1997. "Semen analysis performed by different 

laboratory teams: an inter-variation study." Int J Androl 20: 201-208. 

Julius KK,. 1998. "Semen Anaysis and Induction of Acrosome Reaction in Spermatozoa of Tana Mangabey 

(Cercocebus galeritus) and De Brazza's (Cercopithecus neglectus) monkeys'." (BVM) Makerere University 1-

137. 

Jurewicz J, Hanke W, Radwan M, and Bonde JP,. 2009. "Environmental factors and semen quality." Int J Occup Med 

Environ Health 22: 305-329. 

Kamischke A, Nieschlag E,. 1998. "Conventional treatments of male infertility in the age of evidence-based 

andrology." Hum Reprod 13: 62-75. 

Kanous KS, Casey C, Lindemann CB,. 1993. "Inhibition of microtubule sliding by Ni2+ and Cd2+ evidence for a 

differential response of certain microtubule pairs within the bovine soerm axoneme." Cell Motil Cytoskeleton 

26: 66-76. 

Kao S-H, Chao H-T, Liu H-W, Liao T-L, Wei Y-H,. 2004. "Sperm mitochondrial DNA depletion in men with 

asthenospermia." Fertil Steril 82 (1): 66-73. 

Kasai T, Ogawa K, Mizuno K, Nagai s, Uchida Y, Ohta s, Fujic M, Suzuki K, Hirata S, Hoshi K,. 2002. "Relationship 

between sperm mitochondrial membrane potential, sperm motility and fertility potential." Asian J Androl 4: 

97-103. 

Kaskar K, Franken DR, van der Horst G, Oehniger S, Kruger TF, Hodgen GD,. 1994. "The relationship between 

morphology, motility and zona pellucida binding potential of human spermatozoa." Andrologia 26: 1-4. 

Katayose H, Shinohara A, Chiba M, Yamada H, Tominaga K, Sato A, Yanagida K,. 2004. "Effects of various elements in 

seminal plasma on semen profiles." J Mam Ova Res 21 (3): 141-148. 

Kaur S, Sharma S,. 2015. "Evaluation of toxic effect of cadmium on sperm count, sprm motility and sperm 

abnormality in albino mice." Int J Adv Res 3 (3): 335-343. 

Keel BA, Webster BW,. 1988. "Correlation of human sperm motility characteristics with an in vitro cervical mucus 

penetration test." Fertil Steril 49: 138-143. 

http://etd.uwc.ac.za/



 

136 
 
 

Khalili MA, Mir-Rokni F, Kalantar SM,. 1999. "Application of Vitality Tests on Asthenozoospermic Semen from 

infertile men." Iran Biomed J 3 (3,4): 77-81. 

Kim E, Yamashita M, Kimura M, Honda A, Kashiwabara S, Baba T,. 2008. "Sperm penetration through cumulus mass 

and zona pellucida." Int J Dev Biol 52: 677-682. 

Knazicka Z, Tydra E, Bardos L, Lukac N,. 2012. "Dose and time dependent effect of copper ions on the viability of bull 

spermatozoa in different media." J Environ Sci Health A Tox Hazard Subst Environ Eng 47 (9): 1294-1300. 

Kobayashi H, Nagao K, Koichi Nakajima K,. 2012. "Focus Issue on Male Infertility." Adv Urol 2012 (3): 1-6. 

Koehler JK, Platz CC, Waddell W, Jones MH, Behrns S,. 1998. "Semen parameters and electron microscope 

observations of spermatozoa of the red wolf, Canis rufus." J Reprod Fertil 114: 95-101. 

Kraemer M, Fillion C, Martin-Pont B, Auger J,. 1998. "Factors influencing human sperm kinematic measurements by 

the Celltrak computer-assisted sperm analysis system." Hum Reprod 13 (3): 611-619. 

Krause W, Rothauge C-F,. 1991. Andrologie: Krankheiten der mannlichen Geschlectsorgane. 2nd. Stuttgart: Ferdinand 

Enke Verlag. 

Krishna R$, S. 2012. "The importance of sperm motility." Boloji.com. January 23. Accessed October 22, 2013. 

www.boloji.com/index.cfm?md=Content&sd=Articles&ArticleID=11806. 

Krumschnabel G, Manzl C, Berger C, Hofer B. 2005. "Oxidative stress, mitochondrial permeability transition, and cell 

death in Cu-exposed trout hepatocytes." Toxicol Appl Pharmacol 209: 62-73. 

Kumar N, Singh AK,. 2015. "Trends of male factor infertility, an important cause of infertility: A review of literature." J 

Hum Reprod Sci 8 (4): 191-196. 

Kumar R, Pant N, Srivastava SP,. 2000. "Chlorinated pesticides and heavy metals in human semen." Int J Androl 23: 

145-149. 

Lamb DJ. 2010. "Semen analysis in 21st century medicine: the need for sperm function testing." Asian J Androl 12: 

64-70. 

Lanzendorf SE, Gliessman PM, Archibong AE, Alexander M, Wolf DP,. 1990 . "Collection and quality of rhesus monkey 

semen." Mol Reprod Dev 25: 61-66. 

Lehninger AL. 1982. "Electron transport, oxidative phosphorylation, and regulation of ATP production." Principles of 

Biochemistry (New York: Worth) 487-510. 

Li M-W, Meyer S, Tollner TL, Overstreet JW,. 2007. "Damage to Chromosomes and DNA of Rhesus Monkey Sperm 

Following Cryopreservation." J Androl 28 (4): 493-501. 

Liang R, Senturker S, Shi X, Bal W, Dizdaroglu M, Kasprzak KS,. 1999. "Effects of Ni (II) and Cu (II) on DNA interaction 

with the N-terminal sequence of human protamine P2: Enhancment of binding and mediation of oxidative 

DNA." Carcinogenesis 20: 893-898. 

Lindemann C, Gardner TK, Westbrook E, Kanous KS,. 1991. "The calcium-induced curvature reversal of rat sperm is 

potentiated by camp and inhibited by anticalmodulin." Cell Motil Cytoskel 20: 316-324. 

Liu DY, Baker HW,. 2003. "Disordered zona pellucida-induced acrosome reaction and failure of in vitro fertilization in 

patients with unexplained infertility." Fertil Steril 79: 74-80. 

Liu RZ, Gao JC, Zhang HG, Wang RX, Zhang ZH, Liu XY,. 2010. "Seminal plasma zinc level may be associated with the 

effect of cigarette smoking on sperm parameters." J Int Med Res 38 (3): 923-928. 

http://etd.uwc.ac.za/



 

137 
 
 

Liu XF, Zhang LM, Zhang Z, Liu N, Xu SW, Lin HJ,. 2013. "Manganese-induced effects on testicular trace element levels 

and crucial hormonal parameters on Hyline cocks." Biol Trace Elem Res 151: 217-224. 

Luconi M, Krausz C, Forti G, Baldi E,. 1996. "Extracellular calcium negatively modulates tyrosine phosphorylation and 

tyrosine kinase activity during capacitation of human spermatozoa." Biol Reprod 55 (1): 207-216. 

Ly JD, Grubb DR, Lawen A,. 2003. "The mitochondrial membrane potential (deltapsi(m)) in apoptosis: an Update." 

Apoptosis 8 (2): 115-120. 

Lybaert P, Danguy A, Leleux F, Meuris S, Lebrun P,. 2009. "Improved methodology for the detection and 

quantification of the acrosome reaction in mouse spermatozoa." Histol Histopathol 24: 999-1007. 

Magli MC, Crippa A, Muzii L, Boudjema E, Capoti A, Scaravelli G, Ferraretti AP, Gianaroli L,. 2012. "Head birefringence 

properties are associated with acrosome reaction, sperm motility and morphology." Reprod Biomed Online 

24: 352-359. 

Mahony MC, Gwathmey T,. 1999. "Protein Tyrosine Phosphorylation during Hyperactivated Motility of Cynomolgus 

Monkey (Macaca fascicularis) Spermatozoa." Biol Reprod 60: 1239-1243. 

Makker K, Agarwal A, Sharma R,. 2009. "Oxidative stress and male infertility." Indian J Med Res 129: 357-367. 

Mangelsdorf I, Buschmann J, Orthen B,. 2003. "Some aspects relating to the evaluation of the effects of chemicals on 

male infertility." Regul Toxicol Pharmacol 37: 356-369. 

Marchetti C, Gallego MA, Defossez A, Formstecher P, Marchetti P,. 2004b. "Staining of human sperm with 

fluorochrome-labelled inhibitor of caspases to detect activated caspases: correlation with apoptosis and 

sperm parameters." Hum Reprod 19: 1127-1134. 

Marchetti C, Jouy N, Leroy-Martin B, Defossez A, Formstecher P, Marchetti P,. 2004a. "Comparison of four 

fluorochromes for the detection of the inner mitochondrial membrane potential in human spermatozoa and 

their correlation with sperm motility." Hum Reprod. 19: 2267-2276. 

Marchetti C, Obert G, Deffosez A, Formstecher P, Marchetti P,. 2002. "A Study of mitochondrial membrane potential, 

reactive oxygen species, DNA fragmentation and cell viability by flow cytometry in human sperm." Hum 

Reprod 17: 1257-1265. 

Marchetti P, Ballot C, Jouy N, Thomas P, Marchetti C,. 2012. "Influence of mitochondrial membrane potential of 

spermatozoa on in vitro fertilization outcome." Andrologia 44: 136-141. 

Maree L, van der Horst G,. 2012. "Quantification and identification of sperm subpopulations using computer-aided 

sperm analysis and species-specific cut-off values for swimming speed." Biotech Histochem 88 (3,4): 181-193. 

Martinez-Menarguez JA, Ballesta J, Aviles M, Castells MT, Madrid JF,. 1992. "Cytochemical characterization of 

glycoproteins in the developing acrosome of rats." Histochemistry 97: 439-449. 

Martinez-Pastor F, Garcia-Macias V, Alvarez M, Herraez P, Anel L, de Paz P,. 2005. "Sperm subpopulations in Iberian 

red deer epididymal sperm and their changes trough the cryopreservation process." Biol Reprod 72: 316-327. 

Mascarenhas MN, Flaxman SR, Boerma T, Vanderpoel S, Stevens GA,. 2012. "National, Regional, and Global Trends in 

Infertility Prevalence Since 1990: A Systematic Analysis of 277 Health Surveys." PLoS Med 9 (12): 1-12. 

Massanyi P, Lukac N, Slivkova J, Kovacik J, Makarevich AV, Chrenek P, Toman R, Forgacs Z, Somosy Z, Stawarz R, 

Formicki G,. 2007. "Mercury-induced alterations in rat kidneys and testes in vivo." J Environ Sci Health A Tox 

Hazard Subst Environ Eng 42 (7): 865-870. 

http://etd.uwc.ac.za/



 

138 
 
 

Mati JKG. 2004. "Infertility Issues in the Developing World. Infertility: Addressing Challenges in its Management in 

Africa." Gynecol Obstet Invest 57: 56-58. 

Maya WDC. 2010. "World Health Organization manual for the processing of human semen." Actas Urol Esp 34: 577-

578. 

Maya-Soriano MJ, Abello MT, Fernandez-Bellon H, Martin M, Vidal J, Salvador C, Lopez-Bejar M,. 2015. 

"Reproductive assessment and preliminary evaluation of of assisted reproductive technologies in drills 

(Mandrillus leucophaeus)." JZAR 3 (4): 116-122. 

Mayorga-Torres BJM, Camargo M, Cadavid AP, du Plessis SS, Maya WDC,. 2016. "Are oxidative stress markers 

associated with unexplained male infertility?" Andrologia 49 (5): 1-7. 

Mazzilli F, Rossi T, Delfino M, Dondero F, Makler A,. 2001. "A new objective method for scoring human sperm 

hyperactibated based on head axis angle deviation." Andrology 24 (4): 189-196. 

McCauley TC, Kurth BE, Norton EJ, Klotz KL, Westbrook VA, Rao AJ, Herr JC, Diekman AB.,. 2002. "Analysis of a 

human sperm CD52 glycoform in primates: identification of an animal model for immunocontraceptive 

vaccine development." Biol Reprod 66: 1681-1688. 

Mdhluli MC, Seier JV, van der Horst G,. 2004. "The Male Vervet Monkey: Sperm Characteristics and Use in 

Reproductive Research." Gynecol Obstet Invest 57: 17-18. 

Mendiola J, Torres-Cantero AM, Agarwal A,. 2009. "Lifestyle factors and male infertility: an evidence-based review." 

Arch Med Sci 5: 3-12. 

Menkveld R, Holleboom CAG, Rhemrev JPT,. 2011. "Measurement and significance of sperm morphology." Asian J 

Androl 12: 59-68. 

Menkveld R, Van Zyl JA, Kotze TJ, Joubert G,. 1986. "Possible changes in male infertility over a 15-year period." Arch 

Androl 17: 143-144. 

Microptic SL. 2013. "FluoVit: kit for sperm vitality assessment." micropticsl.com. Microptic: Automatic Diagnostic 

systems. www.micropticsl.com/wp-content/uploads/2013/08/fluovit_protocol.pdf. 

Misro MM, Chaki SP, Chandra M, Maheswari M, Nandan D,. 2008. "Release of copper from CuT380A Co-incubated 

with semen and its affect on sperm function in vitro." Indian J Physiol Pharmacol 52: 267-273. 

Mitchell LA, De luliis GN, Aitken RJ,. 2010. "The TUNEL assay consistently underestimates DNA damage in human 

spermatozoa and is influenced by DNA compaction and cell vitality: development of an improved 

methodology." Int J Andro 34: 2-13. 

Monkeyland Primate Sanctuary. 2016. "the rhesus macaque." Accessed 01 2017. 

http://www.monkeyland.co.za/rhesus-macaque_article_op_view_id_400. 

Monsey JMP, Arrondo JLA,. 1993. "Practica Andrologica." Ediciones Científicas y Técnicas, Barcelona Masson-Salvat 

1-865. 

Monsour R, Aboulghar M, Serouri G, Abbas AM, Elattar I. 1995. "The life span of sperm motility and pattern in 

cumulus coculture." Fertil Steril 63 (3): 660-662. 

Morales P, Overstreet JW, Katz DF,. 1988. "Changes in human sperm motion during capacitation in vitro." J Reprod 

Fertil 83: 119–128. 

Morell JM. 2006. "Update on semen technologies for animal breeding ." Reprod Domest Anim 40: 1-5. 

http://etd.uwc.ac.za/



 

139 
 
 

Morell JM, Rodriguez-Martinez H,. 2009. "Biomimetic Techniques for Improving Sperm Quality in Animal Breeding: A 

Review." Open Androl J 1: 1-9. 

Morimoto Y, Hayashi E, Ohno T, Kanzaki H,. 1997. "Quality control of human IVF/ICSI program using endotoxin 

measurments and sperm survival test." Hum Cell 10: 271-276. 

Mortimer D. 1994b. "Laboratory standards in routine clinical andrology." Reprod Med Rev 3 (2): 97-111. 

Mortimer D. 1994a. "Practical laboratory andrology." Oxford University Press 1-393. 

Mortimer D, Curtis EF, Camenzind AR,. 1990. "Combined use of fluorescent peanut agglutinin lectin and Hoechst 

33258 to monitor the acrosomal status and vitality of human spermatozoa." Hum Reprod 5 (1): 99-103. 

Mortimer D, Curtis EF, Miller RG,. 1987. "Specific labelling by peanut agglutinin of the outer acrosomal membrane of 

the human spermatozoon." J Reprod Fert 81: 127-135. 

Mortimer D, Mortimer ST,. 2013. "Computer-Aided Sperm Analysis (CASA) of Sperm Motility and Hyperactivation." 

Edited by Aston KI, Carrell DT. Springer Science+Business Media 927 (8): 77-87. 

Mortimer D, Mortimer ST,. 2005. "Laboratory investigation of the infertile male." Edited by Brinsden PR. Taylor & 

Francis 61-91. 

Mortimer S.T. 2000. "CASA-practical aspects." J Androl 21: 515-524. 

Mortimer ST. 1997. "A critical review of the physiological importance and analysis of sperm movement in mammals." 

Hum Reprod 3: 403-439. 

Mortimer ST, van der Horst G, Mortimer D,. 2015. "The future of computer-aided sperm analysis." Asian J Androl 17: 

545-553. 

Mukhopadhyay CS, Verma A, Joshi BK, Singh A, Chakravarty AK, Dubey PP,. 2008. "In Vitro Acrosome reaction: Its 

pertinence in assessing fertility of cryopreserved semen." Indian J Anim Res 42: 201-204. 

Mukhopadhyay D, Nandi P, Varghese AC, Gutgutia R, Banerjee S, Bhattacharyya AK,. 2010. "The in vitro effect of 

benzo[a]pyrene on human sperm." Fertil Steril 94 (2): 595-598. 

Munire M, Shimizu Y, Sakata Y, Minaguchi R, Aso T,. 2004. "Impaired hyperactivation of human sperm in patients 

with infertility." J Med Dent Sci 51: 99-104. 

Murature DA, Tang SY, Steinhardt G, Dougherty RC,. 1987. "Phthalate esters and semen quality parameters." Biomed 

Environ Mass Spectrom 14: 473-477. 

Naftulin BN, Samuels SJ, Hellstrom WJG, Lewis EL, Overstreet JW,. 1991. "Semen quality in varicocele patients is 

characterized by tapered sperm cells." Fertil Steril 56: 149-151. 

Nasr-Esfahani MH, Aboutorabi R, Esfandiari E, Mardani M,. 2002. "Sperm MTT Viability Assay: A new method for 

evaluation of human sperm viability." J Assist Reprod Genet 19 (10): 477-482. 

National Pesticide Information Center, (npic).,. 2012. "Copper Sulphate." Techincal Fact Sheet. 

Ng SC, Martelli P, Liow SL, Herbert S, Oh SH,. 2002. "Intracytoplasmic injection of frozen-thawed epididymal 

spermatozoa in a nonhuman primate model, the cynomolgus monkey (Macaca fascicularis)." Theriogenology 

58: 1385-1397. 

Nijs M, Creemers E, Cox A, Franssen K, Janssen M, Vanheusden E, De Jonge C, Ombelet W,. 2009. "Chromomycin A3 

staining, sperm chromatin structure assay and hyaluronic acid binding assay as predictors for assisted 

reproductive outcome." Reprod Biomed Online 19 (5): 671-684. 

http://etd.uwc.ac.za/



 

140 
 
 

Ntanjana N. 2015. "Hyperactivation in human semen and sperm subpopulations by selected calcium modulators." 

University of the Western Cape, Medical Bioscience Department 1-214. 

Nunez-Martinez I, Moran JM, Pena FJ,. 2006. "A three-step statistical procedure to identify sperm kinematic 

subpopulations in canine ejaculates: changes after cryopreservation." Reprod Dom Anim 41: 408-415. 

Nyacheio A, Spiessens C, Chai DC, Kiulia NM, Mwenda JM, D'Hooghe TM,. 2010. "Separate and combined effects of 

Caffeine and dbcAMP on olive baboon (Papio anubis) sperm." J Med Primatol 39: 137-142. 

Nyacheio A, Spiessens C, Chai DC, Kiulia NM, Mwenda JM, D'Hooghe TM,. 2012. "Baboon spermatology: basic 

assessment and reproducibility in olive baboons (Papio anubis)." J Med Primatol 41: 297-303. 

Oehninger S, Blackmore P, Morshedi M, Sueldo C, Acosta AA, Alexander NJ,. 1994. "Defective calcium influx and 

acrosome reaction (spontaneous and progesterone-induced) in spermatozoa of infertile men with severe 

teratozoospermia." Fertil Steril 61: 349-354. 

Oehninger S, Franken DR, Sayed E, Barroso G, Kolm P,. 2000. "Sperm function assays and their predicitve value for 

fertilization outcome in IVF therapy: a meta-analysis." Hum Reprod Update 6 (2): 160-168. 

O'Flaherty C, Hales BF, Chan P, Robaire B,. 2010. "Impact of chemotherapeutics and advanced testictular cancer or 

Hodgkin lymphoma on sperm deoxyribonucleic acid integrity." Fertil Steril 94: 1374-1379. 

Ohl DA, Menge AC,. 1996. "Assessment of Sperm Function and Clinical Aspects of Impaired Sperm Function." Front 

Biosci 1: 96-108. 

Ohtani K, Kobayashi K, Kubota H, Saegusa J,. 2004. "Evaluation of toxic effect on sperm of halogenized propans using 

Tetrazolium salt, SQA and CASA methods in rats." Toxicol Sci 29 (4): 214-8585. 

Ola B, Afnan M, Papaioannou S, Sharif K, Bjorndahl L, Coomarasamy A,. 2003. "Accuracy of sperm-cervical mucus 

penetratioon tests in evaluating sperm motility in semen: a systematic quantitative review." Hum Reprod 18: 

1037-1046. 

Olivari FA, Hernandez PP, Allende ML,. 2008. "Acute copper exposure induces oxidative stress and cell death in 

lateral line hair cells of zebrafish larvae." Brain Res 1244: 1-12. 

Oliveira H, Spano M, Santos C, de Lourdes Pereira M,. 2009b. "Adverse effects of cadmium exposure on mouse 

sperm." Reprod Toxicol 28: 550-555. 

Oliveira JB, Massaro FC, Mauri AL, Petersen CG, Nicoletti AP, et al.,. 2009a. "Motile sperm organelle morphology 

examination is stricter than Tygerberg criteria." Reprod Biomed Online 18: 320-326. 

Ombelet W, Vandeput H, Janssen M, Cox A, Vossen C, Pollet H, Steeno O, Bosmans E,. 1997. "Treatment of male 

infertility due to sperm surface antibodies: IUI or IVF?" Hum Reprod 12 (6): 1165-1170. 

Ortgies F, Klewitz J, Gorgens A, Matinssin G, Sieme H,. 2012. "Effect of procaine, pentoxifylline and trolox on 

capacitation and hyperactivation of stallion spermatozoa." Andrologia 44: 130-138. 

Osheroff JE, Visconti PR, Valenzuela JP, Travis AJ, Alvarez J, Kopf GS,. 1999. "Regulation of human sperm capacitation 

by a cholesterol efflux-stimulated signal transduction pathway leading to protein kinase A-mediated up-

regulation of protein tyrosine phosphorylation." Mol Hum Reprod 5: 1017-1026. 

Osser S, Liedholm R, Ranstam J,. 1984. "Depressed semen quality: A study over two decades ." Arch Androl 12: 113-

116. 

Pacey AA. 2010. "Environmental and lifestyle factors associated with sperm DNA damage ." Hum Fertil (Camb) 13: 

189-193. 

http://etd.uwc.ac.za/



 

141 
 
 

Palmer NO, Bakos HW, Fullston T, Lane M,. 2012. "Impact of obesity on male fertility, sperm function and molecular 

composition." Spermatogenesis 2 (4): 253-263. 

Pandey R, Singh SP,. 2002. "Effects of molybdenum on fertility of male rats." Biometals 15: 65-72. 

Park CH, Kim SW, Hwang YJ, Kim DY,. 2012. "Cryopreservation with Trehalose Reduced Sperm Chromatin Damage in 

Miniature Pig." J Emb Trans 27 (2): 107-111. 

Pesch S, Bergmann M,. 2006. "Structure of mammalian spermatozoa in respect to viability, fertility and 

cryopreservation." Micron 37: 597-612. 

Phillips KP, Tanphaichitr N,. 2008. "Human exposure to endocrine disrupters and semen quality." J Toxicol Health B 

11: 188-200. 

Pietrobon EO, Dominquez LA, Vincenti AE, Burgos MH, Fornes MW,. 2001. "Detection of the mouse acrosome 

reaction by acid phosphatase. Comparison with chlortetracycline and electron microscopy ." J Androl 22 (1): 

96-103. 

Piombomi P, Focarelli R, Stendardi A, Ferramosca A, Zara V,. 2012. "The role of mitochondria in energy production 

for human sperm motility." Int J Androl 35: 109-124. 

Pizent A, Colak B, Kljakovic-Gaspic Z, Telisman S,. 2009. "Prostate-specific antigen (PSA) in serum in relation to blood 

lead concentration and alcohol consumption." Arh Hig Rada 60: 69-78. 

Pizent A, Tariba B, Zivkovic T,. 2012. "Reproductive Toxicity of Metals in Men." Arh Hig Rada Toksikol 63: 35-46. 

Prag FC. 2013. "Human Sperm as a Bioindicator of Copper sulphate toxicity." University of the Western Cape, Medical 

Bioscience Department.  

Promega Corporation. 2009. "DeadEnd Fluorometric TUNEL System." A Technical Bulletin, Madison, 1-21. 

Puluputturi SR, Dayapulae JR,. 2012. "Metals: Male Reproductive Function." Int J Pharm Sci Rev Res 16 (2): 56-60. 

Putkhao K, Yuksel A, Parnpai R, Chan AWS,. 2013. "Cryopreservation of Transgenic Huntington's Disease Rhesus 

Macaque Sperm: A Case Report." Clon Transgen 2 (3): 1-5. 

Quintero-Moreno A, Miro J, Rigau T, Rodriguez-Gil JE,. 2003. "Identification of sperm subpopulations with specific 

motility characteristics in stallion ejaculates." Theriogenology 59: 1973-1990. 

Quintero-Moreno A, Rigau T, Rodriguez-Gil JE,. 2007. "Multivariate cluster analysis regression procedures as tools to 

identify motile sperm subpopulations in rabbit semen and to predict semen fertility and litter size." Reprod 

Dom Anim 42: 312-319. 

Quintero-Moreno A, Rigau T, Rodriguez-Gil JE,. 2004. "Regression analysis and motile sperm subpopulation structure 

study as improving tools in boar semen quality analysis." Theriogenology 61: 673-690. 

Ragan HA, Mast TJ,. 1990. "Cadmium inhalation and male reproductive toxicity." Rev Environ Contam Toxicol 114: 1-

22. 

Raheem AA, Ralph D,. 2011. "Male infertility: causes and investigations, Reproduction." Trends in Urology & Men's 

Health 8-11. 

Ramalho-Santos J, Amaral A, Sousa AP, Rodrigues AS, Martins L, Baptista M, Mota PC, Tavares R, Amaral S, Gamboa 

S,. 2007. "Probing the Structure and Function of Mammalian Sperm using Optical and Fluorescence 

Microscopy." Edited by Diaz J, Mendez-Vilas A. Modern Research and Educational Topis in Microscopy 

(FORMATEX) 397-402. 

http://etd.uwc.ac.za/



 

142 
 
 

Ramalho-Santos J, Amaral S,. 2013. "Mitochondria and mammalian reproduction." Mol Cell Endocrinol 379 (1,2): 74-

84. 

Ramalho-Santos J, Schatten G, Moreno RD,. 2002. "Control of membrane fusion during spermiogenesis and the 

acrosome reaction." Biol Reprod 67 (4): 1043-1051. 

Ramio-Lluch L, Yeste M, Fernandez-Novell JM, Estrada E, Rocha L, Cebrian-Perez JA., Muino-Blanco T, Concha II, 

Ramirez A, Rodriguez-Gil JE,. 2014. "Oligomycin A- induced inhibition of mitochondrial ATP-synthase activity 

suppresses boar sperm motility and in vitro capacitation achievement without modifying overall sperm 

energy levels." Reprod Fertil Dev 26 (6): 883-897. 

Ranganathan S, Ganguly AK, Datta K,. 1994. "Evidence for presence of hyaluronan binding protein on spermatozoa 

and its possible involvement in sperm function." Mol Reprod Dev 38: 69-76. 

Rao B, Soufir JC, Martin M, David G,. 1989. "Lipid peroxidation in human spermatozoa as related to midpiece 

abnormalities and motility ." Gamete Res 24: 127-134. 

Raveh O, Pinchuk I, Fainaru M, Lichtenberg D,. 2001. "Kinetics of lipid peroxidation in mixture of HDL and LDL, 

mutual effects." Free Radic Biol Med 31: 1486-1497. 

Reactifs Ral. 2005. "Staining Procedure, 32 Eosin-Nigrosin staining for Spermograms." Martillac Cedex 1-2. 

Reproductive Health Outlook. 2002. "Infertility: Overview and lessons learned." RHO. Accessed 08 18, 2016. 

www.rho.org. 

Richiardi L, Bellocco R, Adami HO, Torrang A, Barlow L, Hakulinen T, Rahu M, Stengrevics A, Storm H, Tretli S, 

Kurtinaitis J, Tyczynski JE, Akre O,. 2004. "Testicular cancer incidence in eight northern European countries: 

secular and recent trends." Cancer Epidemiol Biomarkers Prev 13 (12): 2157-2166. 

Rijsselaere T, van Soom A, Tanghe S, Coryn M, Maes D, de Kruif A,. 2005. "New techniques for the assessment of 

canine semen quality: a review." Theriogenology 64: 706-719. 

Roblero L, Guadarrama A, Lopez T, Zegers-Hochschild F,. 1996. "Effect of copper ion on the motility, viability, 

acrosome reaction and fertilizing capacity of human spermatozoa in vitro." Reprod Fertil Dev 8 (5): 871-874. 

Roche Diagnostics. 2011. "Cell Proliferation Kit II (XTT)." Roche Diagnostics GmbH, Roche Applied Science 1-4. 

Roche Diagnostics. 2006. "Cell Proliferation Reagent WST-1." Roche Diagnostics GmbH, Roche Applied Science 1-4. 

Rogers B, Myatt G, Soderdahl D, Hale RW,. 1985. "Monitoring of suspected infertile men by the sperm penetration 

assay." Fertil Steril 44 (6): 800-805. 

Ross MH, Romrell LJ,. 1989. "Histology: A Text and Atlas." The Laboratory Primate (Williams and Wilkins) 629-647. 

Rovan E. 2001. "Biochemistry of spermatozoa." Edited by Holzmann A, Busch W. Veterinary Medicine Andrology, 

Physiology and Pathology of Reproduction in Male Animals (Schattauer, Stuttgart) 23-54. 

Roychoudhury S, Bulla J, Massanyi P, Choudhury MD. 2010. "Copper affects spermatozoa motility, morphology and 

cell membrane integrity in rabbits in vitro." Biotechnology 150: 451. 

Roychoudhury S, Slivkova J, Bulla J, Massanyi P,. 2008. "Copper Aministration alters fine parameters of Spermatozoa 

Motility in Vitro." Folia Vet Lat 52 (2): 64-68. 

Rutstein SO, Shah IH,. 2004. "Infecundity, Infertility, and Childlessness in Developing Countries. Demographic and 

Health Surveys (DHS) Comparative Reports No. 9." ORC Macro and the World Health Organization.  

http://etd.uwc.ac.za/



 

143 
 
 

Sakkas D, Manicardi GC, Tomlinson M, Mandrioli M, Bizarro D, Bianchi PG, Bianchi U,. 2000. "The use of two density 

gradient centrifugation techniques and the swim-up method to separate spermatozoa with chromatin and 

nuclear DNA anomalies." Hum Reprod 15 (5): 1112-1116. 

Saladin KS. 2006. "The Reproductive System." Chap. 27 in Anatomy and Physiology: The unity of form and funciton. 

McGraw-Hill Science/Engineering/Math. Accessed 09 02, 2016. http://slideplayer.com/slide/4404184/. 

Saleh RA, Agarwal A, Kandirali E, Sharma RK, Thomas AJ, Nada EA, Evenson DP, Alvarez JG. 2002. "Leukocytospermia 

is associated with increased reactive oxygen species production by human spermatozoa." Fertil Steril 78 (6): 

1215-1224. 

Salvioli S, Ardizzoni A, Francecshi C, Cossarizza A,. 1997. "JC-1, but not DiOC6(3) or rhodamine 123, is a reliable 

fluorescent probe to assess delta psi changes in intact cells: implications for studies on mitochondrial 

functionality during apoptosis." FEBS Lett. 411: 77-82. 

Saradha B, Mathu PP,. 2006. "Effect of environmental contaminants on male reproduction." Environ Toxicol 

Pharmacol 21: 34-41. 

Schlingmann K, Michaut MA, McFlwee JL, Wolff CA, Travis AJ, Turner RM,. 2007. "Calmodulin and CaMKII in the 

sperm principal piece: evidence for a motility related calcium/calmodulin pathway." J Androl 28: 706-716. 

Schmid TE, Eskenazi B, Baumgartner A, Marchetti F, Young S, Weldon R, Anderson D, Wyrobek AJ,. 2007. "The effects 

of male age on sperm DNA damage in healthy non-smokers." Hum Reprod 22: 180-187. 

Schulte RT, Ohl DA, Sigman M, Smith GD,. 2010. "Sperm DNA damage in male infertility: etiologies, assays and 

outcomes." J Assist Reprod Genet 27 (1): 3-12. 

Sciarra J. 1994. "Infertility: An international health problem." Int J Gynaecol Obstet 46: 155-163. 

Sciarra J. 1997. "Sexually transmitted diseases: Global importance." Int J Gynaecol Obstet 58: 107-119. 

Seier JV, Conradie E, Oettle EE, Fincham JE,. 1993. "Cryopreservation of vervet monkey semen and recovery of 

progressively motile spermatozoa." J Med Primatol 22: 355-359. 

Seier JV. 1986. "Breeding vervet monkeys in a closed environment." J Med Primatol 15: 339-349. 

Seier JV, Fincham JE, Menkveld R, Venter FS,. 1989. "Semen characteristics of vervet monkeys." Lab Anim 23: 43-47. 

Sharon N. 2007. "Lectins: carbohydrate - specific reagents and biological recognition molecules." J Biol Chem 282: 

2573-2764. 

Shidler SL, Lenon J,. 2007. "Macaques." University of Wisconsin-Madison (Wisconsin National Primate Research 

Center). 

Si Y, Okuno M,. 1993. "The sliding of the fibrous sheath through the axoneme proximally together with microtubule 

extrusion ." Exp Cell Res 208: 170-174. 

Simerly CR, Castro CA, Jacoby E, Grund K, Turpin J, McFarland D, Champagne J, Jimenez Jr JB, Frost P, Bauer C, 

Hewitson L, Schatten G,. 2010. "Assisted Reproductive Technologies (ART) With Baboons Generate Live 

Offspring: A Nonhuman Primate Model for ART and Reproductive Sciences." Reprod Sci 17: 917-930. 

Singh NP, Muller CH, Berger RE,. 2003. "Effects of age on DNA double-stranded breaks and apoptosis in human 

sperm." Fertil Steril 80: 1420-1430. 

Skakkebaek NE, Rajpert-De Meyts E, Main KM,. 2001. "Testicular dysgenesis syndrome: an increasingly common 

developmental disorder with environmental aspects." Hum Reprod 16: 972-978. 

http://etd.uwc.ac.za/



 

144 
 
 

Slanina T, Miskeje M, Petrovicova I, Lukac N, Massanyi P,. 2015. "Changes in Turkey Spermatozoa Motility 

Parameters after addition of Copper Sulphate in vitro." J Microbiol Biotechnol Food Sci 4 (2): 98-100. 

Smit M, van Casteren NJ, Wildhagen MF, Romijn JC, Dohle GR,. 2010. "Sperm DNA integrity in cancer patients before 

and after cytotoxic treatment." Hum Reprod 25: 1877-1883. 

Smith KD, Rodriguez-Rigau LJ, and Steinberger E,. 1977. "Relation between indices of semen analysis and pregnancy 

ratein infertile couples." Fertil Steril 28: 1314-1319. 

Sparman M, Ramsey CM, Thomas CM, Mitalipov SM, Fanton JW, Maginnis GM, Stouffer RL, Wolf DP,. 2007. 

"Evaluation of the Vervet (Clorocebus aethiops) as a model for the Assissted reproductive technologies." Am 

J Primatol 69: 917-929. 

Suarez SS, Ho HC,. 2003. "Hyperactivated motility in Sperm." Repro Dom Anim 38: 119-124. 

Swan SH. 2006. "Semen quality in fertile US men in relation to geographical area and pesticide exposure ." Int J 

Androl 29: 62-68. 

Swan SH, Elkin EP, Fenster L,. 2000. "The question of declining sperm density revisted: Analysis of 101 studies 

published 1934-1996." Environ Health Perspect 108: 961-966. 

Tabassomi M, Alavi-Shoushtari SM,. 2013. "Effects of in vitro copper sulphate supplementation on the ejaculated 

sperm characteristics in water buffaloes (Bubalus bubalis)." Vet Res Forum 4 (1): 31-36. 

Talwar GP, Naz RK, Das C, Das RP,. 1979. "A practicable immunological approach to block spermatogenesis without 

loss of androgens." Proct Natl Acad Sci 76 (11): 5882-5885. 

Tariba B. 2011. "Metals in wine-impact on wine quality and helath outcomes." Biol Trace Elem Res 144: 143-156. 

Tariba B, Kljakovic-Gaspic Z, Pizent A,. 2011b. "Estimation of copper intake in moderate wine consumers in Croatia." 

Arh Hig Rada Toksikol 62: 229-234. 

Tariba B, Pizent A, Kljakovic-Gaspic Z,. 2011a. "Determination of lead in Croatian wines by graphite furnace atomic 

absorption spectrometry." Arh Hig Rada Toksikol 62: 25-31. 

Telisman S, Colak B, Pizent A, Jurasovic J, Cvitkovic P,. 2007. "Reproductive toxicity of low-level lead exposure in 

men." Environ Res 105: 256-266. 

Tesarik J. 1989. "Appropriate timing of the acrosome reaction is a major requirement for the fertilizing 

spermatozoan." Hum Reprod 4: 957-961. 

Thomsen R. 2013. "Non-invasive collection and analysis of semen in wild macaques." Springer 10: 1-7. 

Tielemans E, Burdorf A, te Velde ER, Weber RF, van Kooij RJ, Veulemans H, Heederik DJ,. 1999. "Occupationally 

related exposures and reduced semen quality: a case-control study." Fertil Steril 71: 690-696. 

Tollner TL, VanderVoort CA, Overstreet JW, Drobnis EZ,. 1990. "Cryopreservation of spermatozoa from cynomolgus 

monkeys (Macaca fascicularis)." J Reprod Fert 90: 347-352. 

Topfer-Petersen E, Waberski D,. 2001. "Sperm maturation and fertilization." Edited by Holzmann A, Busch W. 

Veterinary Medicine Andrology, Physiology, Pathology of Reproduction in Male Animals (Schattauer, 

Stuttgart) 69-72. 

Tremellen K. 2008. "Oxidative stress and male infertility - a clinical perspective." Hum Reprod Update 14: 243-258. 

Trisini AT, Singh NP, Duty SM, Hauser R,. 2004. "Relationship between human semen parameters and 

deoxyribonucleic acid damage assessed by the neutral comet assay." Fertil Steril 82 (6): 1623-1632. 

http://etd.uwc.ac.za/



 

145 
 
 

Tvdra E, Knazicka Z, Bardos L, Massanyi P, Lukac N,. 2011. "Impact of oxidative stress on male fertility- a review." 

Acta Vet Hung 59: 465-484. 

Tvdra E, Lukac N, Schneidgenova M, Lukacova J, Szabo CS, Goc Z, Greń A, Massányi P,. 2013. "Impact of seminal 

chemical elements on the oxidative balance in bovine seminal plasma and spermatozoa." J Vet Med 2013: 1-

8. 

Tydon Safaris. 2016. Gallery. Accessed 01 2017. https://www.tydonsafaris.com/gallery.htm. 

Ulstein M. 2011. "Sperm Penetration of Cervical Mucus as a Criterion of Male fertility." Acta Obstet Gynecol Scand 

51: 335-340. 

Umeyama T, Ishikawa H, Takeshima H, Yoshi S, Koiso K,. 1986. "A comparative study of seminal trace elements in 

fertile and infertile men." Fertil Steril 46: 494-499. 

Unisonplus. 2013. "Unisonplus." Semen analysis and male infertility. Accessed February 19. 

http://www.norman.irene.unisonplus.net/tests.htm#vital. 

University of Utah, Health Care,. 2014. "Andrology, Tests and Procedures, Evaluating Male Fertiity." Health Care. 

Accessed February 05, 2014. https://healthcare.utah.edu/andrology/tests.php#long. 

Valle RR, Nayudu PL, Leal CLV, Garcia-Herreros M,. 2012. "Sperm Head morphometry in ejaculates of adult 

marmosets (Callithrix jacchus): A model for studying sperm subpopulations and among-donor variations." 

Theriogenology 78: 1152-1165. 

van der Horst G, Luther I, Goeritz F, Hermes R, Dierich J, Lueders I, Tordiff A, Bartels P, Potier R, Baker B, Theison W, 

van Altena JJ, Grobler D, Hildebrandt T,. 2010. "Computer aided semen analysis of Loxodonta africana 

sperm." International elephant conservation and research symposium. Pretoria. 

van der Horst G, Maree L,. 2009. "SpermBlue: A New universal stain for human and animal sperm which is also 

amenable to automated sperm morphology analysis." Biotech Histochem 84 (6): 299-308. 

van der Horst G, Seier J, Mdhluli MC,. 2004. "Subhuman Primates as Models for the Development of Male 

Contraceptives." Gynecol Obstet Invest 57: 15-17. 

van der Horst G. 2005. "Reproduction: Male." Chap. 31. Elsevier. 

VandeVoort CA. 2004. "High quality sperm for nonhuman primate ART: Production and assessment." Reprod Biol 

Endocrinol 2 (33): 1-5. 

Varki A, Cummings R, Esko J, Freeze H, Hart G, Marth J,. 1999. "Plant lectins In Essentials of glycobiology." Cold Spring 

Harbor Laboratory Press (Cold Spring Harbor) 455-467. 

Vasan SS. 2011. "Semen analysis and sperm function test: How much to test?" Indian J Urol 27 (1): 41-48. 

Vigil P, Wohler C, Bustos-Obregon E, Comhaire F, Morales P,. 1994. "Assessment of sperm function in fertile and 

infertile men." Andrologia 26 (2): 55-60. 

Vlarengo A, Pertica M, Mancinelli G, Zanicchi G, Orunesy M,. 1980. "Rapid induction of copper-binding proteins in 

the gills of metal exposed mussels." Comp Biochem Physiol 67: 215-218. 

Wang C, Leung A, Tsoi W-L, Leung J, Ng V, Lee K-F, Chan SYW. 1991. "Evaluation of human sperm hyperactivated 

motility and its relationship with the zona-free hamster oocyte sperm penetration assay." Andrology 12 (4): 

253-257. 

http://etd.uwc.ac.za/

https://healthcare.utah.edu/andrology/tests.php#long


 

146 
 
 

Wang X, Sharma RK, Gupta A, George V, Thomas AJ, Falcone T, Agarwal A,. 2003. "Alterations in mitochondria 

membrane potential and oxidative stress in infertile men: a prospective observational study." Fertil Steril 80 

(2): 844-850. 

Wang Z, Chin TA, Templeton DM,. 1996. "Calcium-independent effects of cadmium on actin assembly in mesangial 

and vascular smooth muscle cells." Cell Motil Cytoskel 33: 208-222. 

Wellejus A, Poulsen HE, Loft S,. 2000. "Iron-induced oxidative DNA damage in rat sperm cells in vivo and in vitro ." 

Free Radical Res 32: 75-83. 

Wilcox AJ, Weinberg CR, Baird DD,. 1995. "Timing of sexual intercourse in relation to ovulation. Effects on the 

probablity of conception, survival of the pregnancy, and sex of the baby." N Engl J Med 333: 1517-1521. 

Wildlife Pictures Online. 2016. "Vervet Monkey Information." Accessed 01 2017. http://www.wildlife-pictures-

online.com/vervet-monkey-information.html. 

Wimalasena DS, Wiese TJ, Wimalasena K,. 2007. "Copper ions disrupt dopamine metabolism via inhibition of V-H+-

ATPase: a possible contributing factor to neurotoxicity." J Neurochem 101: 313-326. 

Wirth JJ, Mijal RS,. 2010. "Adverse effects of low level heavy metal exposure on male reproductive function." Syst 

Biol Reprod Med 56: 147-167. 

Wolf DP. 2009. "Artificial insemination and the assisted reproductive technologies in nonhuman primates." 

Theriogenology 71: 123-129. 

Wolf DP, Thomson JA, Zelinski-Wooten MB, Stouffer RL,. 1990. "In vitro fertilization-embryo transfer in nonhuman 

primates: Technique and its applications. Review article." Mol Reprod Dev 27: 261-280. 

Wong EW, Cheng CY,. 2011. "Impacts of environmental toxicants on male reproductive dysfunction." Trends 

Pharmacol Sci 32: 290-299. 

Wong WY, Flik G, Groenen PM, Swinkels DW, Thomas CM, Copius-Peereboom JH, Merkus HM, Steegers-Theunissen 

RP,. 2001. "The impact of calcium, magnesium, zinc, and copper in blood and seminal plasma on semen 

parameters in men." Reprod Toxicol 15 (2): 131-136. 

World Health Organization (WHO). 2006. "Reproductive Health Indicators." (WHO Library Cataloguing-in-Publication 

Data) 1-63. 

World Health Organization (WHO). 2015. "Sexual and reproductive health." Accessed April 07, 2015. 

http://www.who.int/reproductivehealth/topics/infertility/burden/en/#. 

World Health Organization (WHO). 2010. "WHO Laboratory manual for the Examination and processing of human 

semen." (WHO Press). 

World Health Organization (WHO). 1999. "WHO Laboratory Manual for the Examination of Human Semen and 

Semen-Cervical Mucus Interaction." (Cambridge University Press). 

Xu LC, Wang SY, Yang XF, Wang XR,. 2001. "Effects of cadmium on rat sperm motility evaluated with computer 

assisted sperm analysis." Biomed Environ Sci 14: 312-317. 

Yanagimachi R. 1981. "Mechanisms of fertilization in mammals." Edited by Biggers JD, Mastroianni L. Fertilization 

and Embryonic Development in vitro (Plenum Press) 81-182. 

Ye H, Huang GN, Gao Y, Liu DY,. 2006. "Relationship between human sperm-hyaluronan binding assay and 

fertilization rate in conventional in vitro fertilization." Hum Reprod 21: 1545-1550. 

http://etd.uwc.ac.za/



 

147 
 
 

Yin LM, Wei Y, Wang Y, Xu YD, Yang YQ,. 2013. "Long term and Standard Incubations of WST-1 Reagent Reflect the 

Same Inhibitory Trend of Cell Viability in Rat Airway Smooth Muscle Cells." Int J Med Sci 68-72. 

Young RJ, Bodt BA, Heitkamp DH,. 1995. "Action of metallic ions on the precocious development by rabbit sperm of 

motion patterns that are characteristic of hyperactivated motility." Mol Reprod Dev 41: 239-248. 

Zeng X, Jin T, Jiang X, Kong Q, Ye T, Nordberg GF,. 2004. "Effects on the prostate of environmental cadmium 

exposure- a cross-sectional population study in China." BioMetals 17: 559-565. 

Zhang Y, Xie QX, Pan SP, Zhang CX, Xiao LJ, Peng YL,. 2005. "Comparison of three methods for evaluating acrosome 

reaction in human spermatozoa." Nat J Androl 11 (6): 419-421. 

Zhao X, Cheng Z, Zhu Y, Li S, Zhang L, Luo Y,. 2015. "Effects of paternal cadmium exposure on the sperm quality of 

male rats and the neurobehavioral system of their offspring." Exp Ther Med 10 (6): 2356-2360. 

Zheng, Bonde JP, Ernst E, Mortensen JT, Egense J,. 1997. "Is semen quality related to the year of birth among Danish 

infertility clients?" Int J Epidemiol 26: 1289-1297. 

Zini A, Libman J,. 2006. "Sperm DNA damage: importance in the era of assisted reproduction." Curr Opin Urol 84 (1): 

228-231. 

Zorn B, Golob B, Ihan A, Kopitar A, Kolbezen M,. 2012. "Apoptotic sperm biomarkers and their correlation with 

conventional sperm parameters and male fertility potential." J Assist Reprod Genet 29: 357-364. 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/


	Title Page
	Keywords
	Abstract
	Acknowledgements
	Contents
	Chapter 1: Introduction to study
	Chapter 2: Introduction
	Chapter 3: Materials and Methods
	Chapter 4: Results
	Chapter 5: Discussion and Conclusion
	References



