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ABSTRACT 

 
Fertilization and cleavage of bovine embryos depend not only on maternal 

involvement, but also on the paternal contributions that involve more than just providing 

the haploid male genome.  Therefore, the overall objective of this project was to 

determine the impact of morphologically abnormal spermatozoa on fertilization, 

subsequent embryonic development, and embryo quality at the cellular level. Four 

experiments used morphologically abnormal semen samples collected and cryopreserved 

from four Holstein bulls before (Pre) and after a scrotal insulation (PI) period of 48 h.  

Zygotes were cultured for 8 d when a developmental score was assigned to each embryo ; 

subpopulations were subjected to either the TUNEL or caspase assays to determine 

apoptosis.  In the final experiment pronuclear decondensation for presumptive zygotes 

was evaluated by differential interference contrast microscopy at 3 h time intervals from 

6 to 18 h post in vitro insemination (hpi).  Morphological evaluation of semen samples 

revealed a decrease (P < 0.01) in the percentages of normal spermatozoa in the PI 

samples in comparison with the Pre samples for Bulls I and Bull III (74 to 22.3% and 

67.7 to 0.5 %, respectively) and the scrotal insulation effects persisted from the time of 

cleavage through blastocyst formation for Bulls I and III and corresponded with a similar 

decrease in blastocyst development for PI samples in experiment 1 regardless of which 

semen separation method was used.  Likewise, the overall pronuclear decondensation rate 

for the PI zygotes of Bull I and III showed no increase over time and remained 

predominantly at PN1 stage (1.5 ± 0.17; 1.8 ± 0.22, respectively). In contrast, the
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development for Bull II and Bull IV were unaffected. The embryo quality assessment 

revealed that the caspase intensity increased significantly for both Bull I (217 ± 147) and 

Bull III (229 ± 98) for the PI embryo groups compared to those of Bull II (98 ± 115) and 

Bull IV (90 ± 111).  In conclusion, the tested separation methods used seemed inadequate 

in their ability to provide potentially competent sperm for IVF. The decrease in 

embryonic development appears to be multifaceted and related to the changes in head 

shape morphology and we suggest the failure in normal pronuclear formation is 

associated with an absence of normal decondensation of the penetrating spermatozoon. 

The inability to consistently measure apoptosis in early stage embryos complicates the 

assessment of differences in embryo quality. These observations support the hypothesis 

of uncompensable seminal traits in IVF with abnormal spermatozoa and provide 

compelling evidence that the effect of morphologically abnormal spermatozoa occurred 

prior to cleavage, thus is manifested during the early stages of fertilization. 
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“What it takes to be a human being….. 
 

"If you take as your point of departure the human being and his relationship 

to the world as a human one, then you give love in return for love, trust in 

return for trust, etc... 

If you want to influence other people, then you have to be a person who 

genuinely stimulates and challenges others. 

Each of your relationships with people and with nature has to be a specific 

expression of your own true, individual life appropriate to the object of your 

intentions. 

If you love without awakening love in return, that is, if your love does not 

produce a loving person, if the expression of your being as a loving person 

does not make you loved, then your love is powerless and brings 

unhappiness." 
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CHAPTER ONE 

 

REVIEW OF LITERATURE 

 

1.1 Overview of Seminal Traits and Embryo Quality 

An embryo’s probability of successful development has been partially determined 

during the earliest stages of development by virtue of the genetic and non-genetic 

contributions received from the male and the female gametes.  Thus, the nature of 

subfertility can be of either male or female origin and there is compelling evidence that 

decreased fertilization rates and subsequent embryonic development rates were 

associated with seminal traits (Saacke et al., 2000).  The male gamete influences fertility 

not only by affecting fertilization rates, but by imparting characteristics to the embryo 

that influences its ability to proceed through embryonic development.  Studies have 

documented that that factors associated with lowered sperm quality have resulted in 

either the reduction of embryo quality or in the failure of implantion and the induction of 

maternal recognition of pregnancy (Kot and Handel, 1987; Nadir et al., 1993; Thundathil 

et al., 1999; Saacke et al., 2000).   

Furthermore, Saacke et al. (1994; 1998; 2000) suggested factors associated with 

semen quality and effecting fertility can be classified as either compensable or 

uncompensable seminal traits. By definitions compensable traits are those seminal 

deficiencies related to the viability or morphology of spermatozoa that preclude access to 

the site of fertilization in the female reproductive tract, but can be minimized by 

increasing the sperm dosage as opposed to the uncompensable seminal deficiencies, 

signifying spermatozoal incompetence after fertilization, therefore inability to sustain 

fertilization and subsequent embryo development after they are initiated, and cannot be 

overcome by increased sperm dosages and most likely impair embryonic development.  

Factors with the highest predictive values for successful in vitro fertilization 

(IVF) are associated with sperm quality and include: motility, morphology, and the 

percentage intact acrosomes (Zhang et al., 1998).  Successful fertilization and embryo 

development depends on the functional integrity of both the sperm and the oocytes, 

despite the fact that the exact mechanisms of sperm-oocyte interaction are not completely 
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understood.  Motility of spermatozoa is commonly assessed by using light microscopy 

with the percentage of motile sperm estimated visually (Garner et al., 1997). A significant 

relationship between sperm motility and its viability was reported (Saacke et al., 1998).  

In addition, Barth et al. (1989) documented the percentage of spermatozoa with normal 

morphology in a semen sample is related to its viability.  

Sperm morphology is of great concern because infertility is often due to a high 

proportion of structurally abnormal spermatozoa (Barth, 1995). Primary morphological 

abnormalities, or those that affect the sperm head region, as a result of a disturbance in 

spermatogenesis, contribute a significant role in determining the population of 

spermatozoa that reach the site of fertilization.  The proportion of spermatozoa with 

abnormal morphology in semen has been associated with reproductive incompetence in 

the bovine (Saacke et al., 1994) and specific spermatozoal abnormalities will affect 

embryonic development differently.  Therefore, IVF has become a valuable tool for 

assessing sperm functionalitiy and for studying the success or failure of gamete 

interaction in most species.  In addition, several studies have suggested use of multiple 

batches of oocytes and randomly assigned individual oocytes to treatment groups to 

eliminate possible heterogeneity between oocytes that may negative ly affect IVF results 

(Zhang et al., 1995; Zhang et al., 1997). 

 

1.1.1 Sperm Morphology and Scrotal Insulation  

Elevation of testicular temperature, either by exposure to high ambient 

temperatures or thermal insulation of the scrotum, disrupts spermatogenesis with a 

consequent decrease in semen quality and possibly sperm production depending upon 

temperature elevation.  The application of the scrotal insulation model to determine the 

effects of increased testicular temperature on sperm production and semen quality was 

reviewed by Setchell (1998). It has become a useful tool to study possible causes for 

differences in fertility rates amongs bulls and to provide insight into compensable and 

uncompensable factors (Saacke et al, 2000). Elevated testicular temperature causes 

testicular hypoxia and the generation of reactive oxygen species and results in the 

production of high percentages of abnormal spermatozoa (Setchell, 1998).  In addition to 

the well documented variation in IVF characteristics among bulls (Eyestone and First, 
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1989; Marquant-Le Guienne et al, 1990; Zhang et al., 1997; Ward et al., 2001), a marked 

difference in response to scrotal insult was observed and resulted in variation in the type 

and percentages of morphologically abnormal spermatozoa produced despite a 

chronological order of appearance in ejaculates (Vogler et al., 1993).  Therefore, the 

application of a scrotal insulation model is a useful tool to obtain semen samples from 

individual bulls prior to and after scrotal insult, allowing within bull comparisons to 

investigate the effect of morphologically abnormal spermatozoa on embryonic 

development.  Strassburger et al. (2000) reported a decrease in fertilization and cleavage 

rate when spermatozoa with abnormal morphology were used for IVF, which resulted in 

lower pregnancy rates for humans. However, several human IVF studies (Snick et al., 

1997; Hunault et al., 2002) reported the relationship between semen characteristics and 

pregnancy rate to be inconsistent, yet significant, especially when it was a combination 

between sperm motility, morphology and concentration.   

The appearance of various abnormalities follows a chronological order after 

scrotal insult and consequently the type of abnormality present with individual cells is 

related to the stage of spermiogenesis in which these cells were present during the time of 

scrotal insult (Vogler et al., 1993).  Thus, the differences in embryonic development are 

most likely due to subtle functional abnormalities, such as alteration in nuclear proteins 

associated with morphologically abnormal spermatozoa present in the various semen 

samples used (Acevedo et al., 2002).  More specific, the appearance of decapitated and 

vacuolated spermatozoa, which otherwise appeared normal in the semen samples used, 

suggested that these cells were residing in a stage of spermiogenesis la ter than Stage V 

(Vogler et al.,1993)  during scrotal insult. Thus, a stage after which the head shape was 

set and in cases where vacuolated spermatozoa, included diadem effect appeared 

simultaneously with pyriform headshapes, suggesting these cells were more likely to 

have been present in Stages I-IV during scrotal insult. Thus, appearance of distorted head 

shapes is presumably due to the impaired formation of the shape of the sperm head 

during these stages and seemed to have a more detrimental effect on overall embryo 

development.  In support, the interference with normal scrotal thermoregulation of bulls 

resulted in decreased percentages of sperm with normal head and tail morphology and 

resulted in decreased pregnancy rates when involved in natural mating (Lunstra and 
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Coulter, 1997). In addition, several in vivo studies reported convincing evidence that 

factors associated with lower quality spermatozoa may result in a decrease in embryo 

quality or in the failure of the embryo to signal maternal recognition of pregnancy 

(Setchell, 1998; De Jarnette et al., 1992; Saacke et al., 2000)   

 

1.1.2 Sperm Morphology and IVF Procedures 

Studies conducted in cattle have shown that the donor of the semen largely 

influences the outcome of both IVF and in vitro culture (IVC; Eyestone and First, 1989; 

Shi et al., 1990; Shamsuddin and Larsson, 1993).  Consequently, IVF results are sensitive 

to influences associated with the accuracy by which the routine procedures are conducted 

and it can cause varying results within the same bull.  However, IVF results were less 

affected when high concentrations of spermatozoa were used contrary to when low 

concentrations (Kroetch and Stubbings, 1992; Ward et al., 2003). 

In order for spermatozoa to penetrate the zona pellucida (ZP) of ova it must have 

undergone capacitation, ovum recognition and binding, and the true acrosome reaction.  

The exact cellular mechanism by which spermatozoa undergo capacitation is still largely 

unknown, but several studies have shown that the addition of heparin to the IVF medium 

is an effective method for inducing capacitation in vitro and can therefore affect IVF 

results.  The results after different methods were used to induce capacitation in vitro can 

also vary amongst individual bulls (Parrish et al., 1988; 1995; Saeki et al., 1995).   

Spermatozoa must undergo capacitation in order to bind to the ZP and undergo 

the acrosome reaction.  Mendes et al. (2003) reported that the addition of heparin to the 

fertilization media improved cleavage rate and embryo development, regardless of which 

sperm separation method was used.  More specifically, Chamberland et al. (2000) 

concluded that a heparin concentration of 10 ? g/ml in the IVF medium was necessary to 

induce the physiological changes associated with capacitation and the subsequent 

increase in sperm motility. Saeki et al. (1995) reported variation in fertilization rate for 

individual bulls at different heparin concentrations of 1.0, 10 and 100 µg/ml heparin and 

found the maximum fertilization rate at 10 µg/ml.  In support, Parrish et al. (1988) found 

the percentage of oocytes fertilized by sperm was heparin-dose-dependent and had 

maximum response when 10 µg/ml heparin was added to the fertilization medium. 
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These results indicate a possibility that the normal physiological and biochemical 

events associated with capacitation are hindered in abnormal spermatozoa and therefore 

decrease the effectiveness of heparin as a capacitation agent. In support, Kot and Handel 

(1987) suggested that the interaction between abnormal spermatozoa and the oocyte may 

be different than that of normal spermatozoa and the oocyte, resulting in decreased 

penetration or fertilization and subsequent impairment of embryo development. 

Moreover, the failure of normal embryo development can be related to uncompensable 

seminal traits (Saacke et al., 1994) that can not be minimized by increased sperm 

concentrations or by increased heparin concentrations.  

Apart from successful capacition, the outcome of IVF largely depends on the 

removal of male reproductive tract secretions and cryoprotectant from the fresh or frozen-

thawed semen sample to provide a sample of with a percentage of normal, viable 

spermatozoa to use for IVF.  Several methods for sperm selection have been described, 

but the most widely used are swim-up and Percoll gradient separation techniques 

(Rodriguez-Martinez et al., 1997; Palomo et al., 1999).  Chan et al. (1991), Sapienza et 

al. (1993), and Dode et al. (2002) reported no differences in quality of swim-up and 

Percoll separated spermatozoa.  According to Le Lannou and Blanchard (1988) 

spermatozoa with morphological abnormalities were more successfully eliminated from 

the semen sample by Percoll than by swim-up.  However, they also found centrifugation 

to have a deleterious effect on spermatozoa, especially morphologically abnormal 

spermatozoa. Thus, with Percoll separation the percentage of normal intact spermatozoa 

may be lower, since the technique involves centrifugation for an extended period of time 

compared to swim-up, but the concentration of spermatozoa recovered after Percoll 

separation is higher in comparison to swim-up, thus it may be a better choice for optimal 

fertilization (Parrish et al., 1995; Somfai et al., 2002).  However, they also reported an 

increased quality and motility for the spermatozoa recovered after swim-up that in effect 

can be more beneficial for optimum fertilization  

Furthermore, Parrish et al. (1995) reported an increased cleavage rate with the 

difference in the ability of spermatozoa to penetrate ova in vitro after separation by swim-

up procedures when compared to Percoll separation.  In contrast, Somfai et al. (2002) 

reported that both swim-up and Percoll methods improved the proportion of live 
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spermatozoa used for IVF, but the development rate was higher with sperm from Percoll 

separation than for swim-up separation. These results imply that Percoll separation is 

more efficient for partitioning high quality live-intact spermatozoa from damaged or dead 

spermatozoa.  In support, Brandeis and Manual (1993) found that the swim-up method 

separated a higher percentage of motile spermatozoa than Percoll, but the Percoll method 

yielded a higher percentage of spermatozoa with intact acrosomes. Furthermore, Somfai 

et al. (2002) indicated that the results with Percoll separation were more uniform and 

resulted in decreased variances between semen samples of different quality.  In support, 

Chen et al. (1995) demonstrated that the Percoll gradient was effective in removing 

debris and other contaminants, but resulted in a low rate of sperm recovery for low 

quality semen samples. They reported the percentage of immotile sperm after Percoll 

separation to be higher than for swim-up method when both methods were used to 

prepare abnormal semen samples for IVF.  Moreover, Ng et al. (1992) found swim-up to 

be superior to the Percoll method for selection of normal spermatozoa.  

The percentage of dead spermatozoa with swollen or damaged acrosomes was 

higher for swim-up procedures than after Percoll separation (Somfai et al., 2002).  

Additionally, Nevo and Mohan (1969) and Correa and Zavos (1996) reported death of 

some of the migrated sperm in the recovery fraction, suggesting that processing-related 

stress occurs during the swim-up procedure causing a high mortality rate.  Furthermore, 

the negative effects of centrifugation after swim-up have been reported on sperm vitality 

and motility (Shumsuddin and Rodriquez-Martinez, 1993).  Moreover, Correa and Zavos 

(1996) reported that the percentage of intact sperm recovered from either preparation 

methods was lower than the percentage motile sperm. This provides evidence that 

spermatozoa with primary abnormalities have enough motility to participate in the swim-

up process and therefore be present in the recovery fraction without clear evidence that 

there was any potential to participation during IVF.  The actual participation of abnormal 

spermatozoa in IVF is questionable and fertilization may have been initiated by the small 

number of normal spermatozoa present.  In addition, Howard et al. (1993) and Penfold et 

al. (2003) use of swim-up processing allowed for comparison between the functionality 

of morphologically normal as well as abnormal spermatozoa.  They demonstrated that 

morphologically abnormal spermatozoa recovered with swim-up procedures were 



 7 

physiologically incapable of binding to and penetrating the ZP at rates similar to that of 

normal spermatozoa despite increased sperm motility and possible increases in the 

number of structurally normal spermatozoa.   

According to Ward et al. (2003), IVF results were not affected when high 

concentrations of presumable normal spermatozoa were used, but when low 

concentrations of normal spermatozoa were used, it affected number and quality of 

blastocyst developing.  Overall, fertilization can be achieved with sperm concentrations 

in the range of 5 x 105 to 1 x 106 spermatozoa/ml. It is possible that a sufficient number 

of spermatozoa can be harvested from moderately abnormal semen samples by either 

Percoll or swim-up preparation methods, but with more severe abnormalities in the 

semen, no method appeared to particularly useful.   

 

1.2 Sperm Morphology, Fertilization, and Embryo Quality 

Kraznowska (1974) and Nestor et al. (1984) concluded that selection occurs 

against morphologically abnormal sperm cells during sustained transport in the female 

reproductive tract.  In support, Mitchell et al. (1985) reported that immotile sperm or 

those with other defects are markedly impaired at barriers (cervix, uterus, and utero-tubal 

junction) in the female reproductive tract, thus prohibiting such sperm cells from 

competing with normal spermatozoa for fertilization. Dresdner and Katz (1981) reported 

that small geometrical differences in head morphology could cause large differences in 

sperm hydrodynamics, suggesting that impaired sperm motility characteristics may be the 

underlying basis for the exclusion of spermatozoa with head abnormalities from the 

female reproductive tract.  

Furthermore, the ZP of mammalian oocytes is a critical site for sperm-oocyte 

interaction. The ability of spermatozoa to bind to the ZP reflects multiple functions 

including its viability, motility, morphology, acrosomal status, and the ability to penetrate 

the oocyte (Liu and Baker, 1994).  Therefore, the effective binding of spermatozoa to the 

ZP is essential for successful fertilization (Gould et al., 1983).  Wheeler and Seidel 

(1987) developed the sperm-zona penetration assay in which the oocyte is penetrated by 

the spermatozoa and the pronuclei are visible inside the ooplasm.   
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Defective sperm-zona interaction was a major cause for low fertilization rates in 

human IVF and was associated with defects of the spermatozoa rather than defects of the 

oocytes (Liu et al., 2000).  Liu and Baker (2002) reported that the proportion of 

spermatozoa that penetrated the ZP, number of spermatozoa that bound to the ZP and the 

percentage of sperm with normal morphology were strongly related to fertilization rates 

in vitro and that the effect of other sperm characteristics were less significant. 

Furthermore, they reported that sperm-ZP binding was low when there were less than 7% 

normal spermatozoa present in the ejaculate or inseminate.  Kot and Handel (1987) 

suggested that the interaction between abnormal spermatozoa and the oocyte may be 

different than the interaction between normal spermatozoa and the oocyte, resulting in 

decreased penetration or fertilization and subsequent increased embryonic death.  

Krzanowska and Lorenc (1983) and Kot and Handel (1987) have shown that 

murine sperm with abnormal head shape can bind and penetrate the ZP, while in 

domestic cat species the ability for spermatozoa with a deformed head shape to bind to 

the ZP is severely impaired (Howard et al., 1993).  

Further in vivo studies by Saacke et al. (1988; 1998) demonstrated that severe and 

moderately misshapen sperm heads were excluded from participating in fertilization, but 

subtly misshapen sperm heads appear as accessory sperm on fertilized ova, regardless of 

their proportion in the inseminate.  Moreover, spermatozoa with a normal head shape, but 

with nuclear vacuoles appeared as accessory spermatozoa at the same frequency as they 

were found in the inseminate. They concluded that morphologically abnormal 

spermatozoa were excluded from the accessory sperm population based upon severity of 

head shape distortion. Quantitatively, the accessory sperm number has been positively 

associated with fertility and embryo quality (Nadir et al., 1993). So that semen high in 

abnormal sperm head counts yielded increased proportions of degenerated and low-

quality embryos (De Jarnette et al., 1992). Thus, quantifying the number and quality of 

accessory spermatozoa trapped in the ZP could provide valuable information regarding 

the sperm population that have reach the ovum, thus competing for fertilization (Saacke 

et al. 1998). The number of spermatozoa bound to fertilized oocytes was different from 

the number bound to unfertilized oocytes, but it did not differ between a subfertile (in 

vivo) bull and a high fertility bull (in vivo and in vitro), indicating that differences in ZP 
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characteristics may influence the interaction between gametes at the initial step of 

binding. In vitro experiments have shown that specific receptor recognition proteins are 

required for sperm binding to the ZP, suggesting that the sperm-oocyte association might 

be impaired when vacuolated sperm cells were used for IVF procedures. However, the 

technical difficulty in obtaining bulls that differ only in one specific abnormality is very 

high and there might be other factors present that affect fertilization.  

Similarly, Liu and Baker (1994) found that the ZP in humans is highly selective 

against abnormal spermatozoa despite the ability of pyriform shaped and tapered 

spermatozoa to bind to the ZP.  Saacke et al. (1988) reported a difference in the numbers 

of tapered and pyriform heads bound to the ZP of ova and embryos of superovulated and 

single ovulating cows compared to that in the inseminate. Moreover, the proportion of 

spermatozoa with normal headshapes was positively correlated with sperm-oocyte 

binding suggesting that sperm head morphology is important for normal ZP binding.   

However, since spermatozoa with the pyriform defect apparently have normal 

acrosomes and normal motility, it would be expected that they could penetrate the zona 

pellucida (ZP) and enter the ooplasm under IVF conditions Saacke et al. (1988; 1998). 

They found that most pyriform shaped spermatozoa that bound to the ZP also manage to 

penetrate the ZP, suggesting that pyriform shaped spermatozoa are primarily 

discriminated against during zona binding.  

Pyriform headshapes were associated with sub fertility in bovine species (Blom, 

1973) and Dresdner and Katz (1981) suggested that sperm morphology was related to 

hydrodynamic differences that may impair sperm motility.  A positive correlation was 

found between the percentage of spermatozoa with pyriform heads and other 

abnormalities present and implied that sub fertility was associated with a specific 

abnormality rather than the total number of abnormalities present (Roussa et al., 2002).  

The detrimental effect of high percentages of morphologically abnormal spermatozoa on 

overall embryo development (cleavage through blastocyst formation) could in part be 

related to defective binding of spermatozoa to the ZP that is essential for fertilization, and 

this process being highly selective against sperm with abnormal morphology (Garret et 

al., 1997; Amann et al., 1999)  
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Nonetheless, Thundathil et al. (1999) reported that abnormal spermatozoa that 

penetrate the oocyte can be involved in the fertilization process, but the resulting zygotes 

may be less competent.  Moreover, spermatozoa with the pyriform defect apparently have 

normal acrosomes and normal motility and would be expected to penetrate the ZP and 

enter the ooplasm.  However, they reported that the percent pyriform shaped spermatozoa 

that bound and penetrated the ZP and subsequently gained access to the ooplasm was 

lower than normal shaped sperm. The proportion of the pyriform heads bound to the ZP 

was lower for the semen sample with a high percentage (89%) of pyriform heads 

compared to a normal sample (2%), suggesting a reduced ability of pyriform spermatozoa 

to bind to the oocyte.  

In support, Thundathil et al. (2001) reported that it was not possible to determine 

whether the reduction in decondensation for spermatozoa with indented or flattened 

acrosomes was due to their reduced ability to fuse with the oolemma, or due to a defect in 

sperm chromatin.  Previous studies (Barros and Berrios, 1997; Yanagimachi et al., 1994) 

have suggested that a functional equatorial segment is essential for normal sperm-

oolemma fusion.  Therefore, sperm with abnormal acrosomes had an inherent disintegrity 

in structure of plasma membrane, an abnormal pattern of acrosomal content that inhibited 

fusogenic properties (Thundathil et al., 2001).   

In addition, they suggest that fertilization might have been delayed when 

vacuolated spermatozoa were used because of their decreased motility. In vitro studies by 

Pilip et al. (1996) show a significantly lower number of spermatozoa bound to the ZP of 

oocytes for a bull with a high percentage of nuclear vacuoles in the inseminate. Studies 

have reported (Thundathil et al., 1998; 1999) that the presence of a high percentage of 

spermatozoa in the ejaculate with multiple nuclear vacuoles causes low fertility in vivo 

and the use of semen with a high percentage of multiple nuclear vacuoles in 

superovulated cows resulted in significantly higher numbers of unfertilized oocytes and 

poor quality embryos.  Likewise, Saacke et al. (1988) reported the presence of vacuolated 

spermatozoa as accessory spermatozoa trapped in the ZP after cows were artificially 

inseminated with vacuolated spermatozoa and therefore they were marginally unimpeded 

reaching the oocyte.  Similarly, Thundathil et al. (1998) concluded that the presence of 

approximately 60% vacuolated spermatozoa in a semen sample would only have minor 
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effects on fertilization rates, while an increase to >70% vacuolated spermatozoa severely 

reduced fertility (Pilip et al., 1996).  It has been reported that when the percentage of 

vacuolated spermatozoa in a semen sample increased > 10%, other beneficial semen 

qualities were likely to decrease (Thundathil et al., 1998).  Furthermore, it was reported 

that an increase in inadequately decondenced sperm heads in oocytes fertilized with 

semen contained high proportions of vacuolated sperm and suggested that fertilization 

failure observed for these bulls may be due to multiple factors (Pilip et al., 1996). Their 

conclusion was that the chromatin in these sperm cells was different than that in normal 

sperm spermatozoa. However, they found a decrease in abnormal male pronuclear 

formation, suggesting that either some of the vacuolated sperm cells had undergone 

normal decondensation, or some of the sperm cells that had penetrated the zona never 

penetrated the oocyte itself.   

There is evidence that grossly misshapen spermatozoa can become involved in the 

fertilization process once they gain access to oolemma (Burruel et al., 1996).  Therefore, 

the reduced ability of sperm to bind to the ZP based on morphology may be due to 

aberrant patterns of motility or hyperactivated motility (Saacke et al., 1994).  Lee et al. 

(1996) found that the incidence of structural chromosome aberrations in human 

spermatozoa with deformed heads was almost four times higher than those in with 

normal heads (26% vs 7%). Although such spermatozoa appear to be less competent to 

fertilize in vitro than normal spermatozoa, Kupker et al. (1995) confirmed that in humans 

spermatozoa with abnormal head morphology could produce a normal offspring when 

injected intracytoplasmic sperm injection (ICSI). In contrast, McCarthy and Ward (2000) 

presented evidence that the structural integrity of the mouse sperm nuclear matrix may be 

necessary for the proper unpacking of sperm DNA for participation in embryogenesis. 

They determined that even subtle disturbances to the nuclear structure might have a 

significant impact on embryo development.  It has been suggested that spermatozoa 

which appeared morphologically normal might also be functionally deficient when 

present along with the high percentages of abnormal spermatozoa due to aberrant 

spermiogenesis (Thundathil et al., 1999) and when oocytes were penetrated by these 

spermatozoa their potential to be fertilized and cleave was reduced.  In support, Setchell 

et al. (1998) and Saacke et al. (1994; 1998) reported that damage to chromatin integrity 
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may extend beyond the morphologically perturbed spermatozoa following testicular 

insult and may account for incompetent fertilizing sperm when embryonic development 

was impaired.   

 

1.2.1 Sperm Chromatin and DNA  

Sperm head defects may be markers for sperm nulear defects that significantly 

impair fertility (Nikolettos et al., 1999). A nuclear defect may explain the apparent failure 

of the inseminated oocytes to continue to develop due to the absence of sperm derived 

factors which appear to be involved in the developmental progression of the penetrated 

oocytes, and which are released into the ooplasm during nuclear expansion and DNA 

decondensation (Dozortsev et al., 1995). Bianchi et al. (1996) demonstrated that patients 

with male factor infertility possess hidden abnormalities in the composition of their 

sperm nuclei, displaying higher levels of loosely packaged chromatin and damaged DNA. 

In addition, it is possible that abnormal sperm head morphology reflects abnormalities in 

spermatogenesis that are manifested by embryos with a low potential for establishing a 

normal pregnancy (Tasdemir et al., 1997). 

During the late stages of spermiogenesis, elongation and progressive condensation 

of the chromatin takes place, which with simultaneous acrosome attachment, results in 

the typical shape of the sperm head. Chromatin condensation is associated with 

biochemical changes such as replacement of histones which bind to DNA, first by 

transition proteins and then arginine-rich protamines and the formation of chromatin-

stabilizing disulfide bonds. Ward and Coffey (1991) suggested that the protamines bind 

in the minor groove of the DNA helix and this protamine-DNA complex fits into the 

major groove of an adjacent strand, forming a tighly packed array. This process results in 

a smaller sperm cell which requires less energy to support motility. The high degree of 

chromatin aggregation protects the mature spermatozoon against physical and chemical 

damage. It is only within the ooplasm of an activated oocyte that the sperm chromatin 

becomes decondensed as a result of the cleavage of disulfide bonds and the substitution 

of protamines by oocyte-derived histones (Nikolettos et al., 1999). Due to the tight 

packaging afforded by the protamines, any modification or absence of these proteins 

could lead to an abnormality in the packaging process of sperm nuclei and influence 
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sperm quality and fertilizing capacity. One of the major causes of improper chromatin 

packaging in spermatozoa could be faulty protamine deposition during spermatogenesis. 

An association was shown between abnormal sperm chromatin packaging and damage 

DNA and it has has been postulated that these abnormalities may arise due to impairment 

to the mechanism involved in packaging and protecting the sperm chromatin during 

spermatogenesis (Sailer et al., 1995). 

The condensation of chromatin during spermatogenesis, epididymal transport and 

its decondensation at the time of fertilization are essential for successful fertilization. The 

development of spermatids into mature spermatozoa is accomplished by a series of 

structural and chemical modifications including a gradual replacement of virtually lysine-

rich histones by transition proteins and then by protamines which bind more tightly to 

DNA than do histones and this results in compaction of chromatin in the sperm nucleus, a 

process which is termed sperm chromatin condensation. Mammalian sperm DNA is the 

most tightly packed eukaryotic DNA,  being at least six time more highly condensed than 

DNA in mitotic chromosomes, which allows the DNA to be compacted into a small 

volume (Ward and Coffey, 1991). Several studies have shown that spermatozoa with 

abnormal chromatin organization are more frequent in infertile men than fertile men 

(Evenson et al., 1980; Monaco and Rasch, 1982). A significant association between make 

subfertility and, imperfect spermiation and abnormal nuclear condensation has been 

reported (Bach et al., 1990; Foresta et al., 1992).   Furthermore, Strassburger et al. (2000) 

reported in humans that numbers of morphologically abnormal spermatozoa were 

correlated with a high incidence of DNA fragmentation which had a deleterious effect on 

fertilization.  In addition, sperm from men with questionable fertility show disturbances 

in centrosome function and aster formation which are essential for successful 

fertilization.   

Burruel et al. (1996) confirmed that all types of abnormal mouse spermatozoa can 

fuse with zona-free oocytes and result in the birth of normal fertile offspring, indicating 

that spermatozoa with several types of deformed heads are not necessarily genetically 

defective. This finding indicated that a proportion of abnormal spermatozoa carry all the 

genome and organelles necessary for normal embryonic development and growth to 

maturity.   
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1.2.2 Sperm Integrity Cryopreservation 

The most commonly reported detrimental effect of cryopreservation on 

spermatozoa is a marked reduction in motility and the decrease was greater for the lesser 

fertile semen samples (Donnelly et al., 2001; Peña et al., 2003). This decrease is in both 

percentage of motile sperm and the velocity of their movement and may be associated 

with the extensive damage caused during the process of cryopreservation.  Sperm 

membrane disruption caused by cryopreservation may be a consequence of liquid phase 

transition changes and increased lipid peroxidation. Cellular damage during freezing is 

ascribed to membrane rupture caused by the formation of intracellular ice crystal during 

rapid cooling, by osmotic effects, or by mechanical force from extracellular ice during 

slow cooling. Spano et al. (1999) have shown through sperm chromatin structure assays 

that the overall sperm quality deteriorates after cryopreservation.  They found an 

improvement in the nuclear maturity of when frozen-thawed sperm was prepared by 

swim-up for IVF procedures. In support, Donnelly et al. (2001) reported a 20% decrease 

in DNA integrity after cryopreseravtion, but an increase in the number of spermatozoa 

with undamaged DNA after a separation method for IVF was applied. Spermatozoa of 

lesser quality are known to contain partially decondensed chromatin in which a functional 

immaturity was reflected by a lack of protamination. It allows for further structural 

breakdown of the DNA by nucleases and polymerases and DNA strand breakage 

Chromatin condensation is vital for spermatozoa because spermiogenesis results 

in discarding of the cytoplasm, causing cessation of transcription and leaving the sperm 

incapable of undertaking DNA repair. Therefore, any damage inflicted on sperm after 

spermiogenesis will be irrevocable, regardless of whether it transpires during storage in 

the epididymis, after ejaculation or during processing for use in assisted conception in 

vitro. Hence, any damage imposed on sperm DNA by the freezing and thawing process 

will remain throughout the insemination procedures and beyond. However, the 

cryopreservation of high quality spermatozoa has been shown to have no adverse effects 

on their fertilization potential (Yogev et al., 1999).  Januskauskas et al. (2003) concluded 

that early changes to the plasma membrane can be related to the extent of DNA damage 

following cryopreservation of bull semen. Moreover, disturbances during 
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spermatogenesis that affect the sperm chromatin structure might also affect the plasma 

membrane that might result in disruption of the membrane. Additionally, aberrant 

spermatogenesis may affect the normal development of the fine structure of sperm 

membrane making it more susceptible to structural changes associated with 

cryopreservation (Thundathil et al., 2002).  

The interference with normal scrotal thermoregulation of bulls (Lunstra and 

Coulter, 1997) caused an increase in the percentage of morphologically abnormal 

spermatozoa and resulted in deleterious affects on embryonic development. In addition, 

aberrant spermatogenesis may affect the normal development of the structure of the 

sperm plasma membrane making it more susceptible to structural changes. Frazer et al. 

(1995) suggested that the functional integrity of the sperm plasma membrane influences 

the physiological status of the spermatozoa, with destabilization of the plasma membrane 

leading to premature capacitation. However, the frequency of necrotic and viable 

spermatozoa in fresh semen significantl correlated with bull fertility, but not after 

thawing and might be due to the differences among bulls in the sensitivity of their 

spermatozoa to tolerate ultra low temperatures, since the number of viable spermatozoa 

decreased in most bulls by 10 to 20% (Januskauskas et al., 2003; Anzar et al., 2002). 

Moreover, cryopreservation may alter the structural and functional integrity of the 

sperm plasma membrane resulting in premature capacitation (Vasquez et al., 1997; 

Thundathil et al., 2001; 2002). The exact mechanism for premature capacition is not 

known, but Bailey et al. (1994) suggested that cryopresereved spermatozoa have poor 

calcium efflux mechanisms and are less efficient in extruding calcium ions resulting in 

rapid accumulation of cytosolic calcium ion and when the intracellular calcium ion 

concentrations reach threshold levels, capacitation followed by acrosome reaction is 

triggered without the activation of ZP receptors in the sperm plasma membrane. 

Similarly, Oehninger et al. (1994) reported that abnormal spermatozoa with defective 

acrosomes may have impaired calcium influx, or lack the ability to respond to calcium 

influx and spermatozoa that have undergone spontaneous acrosome reaction are unable to 

bind to oocytes, and consequently are unable to fertilize eggs.  

 

1.3 Overview of Programmed Cell Death 
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As a response to the appropriate trigger, the cell either activates or stops the 

repression of gene products responsible for control of the suicidal mechanism (Hao et al., 

2003). Every cell has an apoptotic pathway and the propensity to undergo programmed 

cell death (PCD) and this is continuously counterbalanced by genes stimulating cell 

survival and proliferation. Thus, the disposal of morphologically abnormal cells and cells 

in excess is crucial during early development. The classic terms, apoptosis and necrosis 

are two types of cell death that can be differentiated by their morphological appearance 

(Matwee et al., 2000). However, several studies have reported (Betts and King, 2001; 

Gjorret et al., 2003; Knijn et al., 2004) that intermediate forms exist and several types of 

cells death may occur during normal development.  Necrosis, an accidental form of cell 

death resulting from a direct injury, commonly affects cells in clusters and has a 

detrimental affect on neighboring cells by triggering an inflammatory response.  It is 

characterized by nuclear disintegration, cellular swelling, and rupture of internal and 

external membranes with the releases of lytic enzymes and damage to surrounding cells.  

Apoptosis is a highly conserved process that eliminates abnormal cells during a 

series of consecutive morphologically distinct phases. Apoptosis affects single cells 

rather than a group of cells and is characterized by the loss of phospholipid symmetry in 

the plasma membrane, chromatin condensation, DNA fragmentation and budding of 

membrane-bound apoptotic bodies from the cell that are phagocytosed or extruded 

without causing damage to surrounding cells, and in contrast with necrosis it occurs 

without damage to surrounding cells (Wyllie et al., 1997). These apoptotic bodies are 

considered to be the end point in the process of apoptosis and are bound to undergo 

phagocytosis or degeneration similar to that seen in necrosis.  

The collapse of the nucleus is a well-known characteristic of apoptosis (Kerr et 

al., 1972; Cohen, 1994). Initially, chromatin aggregates into larger compact granular 

masses on the inner nuclear membrane and the cytoplasmic membranes become grossly 

indented.  The nucleus undergoes fragmentation and the whole cell blebs and fragments 

into membrane bound apoptotic bodies which may contain nuclear fragments. These 

bodies are either dispersed into the intercellular tissue spaces and extruded from the 

tissue or are phagocytosed by neighbouring tissue cells (Hardy, 1999; Matwee 2000).  
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  It is considered self-directed cell death that occurs to ensure normal development 

and differentiation; but similar to necrosis it is needed to eliminate damaged or defective 

cells that would otherwise compromise development, but conversely, apoptosis has the 

potential to eliminate viable cells, leading to the death of the organism. Apoptotic cells 

that are not phagocytosed will undergo secondary necrosis, which is characterized by an 

increase in membrane permeability and distension of cytosolic membrane structures. 

Various external and internal stimuli can induce the apoptotic process in cells, 

including the withdrawal of growth factors, ionizing, irradiation, and treatment with 

DNA-damaging agents. The array of potential apoptotic signals is vast and varies with 

cell type, but ultimately all apoptotic pathways appear to terminate in the activation of the 

caspase family of proteases caspases (cysteine-dependent aspartate specific proteases) are 

synthesized as inactive precursors that must be cleaved autocatalytically or by other 

caspases for activation. Triggering of apoptosis results in a cascade of caspase activation, 

in which the last caspases to be activated are those that digest cellular substrates resulting 

in morphological changes and the death of the cell (Exley et al., 1999).  

Caspases are located at the nucleus and the mitochondria and to date there are 14 

mammalian caspases described, many of which exist in orthologous forms in different 

species (Eckhart et al., 2000). All caspases require an aspartate residue in the P1 position 

of the cleavage site, and they are classified into 3 subgroups based on the different 

specifities at the P4 site, group I: includes caspase-1, -4 and –5, which optimally cleave 

the sequence WEXD; group II: includes caspase-2, -3 and –7, use DEXD as a substrate; 

and group III that includes caspase-6, -8 and –9, optimally cleave the sequence  L- or 

VEXD.  The initiator caspases, -2, -8, and –10 are activated through binding of specific 

ligands to the death receptors and the formation of a death- inducing signaling complex, 

while caspase-9, in combination with the adaptor protein Apaf-1 and cytchrome c, 

leaking from the mitochondria, activate effector caspases-3, -6 and –7. These activated 

caspases cleave key proteins effecting the cell survival pathways : poly (ADP-ribose) 

polymerase (PARP) the protein involve in DNA repair, and the protein, caspase-activated 

DNase (CAD), a DNA nuclease involved in chromatin condensation. It is been suggested 

that the cell’s decision to carry out apoptotic responses is thought to depend on the ratio 

between the anti- and pro-apoptotic proteins (Exley et al., 1999). Conversely, DNA 
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damage could be mediated by the mitochondrial pathway in the cytoplasm. The members 

of the activated caspase family of proteases can induce this pathway. Damage to the 

mitochondria by different stimuli can result in the release of cytochrome c, which 

together with Apaf-1 and dATP lead to the recruitment and activation of pro-caspase. The 

pro-caspase is present in several intracellular compartments, including the mitochondria, 

Golgi, cytosol, and nucleus (Matwee et al., 2000). 

In the apoptosis cascade, the activation of caspases is the “point of no return” and 

is regulated by Bcl-2 family of mitochondrial proteins, 15 mammalian Bcl-2 members 

identified, which are divided into those exerting anti-apoptotic (inhibit; Bcl-2, Bcl-W, 

Bcl-XL, Al, Mcl-1) activity and those exerting pro-apoptotic (promote; BAX, BAK, 

BOK, BIK, BLK, HRK, BNIP3, BIM, BAD, BID, BCL-Xs) activity and their ratio within 

the cell will determine if the cell will die or not (Chao and Korsmeyer, 1998).  It has been 

found that the Bcl-2 protein prevents apoptosis induced by a variety of stimuli and 

maintains cell survival by influencing the release of cytochrome c from mitchondria 

rather than by altering proliferation (Yang et al., 2002). By comparision, when BAX is 

overexpressed in cells, apoptotic death is accelerated. Thus, cell survival is dependents on 

the expression ratio of Bcl-2 to BAX proteins  

1.3.1 Programmed Cell Death and Embryogenesis 

The occurrence of cell death is a normal event of early embryo development for 

both, in vivo or in vitro derived embryos. The occurrence of cell death during the 

preimplantation development of embryos is well established (Hardy, 1997; Watson et al., 

2000; Betts and King, 2001; GjØrret et al., 2003; Mullen and Critser, 2004). Therefore, 

the number of cells and the amount of apoptosis in the embryos are important parameters 

that are emerging as useful indicators of embryonic development and health (Brison and 

Schultz, 1997; 1998).  Normal embryonic development depends on the maintenance of a 

population of normal healthy cells within each embryo. Apoptosis seems to be related to 

embryo quality and even though it is not possible to measure the number of blastomeres 

before embryo transfer, it is thought that embryos with a greater number of cells are more 

likely to implant and give rise to live offspring (Van Soom et al., 1997).  

Apoptosis is a highly conserved process that eliminates abnormal cells from 

embryos during each stage of cleavage with the potential of eliminating a defective 
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embryo entirely during the first cell cycle.  According to Byrne et al. (1999), blastocysts 

consisting of a low number of cells, and hence reduced developmental potential, have a 

higher incidence of apoptosis in comparison to those embryos with higher total cell 

count.  It has been suggested that when programmed cell death reaches a certain 

threshold, it is detrimental to further development (Jurisicova et al., 1996). 

Cell death pathways and their regulation during development of the 

preimplantation embryo and its relation to decreased developmental competence and 

embryonic loss are not well understood. Several studies have been conducted to 

determine whether the mechanism of cell death for preimplantation embryos, developed 

in vivo or in vitro, was similar to that of other tissues or whether it was more specialized 

(Xiang et al., 1996; Woo et al., 1998; Byrne et al., 1999). 

There is evidence that PCD within in vitro developed embryos is primarily 

influenced by culture conditions (Hardy and Spanos, 2002; Betts and King, 2001; Byrne 

et al., 2002).  The possibility remains that factors contributed by the male or female 

components during fertilization and subsequent development could have a significant 

impact on embryo quality and susceptibility to PCD. Ellis et al. (1986) reportedly 

confirmed that the process of PCD is under genetic control.    

However, studies by Weil et al. (1996) and Exley et al. (1999) implied that the machinery 

for apoptosis must be present in embryos prior to activation of the embryonic genome 

and the failure to measure apoptosis in early stages of development could possibly be 

caused by predominance of the anti-apoptotic modulatory proteins in the early embryos, 

thereby inhibiting apoptosis.  Transcripts for anti-apoptotic proteins were detected in 

embryos at every stage of development, while the transcripts for pro-apoptotic proteins 

were demonstrated to be present in mouse embryos from the zygote to blastocyst stage.   

Warner et al. (1998) demonstrated that genes encoding these proteins are present in the 

preimplantation embryos and concluded that there is a homeostatic mechanism by which 

genes regulate cell survival and those that regulate cell death determine the overall 

viability of preimplantation embryos. After immunohistochemistry with antibodies 

against Bax and Blc-2, high levels of Blc-2 were detected in early cleaving embryos of 

good morphology and high levels of Bax were detected in embryos that exhibited 

extensive levels cellular fragmentation.  A high expression of Bcl-2 is found at the 
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cleavage and blastocyst stages.  However, low expression of BAX is found at cleavage 

stages and in blastocysts of good morphologym and BAX expression is increased in 

blastomeres with extensive fragmentation (Yang et al., 2002).  

De la Fuente and King (1998) reported that chromosome abnormalities which are 

known to trigger apoptosis, but not necrosis, are probably removed at the earlier 

developmental stages, since the development of embryos carrying chromosomal 

aberrations were arrested at later stages. Moreover, less than half of bovine and human 

oocytes reach the blastocyst stage and it is generally accepted that bovine morulae are 

more readily cultured to the blastocyst stage than are embryos with fewer than eight cells.  

Exley et al. (1999) reported a much higher incidence of apoptosis in fragmented 

blastocysts in comparison with normal blastocyst based on the results from a TUNEL 

assay.  Therefore, in relation to embryos, necrosis will cause damage to the embryo as a 

whole, while apoptosis would selectively remove damaged or abnormal blastomeres 

without an effect on the surrounding cells.  

The occurrence of apoptosis or necrosis depends on the embryonic developmental 

stages, Matwee et al. (2000) implied that cellular stress imposed on early cleavage 

blastomers are more likely to result in necrosis which would cause damage to 

surrounding cells thereby contributing to embryonic loss. Alternatively, PCD might be 

postponed until later stages, such as morula or blastocyst, when cells might be selectively 

removed without damage to surrounding cells.  Paula-Lopes and Hansen (2002a) found 

that embryos collected prior to the 8-16 cell stage do not undergo apoptosis, while 

embryos collected thereafter are capable of heat-induced apoptosis. The blastomeres 

undergo cell death more reminiscent of necrosis, than apoptosis and heat shock was more 

detrimental to the long term developmental capability of embryos than the orderly 

removal of cells by apoptosis (Xiang et al., 1996; Woo et al., 1998).  

Apoptotic morphology was not observed in any two-cell embryos, but was first 

observed as nuclear condensation in a six-cell embryo. Thus, apoptotic morphology was 

virtually not observable prior to the fourth cell cycle. A condensed nucleus of an 8-cell in 

vitro embryo displayed some degree of nuclear lobulation, but classic apoptotic pattern of 

nuclear fragmentation was not observed until the 9-cell stage in in vitro embryos and the 

21-cell stage in in vivo embryos. Thus, nuclear condensation could be observed at earlier 
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developmental stages than nuclear fragmentation. In d 4 embryos the differences among 

the groups were less apparent and Knijn et al. (2003) reported that apoptotic machinery 

did not seem apparent before the 21-cell stage as no DNA degradation was observed 

before that stage. However, despite the absence of markers indicating the incidence of 

apoptotic events, various molecular components may already be present at early stages of 

development as reported in bovine embryos (Kölle et al., 2002).  

Apoptotic morphology, present in at least one nucleus, was observed in only a 

few embryos prior to the 16-cell stage and it predominantly occurred in low quality 

blastomeres. In addition, Byrne et al. (1999) only observed apoptosis at the 9-16 cell 

stage of development. There was a marked increase in the incidence of apoptosis after 

blastocyst formation in which 30% of all the embryos had at least one dead cell.  

Furthermore, the faster cleaving embryos had more cells, fewer apoptotic cells, and a 

higher rate of blastocyst formation. They concluded that the apoptotic index was 

inversely related to the number of blastocyst cells, indicating that after initial activation, 

cell death decreased with blastocyst expansion. Most apoptosis appeared to be present in 

the ICM (Hardy, 1997). It has been suggested that cell death in the blastocyts is a 

mechanism by which embryos could eliminate ICM cells that still have the potential to 

form trophectoderm, reducing the risk of inappropriate ectotopic trophectoderm 

expression during germ layer differentiation (Pierce et al., 1989). 

Cell loss is not indicative of embryonic death, but subsequently there is a potential 

risk that if dead cells are not removed promptly through apoptosis the embryo might 

more typically undergo death by necrosis. Apoptosis is an indirect mechanism through 

which damaged cells are removed without disturbing the embryonic potential to further 

development (Exley et al., 1999).  However, more extensive apoptosis may leave the 

embryo with too few cells to sustain development.  Thus, the degree of the apoptotic 

response may be an important determinant in embryonic fate (Paula-Lopes et al., 2002b). 

Most arrested embryos, regardless of stage of time of arrest or morphology, displayed 

abnormal nuclei such as chromatin condensation and fragmentation. In fact the chromatin 

was densely packed around the nuclear envelope, often into crescent shaped aggregates 

of compact material (pycnosis) and also accumulated on the inner surface of the nuclear 



 22 

membrane. The nucleus itself could become indented and eventually fragmented with 

chromatin rounded up into single sphere or several dense spheres or fragmented.  

Byrne et al., (1999) reported a higher incidence of apoptosis in blastocysts 

produced in vitro derived from late-cleaving zygotes than those cleaving earlier. 

Distortion of apoptosis in the blastocyst may lead to either early embryonic death or 

formation of anomalies in the fetus that produce early abortions (Brill et al., 1999). 

The phenomenon of apoptosis is only strongly visible at the blastocyst stage in 

mammalian embryos (Hardy, 1997). The presence of BAX at d 2 in in vitro produced 

embryos could be an indicator that the apoptotic machinery is functional or could reflect 

nonspecific transcription. BAX is an apoptotic regulatory gene, which induces a caspase-

dependent DNA degradation after inducing the release of cytochrome C from 

mitochondrial membranes.  BAX transcription in in vitro produced embryos was found 

sooner than in in vivo produced embryos indicating that in vitro culture affects the 

development regulation of Bax mRNA production. The elimination of unwanted cells is 

essential in development, but conversely, apoptosis has the potential to eliminate viable 

cells, leading to the death of the organism, hence it must be carefully regulated. This non-

regulation of BAX mRNA production could be a cause for the low quality of the in vitro 

produced embryos. These findings support King’s (1990) theory that a progressive loss of 

abnormal embryos takes place at specific stages of development and that chromosomal 

aberrations affecting the whole chromosome set are incompatible with development to 

term. Active capases were related to the stage of preimplantation embryo development, 

embryo morphology, ploidy, and the presence of multinucleated blastomeres (Martinez et 

al., 2002).  Several studies were conducted to determine whether the mechanism of cell 

death for preimplantation embryos, in vivo or in vitro developed, was similar to that of 

other tissues or whether it was more specialized (Xiang et al., 1996; Woo et al., 1998; 

Byrne et al., 1999). Yang et al. (2002) reported that the level of Bcl-2 expression was 

much higher in good quality oocytes and decreased as the quality grade decreases. They 

concluded that apoptotic death is responsible for oocyte degeneration, embryo 

fragmentation and related embryo loss and that the relative expression of Bcl-2 and BAX 

in oocytes and embryos seems to be associated with different developmental competence.   
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The question remains if semen samples with abnormally high percentages of 

morphologically abnormal sperm cells could act as an intrinsic factor initiating PCD due 

to interference with normal embryonic development.   

Nevertheless, the possibility remains that spermatozoa with abnormal morphology might 

activate oocytes to resume meiosis with no actual paternal contribution and result into the 

parthogenetic embryos that exhibit delayed development, have reduced cell number, and 

have fewer cells in the ICM of blastocysts (Hao et al., 2004) compared with embryos that 

were normally fertilized. They demonstrated a higher incidence of apoptosis during early 

embryo development of diploid parthenogenetic embryos in comparison with IVF 

embryos and the embryos exhibited distinctive characteristics of embryos that are 

undergoing apoptosis. The diploid pathenogenetic embryos showed delayed cleavage rate 

and decreased development rate and it was thought to contribute to the increased 

apoptotic activity and therefore is a consequence due to the lack of paternal contribution, 

that has been proven to be essential to embryonic developmentand and consequently have 

contributed to the increased apoptotic activity.  However, they observed the incidence of 

apoptosis was higher in haploid parthenotes compared to diploid parthenotes.  Therefore, 

the association between the increased apoptotic activity and the lack of paternal genome 

is questionable and it rather seems that the lack of the diploid genomics in general have 

promoted apoptosis in preimplantation embryos. This suggested that apoptosis may not 

require the paternal genome during preimplantation development, and instead the 

machinery necessary for apoptosis is inherited from the oocytes.  The oocyte contributes 

not only stored mRNA and proteins for early development but also maternally inherited 

components, such as mitochondria, for mediating apoptosis.  The onset of apoptosis is 

related to the activation of the embryonic genome. In support, Sible et al. (1997) reported 

that after the activation of embryonic genome the susceptibility to apoptosis decreased.  

Furthermore, DNA fragmentation was also present in parthenogenetic blastocyst and the 

number of apoptotic cells increases with prolonged time in culture (Hao et al., 2004).  

Apoptosis was also observed in embryos generated via nuclear transfer (Hao et 

al., 2003; Fahrudin et al., 2002).  Thus, the occurrence of apoptosis during the absence of 

a paternal genome can provide insight whether the paternal genome is involved in the 

occurrence of apoptosis in early embryos.  Hardy (1997) and Matwee et al. (2000) 
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observed apoptosis was a normal feature of preimplantation embryos in response to gross 

chromosome abnormalities (Hardy, 1997; Matwee, et al., 2000). Several studies (Campell 

et al., 1996; Kielbassa et al., 1997; Nieman and Werenzycki et al., 2001; Boiani et al., 

2002) have reported high rates of loss in nuclear transfer embryos relate to possible 

deficiencies in nuclear reprogramming. Fahrudin et al. (2002) observed the incidence of 

chromosomal abnormalities in nuclear transfer (NT) embryos was related to 

synchronization of donor and recipient cell cycle stage. An increased incidence of DNA 

fragmentation in NT embryos may be due to an increase of abnormal chromosomes 

induced by inappropriate synchronization in the cell cycle of the donor nucleus and 

recipient cytoplasm through reconstruction in enucleated oocytes.  The spermatozoa or 

donated nucleus and the cytoplasm of the activated oocyte are not in synchrony that is 

required for normal embryonic development and the lack of proper synchrony could be a 

potential trigger to the PCD cascade. Additionally, when the male component is 

abnormal, parental imprinting genes might be affected that will have a detrimental effect 

on subsequent embryonic development and result in the onset of apoptosis.  

Nuclear reprogramming depends on the degree of differentiation of donor nuclei, 

and the cell cycle synchrony between the donor nucleus and recipient cytoplast (Campell 

et al., 1996). This may lead to inappropriate patterns of gene expression at specific key 

stage during embryonic development and induce chromosomal abnormalities in 

preimplantation embryos and cause embryonic losses.  In support, Barnes et al., 1993) 

indicated that improper synchrony leads to incidences of chromosomal abnormalities. 

Thus, it can be speculated that when abnormal spermatozoa are used similar effects might 

lead to a decrease in development and lead to subsequent embryonic loss.  

 

1.3.2 Caspases (cysteine-dependent aspartate specific proteases) 

Exley et al. (1999) used reverse transcriptase PCR to determine the presence of 

caspase transcripts in mouse embryos and their findings were that all caspases could be 

detected in oocytes, but these transcripts disappeared by the zygote stage (except caspase-

2 which remained present in zygotes). Transcripts reappeared at the 2-cell stage (caspase-

2, -3 and -6) or at 8-cell stage (caspase-7) or remained undetectable through the 

blastocyst stage (caspase-1 and –11). Thus, as for many other oocyte mRNAs the 
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decrease in transcripts for caspases coincides with fertilization and reappear and at some 

later specific stage.  

The developmental competence of embryos likely is established at the zygote 

stage. The generation of a healthy zygote is important for understanding the mechanism 

that causes chromosomal abnormalities during early cleavage stages and there were most 

likely a marked variation in the amount of caspase intensity measure among embryos 

(Paula-Lopes et al., 2002a, 2002b; Martinez et al., 2002; Jurisicova et al., 2003).  The 

presence and distribution of active caspases were related to the stage of preimplantation 

embryo development, embryo morphology, ploidy, and the presence of multinucleated 

blastomeres (Martinez et. al., 2002). No caspase activity was observed in unfertilized 

oocytes or pronuclear zygotes and was low in blastomeres of cleaving embryos. Caspase 

activation does not occur until oocyte activation by the fertilizing spermatozoon. 

Jurisicova et al. (2003) reported that active caspase-3 was detected in a few cells in a 

small number of blastocysts, although not in others and not in the few morphologically 

intact early cleavage embryos analyzed. This is consistent with a transient expression of 

this enzyme during embryo apoptosis, which does not take place in intact early cleavage 

human embryos, and only in a small number of cells of the blastocyst. 

Embryos that undergoing apoptosis express several apoptosis related genes during 

preimplantation development (Hao et al., 2003). Furthermore, DNA damage can be 

mediated by the mitochondrial pathway in the cytoplasm. Damage to the mitochondria 

result in the release of cytochrome c which leads to the activation of a cascade of events 

and the final release of caspase enzyme. The most frequently observed defects during 

preimplantation development are alterations in nuclear-to-cytoplasmic ratios manifested 

as multinucleation as well as organelle and other cytoplasmic dysmorphisms (Van 

Blerkom et al., 2001; Hardy et al., 1993).   

Jurisicova et al. (2003) reportedly detected caspase-3 activity in embryos with 

extensive fragmentation, between 50-100%, although it appeared to be restricted only to 

fragments and a few blastomeres that contained chromatin. By comparison, less intense 

fluorescence resulting from cleavage of the caspase-3 like substrate was observed in 2- to 

8-cell embryos with 30% fragmentation. The occurrence of caspase activity may be 

related to fragment size and the number of mitochondria present. A variation in the 
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number of mitochondria per fragment was reported by Van Blerkom et al. (2001) and 

Jurisicova et al. (1996).  Additionally, caspase activity was absent in fragments without 

chromatin and was not detectable in blastomeres of non-fragmented embryos. However, 

the polar body which is known to undergo cell death independent of the health status of 

the embryo was positive for caspase activity. Several studies have reported evidence that 

there is more than one type of fragmentation, while some embryos exhibit fragmentation 

associated with a loss of blastomeres, other embryos fragment without the loss of 

blastomeres. Differences in the intensity of fluorescence can be caused by the 

degradation of fragmented components prior to the time at which it was removed from 

culture and subjected to the caspase assay.   

Several studies (Jurisicova et al., 1996; Exley et al., 1999; Levy et al., 1998) have 

found the mRNA for most of the caspases is present in unfertilized oocytes, undetectable 

in zygotes, and present again in two-cell stage onwards. However, despite the presence of 

caspases in unfertilized ooctyes, caspase activation does not occur until oocyte activation 

by the fertilizing spermatozoon. The simple presence of the spermatozoon within the 

oocyte is not sufficient for this process (Martinez et al., 2002). It was reported by Sible et 

al. (1997) that the activation of embryonic gene transcription leads to a decrease in 

embryo susceptibility to apoptosis after the initial increase after oocyte activation by the 

spermatozoon. Exley et al. (1999) reported that the appearance of mRNA for several 

caspases coincides with the onset of embryonic gene transcription.  

This was supported by the findings of Hardy (1999) that the incidence of PCD 

appeared to be correlated well with embryo quality.  At the morula and blastocyst stages 

there was an increase in morphological, biochemical and molecular evidence indicating 

that scattered cells had died by apoptosis after compaction, followed by the removal of 

the dead cells by means of phagocytosis during the extent of IVC in human and bovine. 

 

1.3.3 TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated d-UTP nick 

end labeling) 

Exley et al. (1999) reported a much higher incidence of apoptosis in fragmented 

blastocysts in comparison with normal blastocysts based on the results from a TUNEL 

assay.  In support, Hardy et al. (1999) found that 40% of embryos of good morphology 
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with blastomeres intact and minor fragmentation arrested development before blastocyst 

stage, mostly at 8-cell and morula stages. However, they found no evidence of DNA 

fragmentation prior to compaction, indicating that apoptosis is a consequence, rather than 

a cause, of embryonic arrest during early preimplantation development. The decreased 

potential of embryos with extensive fragmentation to form blastocysts and undergo 

implantation (Giorgetti et al., 1995) indicates that most embryos in which one or more 

blastomeres are fragmented have an intrinsic defect. Furthermore, Levy et al., (1997) 

observed a rate of DNA fragmentation significantly higher in ovulated oocytes from aged 

mice, suggesting that DNA fragmentation of oocytes indicated by apoptosis might be one 

of the reasons for poor quality and lower fertility. Extensive fragmentation is been 

associated with a higher incidence of chromosomal abnormalities (Pellestor et al., 1994).  

Cytoplasmic fragmentation is a common phenomenon in cleavage stage embryos 

cultured in vitro (Palermo et al., 2001). Furthermore, they found cytoplasmic 

fragmentation occurred prior to DNA fragmentation. Chromatin condensation was 

reported in the arrested embryos and occurred prior to DNA fragmentation. Thus, it is 

important to confirm apoptosis using other morphological markers such as nuclear 

morphology. Moreover, Hardy et al. (1993) reported various nuclear abnormalities 

including fragmented, swollen nuclei or total absence of nucleus. Levy et al. (1997) 

observed numerous cellular fragments of variable sizes in embryos of lower quality in 

addition the rate of multiple abnormalities was very high and increased with the number 

of binucleated blastomeres arrested early in development.  Jurisicova et al. (1996) 

demonstrated that PCD can occur in human embryos at a stage prior to blastocyst 

formation.  Hao et al. (2003) observed fragmented embryos prior to d 5 in culture, but did 

not detect any TUNEL positive cells in embryos prior to d 5 of development. 

Moreover, PCD appears to be correlated with cell number in mouse and human 

blastocysts (Hardy and Spanos, 2002). Hardy (1999) reported that 75% of blastocysts had 

one or more dead cells on d 6. Even though for most of these embryos it was fewer than 

10 cells. The total dead cell index ranged from less than 10% in d 6 blastocysts of good 

morphology to 27% in those of poor morphology.  Blastocysts with fewer cells had a 

range of TUNEL-positive cells from 0%-30%, whereas blastocysts with more cells had 

less than 10% TUNEL positive cells. Makarevich and Markkula (2002) found 87% of the 
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blastocysts in their study had a TUNEL-positive reaction in one or more blastomeres, 

while the apoptotic index ranged from 0% to 29%.  

Moreover, Neuber et al. (2002) reported an increase in total cell number as the 

time in culture increased and the number of cells present in a d 8 blastocyst varied from 

38 to 144 cells, with an average of 96 ± 7.6 cells, They found the number of cells in 

parthogenetic, thus, no male component played in affect, blastocyst to be much lower at 

20 to 130 cells, 74 ± 6.5 cells, with 93% of blastocysts to having at least one or more 

apoptotic cells. In support, Levy et al. (1997) observed no correlation between the total 

cell number and the number of apoptotic cells.  The number of cells per blastocyst may 

vary significantly with time after fertilization of oocytes and embryonic stage (Iwasaki et 

al., 1990; Loskutoff et al., 1993; Van Soom et al., 1997).  Nevertherless, the number of 

cells and the amount of apoptosis in the embryos are important parameters of embryo 

development (Brison and Schultz, 1997; 1998). Although apoptosis can be considered to 

be a normal process in preimplantation embryos to eliminate deviating cells, a high 

incidence of apoptotic cells is correlated with abnormal morphology of the embryo 

(Hardy et al., 1997).  Brison et al. (1997) reported reduction in embryo quality relates to a 

decrease not only in total cell number, but also a decrease in the number of cells allocated 

to the ICM and increased incidence of apoptosis in bovine blastocyst.  Normal post-

implantion embryonic development depends on the integrity of the ICM, therefore 

differences at the blastocyst stage could be based on higher levels of apoptosis in the 

ICM (Maddox-Hytell et al., 2003).  Thus, the postimplantation developmental potential 

or embryo quality is likely to be affected by apoptotic incidence in preimplantation 

stages. 

Yang et al. (2002) reported a decrease between cleavage rate (74%) and 

blastocyst rate (33%) and observed an increase in unequal sized blastomeres in cleaved 

embryos undergoing degeneration during development. The aforementioned are a typical 

sign of an increased incident of apoptosis and probably related to an increased loss of 

embryos and a lower developmental competence of in vitro cultured embryos.  

One of the functions of apoptosis is to eliminate abnormal cells and cells that are 

no longer required. Therefore in embryos of lesser quality the incidence of both nuclear 

and chromosomal abnormalities may be higher and resulted in the elimination of these 
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cells through PCD.  The blastocyst formation rate has been established as criterion for 

evaluating the quality of in vitro-produced embryos and the total number of cells per 

embryo has been used to evaluate embryo quality (Knijn et al., 2003).  The persistence of 

cytoplasmic fragments that are not cleared by phagocytosis and the increasing amount of 

DNA fragmentation that occurs with prolonged arrest indicate that the ultimate fate of 

arrested embryos is secondary necrosis. In necrotic cells the nature of TUNEL labeling is 

different the signal is not confined to the nuclei but is seen as diffuse staining in the 

cytoplasm as well (Jurisicova et al., 1996).   

 

1.3.4 Apoptosis or Necrosis 

The failure to measure apoptosis in early stages of development could possible be 

caused by predominance of the anti-apoptotic modulatory proteins in the early embryos, 

thereby inhibiting apoptosis, followed by a decline in the amounts of these proteins as 

development progresses. Levy et al. (1998) observed fragmentation and cellular debris of 

varying size without nuclear material in embryos of low quality which could be 

compatible with apoptotic bodies. They found TUNEL-positive cells associated with 

nuclear condensation or fragmentation and cytoplasmic blebbing. Whether DNA 

fragmentation is a universal feature of apoptosis has been debated, however, it is an 

integral part of the PCD in most cases, since cells cannot be rescued once this event has 

taken place. DNA fragmentation clearly occurs in necrosis. Therefore, in situ detection of 

fragmented DNA may fail to discriminate among these different cell deaths. Furthermore, 

Cohen et al. (1992) and Falcierci et al. (1993) observed key morphological features of 

apoptosis in the absence of internucleosomal DNA fragmentation. However, TUNEL 

may still be a useful method to test the hypothesis that PCD can be involved in the early 

arrest of embryo development. 

However, Weil et al. (1996) and Exley et al. (1999) implied that the machinery 

for apoptosis must be present from the beginning of development since they managed to 

induce apoptosis in 1 to 4 cell embryos with staurosporine, a protein kinase C inhibitor. 

Additionally, in mouse embryos, transcripts of members of the bcl-2 family, Bcl-2, Bcl-

XL, and Bcl-W (anti-apoptotic) were detected in embryos at every stage of development 
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while Bax, Bcl-Xs, and Bak (pro-apoptotic) were demonstrated to be present in zygotes 

and blastocysts.   

Martinez et al. (2002) found that caspase activity in preimplantation embryos is 

not correlated either with apoptosis or with blastomere fragmentation. They suggested 

that caspase activation occur via a non-apoptotic mechanism. In support, Li et al. (2001) 

demonstrated that apoptotic DNA fragmentation patterns can occur in the absence of the 

caspase pathway, by means of endonuclease G release from mitchondria and 

translocation to the nucleus, which bypasses the cytoplasmic apoptotic cascade. 

Moreover, Martinez et al. (2002) found that DNA fragments, with and without caspase 

activity, were present in cleaving embryos of good morphology with no apparent loss of 

blastomeres and that active caspases were rarely present in blastomeres, but were 

frequently present in fragments. They speculated that fragmentation occurs independently 

from apoptosis and that caspase activation within these fragments was a secondary 

response to remove undesirable fragments from the otherwise healthy cleaving 

blastomeres.  Furhtermore, the differences in caspase activity between the fragments 

were associated with fragment size and the number of mitochondria present. 

It has been suggested that apoptosis may maintain cellular quality in the ICM of 

the blastocyst by eliminating damaged cells or those expressing inappropriate phenotype 

or developmental incompetence (Hardy, 1997). Therefore, in relation to embryos, 

necrosis will cause damage to the embryo as a whole, while apoptosis would selectively 

remove damaged or abnormal blastomeres without an effect on the surrounding cells.  

Furthermore, several studies have shown that necrosis can not be detected by TUNEL 

(Paula-Lopes et al., 2002b). The rate of successful implantation of fragmented embryos 

decreases significantly when the fragments occupy more than 35% of the embryo 

development and this phenomenon may be related to the quality of the sperm (Palermo et 

al., 2001), the quality of the oocyte, or the culture condition  (Jurisicova et al., 1996). 

Conversely, TUNEL-positive nuclei are at times observed in the absence of 

morphological features of apoptosis (Van Blerkom et al., 2001; Ward et al., 2003). 

Therefore, blastocysts that appear normal at stereo microscopic levels might be affected 

at a sub-cellular level and may have an impact on embryonic development competence. 
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Laser scanning confocal microscope (LSCM) is a power and useful tool in 

visualizing the cellular components in arrested preimplantation embryos and in 

unfertilized oocytes obtained by IVF and makes it possible to detect any abnormal cells 

in contrast to classical fluorescence microscopy, which unless very careful examination is 

used by varying the focus, can lead to an under evaluation of abnormal cells. (Levy et al., 

1997; 1998). The analysis of optical sections through embryos at 1µm intervals using 

LSCM allows for the accurate quantification of the total nuclei and in addition the 

number of apoptotic nuclei in each embryo. Moreover, Levy et al. (1997) reported it to be 

more than 90 % accurate in comparison to the 60% reported by Hardy et al. (1993). 

Moreover, they reported that arrested fragmented embryos of poor morphology, had 

unequally sized blastomers which displayed fragmentation patterns suggesting the 

phenomenon of apoptosis. The prevalence of morphological abnormalities including 

uneven cleavage, cytoplasmic fragmentation and degenerate cells constitute a common 

feature of the preimplantation human embryo in vitro.  One major advantage of LSCM 

consists in an improved resolution of the spatial distribution of the specific fluorescent 

probes and the possibility of computer 3-D reconstruction.  

 

1.4 Overview of Early Events of Fertilization and Cell Cycle Chronology 

Fertilization encompasses a series of events which have to be performed in a well-

orchestrated way and abnormalities during the process of fertilization may lead to its 

failure. A spermatozoon binds and penetrates the zona pellucida and fuses with the 

plasma membrane. After penetration the sperm head migrates inward in a linear fashion 

to reach proximity to MII spindle, and this movement is developmentally coordinated 

with male pronucleus formation (Van Blerkom et al., 1995), the initiation of DNA 

synthesis and the first cleavage division. Once the spermatozoon has been incorporated 

into, and has activated the ooplasm, it undergoes decondensation that is a reduction in S-

S bonds, presumably mediated by the high levels of thiol present in the ooplasm, and 

transformed into male pronucleus (MPN) and the initial stages of sperm-oocyte 

interaction are then completed (Rodriquez et al., 1985; Fuentes-Mascorro et al., 2000).   

 

1.4.1 Time Sequence of Fertilization Events 
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Fertilization and subsequent embryonic development are well studied (Eid et al., 

1994; Lonergan et al., 1999; Ward et al., 2001). Xu and Greve (1988) classified early 

fertilization events into 6 distinct stages by means of light microscopy and since then 

several studies were conducted to determine the time sequence of these events prior to 

first cleavage (Hyttel et al., 1988; Laurinc?k et al, 1998; Wei and Fukei, 2000). The 

penetration of the fertilizing spermatozoon occurs within a 3 h after ovulation under in 

vivo circumstances in cattle, while under in vitro conditions it occurs within 4-5 hand 

reached a maximum at 6 h after the onset of sperm-oocyte incubation. One to 2 h was 

required after penetration for the sperm head to decondense and another 4 to 6 h to 

develop into the opposing pronuclear stage. Similarly to the slight delay in sperm 

penetration under in vitro conditions, pronuclear formation appeared to be delayed in 

comparison to in vivo conditions and the formation of the pronuclear envelope was at 

about 8 h after in vitro insemination.  Maternal pronuclei develop earlier than their 

paternal counterparts, and about 11 h after in vitro insemination the maternal pronucleus 

appeared larger in size. From 14 h onward, pronucleus development appeared in a 

synchronized manner, indicating that the paternal pronucleus had undergone an 

accelerated development. The first apposed pronuclei were observed at h 14 after in vitro 

insemination, in comparison to in vivo conditions it was delayed by a couple of hours. 

Furthermore, under in vivo conditions the first cleavage in cattle was observed at about 

23-24 h after ovulation and approximately at 26 h in vitro. Moreover, Kobayashi et al. 

(2004) reported that normal fertilization occurred within 4 h intervals from 15 to 18 h in 

vitro fertilization.  

Additionally, the developmental stages of the male and female pronuclei within 

an individual ovum are not necessarily identical, resulting in asynchrony of pronuclear 

formation during the initial hours. Asynchronous cleavage patterns in fertilized oocytes 

may be due to variations in sperm penetration times and initiation of calcium influx, 

which triggers later fertilization events (Neuber et al., 2002). Delayed male pronuclear 

formation and asynchronous pronuclear development have been reported in cattle and 

may be harmful to close apposition of pronuclei (Li et al., 1993; Iwaski and Li, 1994; 

Wei and Fukei, 1999; Li et al., 2003). In studies with hamsters and  pigs it was shown 

that the formation of the female pronucleus preceded the formation of the male 
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pronucleus, and in hamster spermatozoa decondensation was correlated with the content 

S-S bonds in sperm the nucleus (Perreault et al., 1987; Nagy et al., 1994).  In normally 

fertilized oocytes  pronuclei formation appeared asynchronously over a 24 h period, 

possible due to a difference in the time required for different oocytes to resume meiosis II 

for the female pronucleus or that the time needed by different spermatozoa to decondense 

varied depending on their nucleur disulfide bond content. In contrast, Wei and Fukei 

(2000) reported that the MPN formation was synchronous with that of the female 

pronucleus (FPN). Furthermore, they observed that MPN regulated the development of 

FPN to achieve synchronous development. However, the decondensation of spermatozoa 

and the formation MPN are dependent on the resumption of the second reductional 

division of oocyte and formation of FPN.  

 

1.4.2 Maternal and Paternal Influence 

Bovine zygotes depend not only on maternal involvement but, also on paternal 

contributions (Palermo et al., 1994) that are more than providing the haploid male 

genome to the zygote. The paternal genome provides the centrosome that is essential for 

sperm aster formation as the male pronucleus decondenses it is needed for first mitotic 

division by guiding the male and female the nuclei into apposition at the center of the 

cytoplasm (Van Blerkom et al., 1995; Navara et al., 1996). Furthermore, Strassburger et 

al. (2000) reported in humans that numbers of morphologically abnormal spermatozoa 

were correlated with a high incidence of DNA fragmentation which had a deleterious 

effect on fertilization.  In addition, sperm from men with questionable fertility show 

disturbances in centrosome function and aster formation which are essential for 

successful fertilization.   

The maternal contribution depends largely on the ability of the oocytes to undergo 

maturation prior to the time of fertilization, regardless of in vivo or in vitro conditions, 

and the optimal duration of maturation of bovine oocytes in vitro to maximize blastocyst 

yield is 22 to 24 h.  Therefore, a sperm-oocytes co- incubation time of 10 h is needed to 

ensure maximal blastocyst yields. Furthermore, when the sperm concentration was below 

0.25 X 106 spermatozoa/ml it resulted in significantly less blastocyst development than 

any higher concentration. Additionally, there were marked differences in the rate of 
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sperm penetration between sires that differed in vitro and in vivo and inferior 

development was associated with slower penetration rates. This could be partially 

overcome by carrying out IVF at a time when the actual penetration rates were most 

likely to coincide with the completion of maturation (Lonergan et al., 1997; Hyttel et al., 

1997; Sirard et al., 1989). However, premature exposure of the oocytes to sperm in 

general leads to reduced development and Long et al. (1994) observed a delay in the 

pattern of chromatin decondensation and sperm aster formation in oocytes inseminated at 

17 h after in vitro maturation, indicating either delayed fertilization or a slow progress of 

events after fertilization. In contrast, several studies reported the that delaying 

insemination was detrimental to subsequent embryo development and in general when 

oocytes were inseminated at 22 to 24 hpi this was optimal for successful embryo 

development (Gordon, 1994; Hyttel et al., 1997; Sirard et al., 1989; Dominko and First, 

1997).   

Initially, it was concluded that the effect of abnormal spermatozoa on IVF was 

implemented prior to (Kot and Handel, 1987; Howard et al., 1993) or during the early 

stages of embryo development as indicated by the differences in cleavage rates, but not 

blastocyst formation.  It was concluded that the primary reason for failure of IVF is the 

inability of abnormal spermatozoa to bind and penetrate the zona (Meistrich et al., 1994). 

They postulate that abnormally shaped sperm heads do not obtain the necessary 

configuration for receptors allowing proper binding to zona proteins. Additionally, they 

concluded that infertility was based on the lack of abnormal sperm to fertilize the oocytes 

and was not associated with embryonic loss. Another explanation is that the higher 

numbers of abnormal spermatozoa present in semen samples used for IVF could interfere 

with the ability of normal spermatozoa to fertilize the oocytes (Meistrich et al., 1994).  

Furthermore, Garret et al. (1997) suggested there is a preferentially selection for 

morphologically normal spermatozoa during sperm-oolemma binding and that reduced 

embryo quality in IVF may be associated with post-acrosomal abnormalities.  Penfold et 

al. (2003) demonstrated that abnormally shaped spermatozoa cannot participate in 

fertilization and these effects were exerted by the zona pellucida.  

Hence, it is likely that mature and morphologically normal sperm also differ in 

ability to bind to the ZP (Amann et al., 1999).  Zhang et al. (1998) reported that in 
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humans morphologically abnormal spermatozoa could have a diminished ability to bind 

and penetrate the ZP.  Furthermore, it might be related to the inability to undergo 

epididymal maturation and a deficiency in the appropriate sperm surface proteins or 

receptor sites involving ZP-binding, since functional modifications include alteration or 

accumulation of epididymal proteins on the sperm surface during transit and the 

acquisition of ZP binding capacity and ultimately resulted in the capacity to fertilize 

oocytes.  Franken et al. (1993) reported that there was a decrease in oocyte penetration 

during human IVF when the inseminate contained an increased proportion of abnormal 

spermatozoa, a problem that apparently was related to a decreased sperm-ZP interaction.  

Likewise, Lui and Baker (2000) concluded that low fertilization rates were associated 

with a defective sperm-ZP interaction.  In contrast, Meistrich et al. 1994) found that 

deficiencies in ZP binding did not dramatically lower fertilization rate after IVF with 

morphologically abnormal sperm from mice.  But, there is evidence that grossly 

misshapen spermatozoa can become involved in the fertilization process once they gain 

access to oolemma (Burruel et al., 1996).   

Kot and Handel (1987) suggested that the interaction between abnormal 

spermatozoa and the oocyte might be different than that of normal spermatozoa and the 

oocyte, resulting in decreased penetration or fertilization and subsequent impairment of 

embryonic development.  Likewise, Howard et al. (1993) reported that even though high 

percentages of morphological abnormal sperm might bind to the ZP, only structural 

normal spermatozoa reach the inner sanctum of the ZP or perivitelline space.  

Furthermore, they demonstrated that abnormal spermatozoa did not participate in the 

fertilization and that once oocytes were fertilized and cleavage occurred, the origin of the 

sperm donor had no influence upon embryonic development in vitro.   

 However, Oehinger et al. (1998) and Nikolettos et al. (1999) concluded that the 

morphological features of spermatozoa were of importance only for fertilization, but not 

for subsequent embryonic development. They used teratozoospermic semen and 

demonstrated a severe decrease in fertilization rates, but embryo quality and viability 

were not impaired. Likewise, De Croo et al. (2000) reported that embryo development 

was not influenced by individual sperm cell morphology or by sperm cell origin. 

Furthermore, the ability of genetically damaged spermatozoa to achieve normal 
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fertilization after ICSI, therefore bypassing sperm binding and sperm penetration has 

been demonstrated. However, the fate of the male pronucleus in the first cleavage 

division is not clear (Twigg et al., 1998).  

Furthermore, fertility differences among bulls in vivo and in vitro are well 

established (Saacke et al., 1988; De Jarnette et al., 1992; Eid et al., 1994; Eid et al., 

1995).  However, the exact time at which these differences are first detected during the 

fertilization process remains controversial, but it is clear that it is not only due to the 

failure of spermatozoa to penetrate the oocyte, but a more complex matter (Xu and 

Greve, 1988; Hyttel et al., 1988; Laurinc?k et al, 1998; Wei and Fukei, 2000; Penfold et 

al., 2003). Bulls varies in their susceptibility to the adverse effects of a mild increase in 

scrotal temperature which may result in a decrease in sperm nuclear stability or 

abnormalities in sperm chromatin structure, which in turn, could perturb the 

decondensation process during fertilization, resulting in adverse affects on embryonic 

development (Perreault et al., 1987). It was been reported that bovine spermatozoa with 

abnormal head shapes were excluded from the accessory sperm population and 

depending on the severity of the deformity, had a greater the chance for exclusion 

(Saacke et al., 1988; 1998).  Likewise, Thundathil et al. (2000) reported that the ability of 

spermatozoa to bind and penetrate the ZP was dependent upon the severity of the defect, 

but spermatozoa with flattened and indented acrosomes were unable to bind the ZP 

regardless.  Previous studies have shown that although the ZP is selective for binding 

spermatozoa with normal morphology, some spermatozoa with abnormal morphology are 

capable of binding to and penetrating the ZP (Lui and Baker, 1994; Garret et al., 1997).  

Moreover, even when semen samples with high proportions of abnormal spermatozoa 

allow for normal binding and penetration, the fertilization rates might remain low 

because of defects that occur later in the fertilization process such as sperm fusion with 

the oolemma, nuclear decondensation or formation of the male pronucleus (Lui and 

Baker 2000; Eid et al., 1994). Abnormal sperm morphology is highly correlated with the 

nuclear immaturity based upon the degree of chromatin condensation assessed with flow 

cytometry (Lui and Baker, 1994; Claasens et al., 1992; Duran et al., 1998).  However, the 

effects of sperm morphology on fertilization and embryonic development are largely 

influenced by the fertilizing characteristics of individual bulls including their response to 
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in vitro capacitation, fertilization rate and subsequent embryonic development (Eyestone 

and First, 1989; Marquant-Le Guienne et al, 1990; Zhang et al., 1997; Ward et al., 2001). 

In general the average in vitro cleavage rate for in vitro fertilized oocytes is 87% 

and the blastocyst rate is 75% (Kobayashi et al., 2004). However, the kinetics of the early 

cleavage stages of bovine IVF is crucial to the success of embryo development (Lonergan 

et al 1997; Hyttel et al., 1997; Sirad et al 1989; Ward et al., 2001) and it was reported that 

the kinetics of these early cleavage divisions can be used to determine the differences 

between bulls of high and low field fertility (Ward et al., 2003).  

Therefore, if it first requires the expression of the paternal genome in the embryo 

before in vitro fertility differences among sires become apparent, then detrimental effects 

of the sire on embryonic development could occur only after the first transcription begins 

in the embryo (Ostermeier et al. 2001).  Howerever, studies have shown the difference in 

development to the morula and blastocyst stage of embryos sired by different bulls could 

be first detected as a difference in the time at which the zygote cleaved to the 2-cell stage. 

Thus, the paternal influence on embryonic development occurred before cleavage to the 

2-cell stage and before expression of the embryonic genome. In support, bulls of higher 

fertility produced embryos that cleaved to the 2-cell stage earlier and had a higher 

probability of developing to the blastocyst stage in vitro (Eid et al., 1994). Ward et al. 

(2002) demonstrated a marked difference in the speed at which the sperm penetrated the 

oocytes between bulls, which may explain the observed and well documented difference 

in cleavage rates, blastocyst formation and field fertility. They documented bulls with 

known high field fertility as having the highest speed of sperm penetration rate in 

comparison with bulls that have low field fertility. Thus, faster sperm penetration rates 

will lead to early cleaving embryos, which have been shown to be developmentally 

superior to those embryos which cleave later (Lonergan et al. 1999). Eid et al. (1994) and 

Lonergan et al. (1999) observed that a higher percentage of the fast cleaving oocytes 

developed to blastocyst, but the rate decreased as the interval after in vitro fertilization 

increased. Interesting their observation showed that the potential of intermediate-cleaved 

embryos (15 to 16 h) to develop into blastocysts was significantly higher than fast-

cleaving (< 15 h) and slow-cleaving (>16 h) oocytes.  
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Furthermore, there is evidence to show that the main factors controlling early 

cleavage are either intrinsic to the oocyte (Lonergan et al., 1999; 2000; Brevini-Gandolfi 

et al., 2002), to the sperm (Eid and Parrish, 1995; Comizzoli et al., 2000; Ward et al., 

2001) or both.  Colombero et al. (1999) reported a low threshold for oocyte activation 

and that pronuclear development occurred even when oocytes were injected with isolated 

sperm heads and sperm tails suggesting that these early events in fertilization do not 

necessarily requires an intact spermatozoon. However, they found that several embryos 

that were generated after oocyte activation in a way other than with a normal intact 

spermatozoon had chromosomal abnormalities that could be related to a disruption of a 

mitotic spindle present in disrupted spermatozoa. They suggested that it requires a normal 

intact spermatozoon to orchestrate proper chromosomal deployment and normal 

embryogenesis. Therefore, the structural integrity of the intact fertilizing spermatozoon 

appears to contribute to normal early embryogenesis.  

 

1.4.3 Sperm Chromatin and Cell Cycle Chronology 

Studies (Ballachey et al., 1988; Karabinus et al., 1997) have shown that there is a 

relationship between chromatin structure, DNA damage and gross abnormal sperm 

morphology. Furthermore, it was shown that DNA damage and abnormal chromatin 

structure can occur in sperm commonly classified as normal (Dobrinski et al., 1994; 

Karabinus et al., 1997; Kishikawa et al., 1999). Duran et al. (1998) indicated that the 

more stable the sperm chromatin, the higher the likelihood of fertilization occur ing 

normally.  In support, Roux and Dadoune 1989) and found a positive correlation between 

nuclear maturity and chromatin stability in human spermatozoa.  Ostermeier et al. (2001) 

reported that some of the differences observed in sperm nuclear shape between the high 

and low fertility bulls can be explained by chromatin structure and its ability to resists 

DNA denaturation.  Foresta et al. (1992) have shown that spermatozoa with abnormal 

nuclear chromatin organization were more frequent in infertile men than in fertile men. 

Decreased sperm quality has been related to sperm nuclear integrity and men with sperm 

abnormalities have more spermatozoa with loosely packed chromatin and more 

endogenous DNA strand breaks were found (Sakkas et al., 1998).  Converesly, Hoshi et 

al., (1994) reported that sperm nuclei that had been subjected to severe in-vitro 
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environmental changes were still capable of forming a pronucleus and undergoing early 

development when inserted into hamster oocytes.  Furthermore, Sakkas et al. (1996) 

postulated that failure of spermatozoa to decondense properly was associated with DNA 

damaged or changes to the normal chromatin packaging. Thus, alterations in sperm 

chromatin might results in defective decondensation during fertilization, a delay in the 

formation of the male pronucleus and first cleavage division, and subsequent decrease in 

embryonic development (Hammah et al., 1997).  

 

1.4.4 Sperm Chromatin and DNA Integrity 

Sperm DNA integrity is essential for the accurate transmission of genetic 

information. It has a highly compact and complex structure and is capable of 

decondensation features that must be present in order for a spermatozoon to be 

considered fertile (Agarwal and Said, 2003). Intrinsic abnormalities in membrane 

structure or chromatin structure or chromatin organization could be associated with the 

failure of the male pronucleus to develop (Hammadeh et al., 2001). Increased 

susceptibility of DNA to denaturation corresponded to the heterogeneity of chromatin 

structure, which in turn has been associated with disturbances in spermiogenesis, high 

proportions of morphologically abnormal spermatozoa in certain cases, and infertility 

(Evenson et al., 1999).  Additionally, Karabinus et al. (1997) have shown that sperm 

ejaculated before a mild thermal insult of the testis by scrotal insulation have more stable 

DNA than those ejaculated after scrotal insulation. Therefore, the principal cause of 

failed fertilization is the failure of oocyte activation by the fertilizing spermatozoon. The 

failure of sperm decondensation in the oocytes may be a consequence of a subtle sperm 

abnormality, such as a structural or biochemical defect associated with chromatin packing 

or organization during spermatogenesis.  Racoskywe et al. (1997) demonstrated that in 

unfertilized oocytes, sperm chromosomes in different phases of decondensation could be 

seen that were either incapable of transformation to a pronucleus or were prematurely 

condensed, suggesting incomplete cytoplasmic maturation of defective synchronization 

of maternal and paternal chromatin decondensation in these oocytes.  

The replication of paternal and maternal DNA is one of the first functional tasks 

exerted by the newly formed pronuclei. The process of DNA synthesis was initiated at 14 
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to 15 h after in vitro insemination and terminated at 23 to 24 h, resulting in duration of 

the S-phase of 8 to 10 h.  Fenwick et al. (2002) postulated that the link between first 

cleavage and blastocyst formation relies on the presumptive zygotes undergoing normal 

DNA replication. It is well documented that the duration of the S-phase and the onset are 

regulated by paternal factors in cattle. It is conceivable that zygotes with shorter S phases 

are predisposed to incomplete or aberrant DNA replication. This is unlikely to be 

compatible with normal development to the blastocyst stage and could impose a delay in 

progression through the first cell cycle. 

Moreover, bulls of high fertility sired embryos that were more likely to develop to 

the blastocyst stage than bulls of lower fertility. In high fertility bulls the onset of the S-

phase and the first cleavage was earlier than that of bulls with lower fertility and it was 

reported (Van Soom et al., 1997) that the zygotes/embryos of low fertility bulls have a 

lower probability of developing to morulae and blastocysts. This can be explained by an 

erratic first S-phase leading to possible chromosomal abnormalities and a longer cell 

cycle (Comizzoli et al., 2000).  Moreover, there is evidence that the effect occurs as early 

as the initiation of the S-phase in the zygote (Ward et al., 2003). Zygotes sired by high 

fertility bulls start DNA synthesis earlier and stay in S-phase longer, exit S-phase at the 

same time, have a shorter G-2, and mitotic phase than zygotes sired by lower fertility 

bulls, whereas the end of DNA replication occurred at the same moment regardless of the 

bull’s fertility (Eid and Parrish, 1994; Grisart et al., 1994).  In addition, Comizzoli et al. 

(2000) reported not only does the sire fertility affect the onset of the time of the S-phase, 

but also has an effect on the time it ends. Moreover, they clearly demonstrated that the 

influence of the maternal component on time of the onset can be discarded.  They also 

concluded, differently from previous reports (Eid et al., 1994), that the paternal influence 

on the onset of S-phase was exerted simultaneously on both pronuclei and therefore 

directly regulates the time of the onset of DNA replication for both pronuclei during G1-

phase.  Furthermore, they reported the time course of pronuclear formation was not 

different between of bulls of different fertility and considered sperm penetration time to 

be the same. Therefore, the events leading to the observed differences between the onset 

of S-phase based on male fertility were independent of the events involved with 

pronuclear formation (Comizzoli et al., 2000).  It was speculated that the differences 



 41 

observed between these high and low fertility bulls in the zygotic cell cycle were due to 

varying levels of damaged DNA, unreplicated DNA or both (Eid et al., 1994; 1995).  

These differences observed during the cell cycle can be associated with nuclear 

head shape. In humans, male factor infertility has been suggested to affect blastocyst 

formation and quality by decreasing the ability embryos to develop to blastocyst (Jones et 

al., 1998). De Vos et al. (2003) demonstrated lower fertilization rates with 

morphologically abnormal sperm cells in comparison with morphologically normal 

sperm cells. Additionally, they found embryos generated by using morphologically 

abnormal spermatozoa to have a lower potential to implant with a subsequent decrease in 

pregnancy rates. Thus, embryo development may have been compromised by unknown 

male factor effects on the embryo. The lower implantation rate may also reflect hidden 

defects at the chromosomal level of the embryo that were contributed by the sperm cell. 

These findings suggest that even when spermatozoa appear morphologically normal, that 

they may carry hidden defects that interfere with embryo development.  Embryo 

developmental rate had been proposed to be good criteria to estimate the quality of in 

vitro produced embryos (Hasler et al., 1995) and the transfer of d 7 blastocysts yielded a 

higher pregnancy rate than transferring d 8 blastocysts. In addition, in humans it is been 

demonstrated that early-cleaving embryos produce significantly higher clinical pregnancy 

rates than late-cleaving embryos (Salumets et al., 2003). 

In support, Ostermeier et al. (2001) predicted that chromatin abnormalities or 

damage to the DNA will result into minor changes to sperm head shape and might have 

an effect on bull fertility. And Steinbold et al. (1994) implied that since mammalian 

sperm heads consist almost entirely of chromatin, their shape should be related to DNA 

content and chromatin organization; but it is well documented that normal morphological 

head shape is not necessarily indicative of a normal chromatin structure.  Therefore, 

sperm decondensation defects and DNA anomalies may be underlying factors for the 

unrecognized derangements of the fertilizing capacity of spermatozoa, regardless of 

sperm morphology.  

The alterations in sperm chromatin might result in defective decondensation and 

DNA activation during fertilization, leading to a delay in the formation of the male 

pronucleus and first cleavage division and subsequent decrease in embryonic 
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development (Hamamah et al., 1997).  Wei and Fukei (2000) observed and correlation 

between sperm head size and the time of sperm head decondensation when they 

compared the decondensation time for bull, ram and whale spermatozoa. The diameter of 

sperm head for the whale spermatozoa was less than that for the ram or bull and 

corresponded with a delay in the decondensation time. Furthermore, if sperm head 

decondensation is not completed within a normal time period when the oocyte proceeds 

from metaphase through telophase, the oocyte continues its progression into interphase 

with formation of a female pronucleus, but the spermatozoon’s chromatin remodeling is 

arrested (Perreault et al., 1987). If for any reason the replacement of protamines by 

histones was prohibited, decondensation could not occur and fertilization was impaired 

(Pitsos and Nicolopoulou, 2002). In addition, chromatin remodeling can occur red 

independently from male pronuclear formation.  

Since the inability of sperm chromatin to decondense after penetration has been 

implicated in the failure of fertilization, it has been suggested to be a prerequisite for 

successful fertilization (Ward et al., 2001). Likewise, Flaherty et al. (1995) showed 

complete failure of sperm head decondensation in 11% of the unfertilized metaphase 

ooctyes, whereas Dozortzev et al. (1994) reported a much higher corresponding 

percentage (38%). Selva et al. (1993) reported that 76% of the penetrated oocytes which 

failed to progress to the pronuclear stage contained condensed sperm nuclei.  Moreover, 

it has been demonstrated that ooplasmic factors regulate sperm head decondensation, 

protamine-histone exchange and pronucleate formation, and these events in turn depend 

on the maturity of the oocyte (Perreault et al., 1992).  Additionally, Vlaisavljevic and 

Kovacic (2000) found that in most of the unfertilized MII oocytes the sperm heads started 

decondensing in the ooplasm but did not reach pronucleus stage as the process of 

decondensation was terminated during earlier stages. Occasionally, unfertilized oocytes 

may be activated and form one pronucleus with the meiotic spindle showing 

abnormalities (Dozortsev et al., 1994; Flaherty et al., 1995). When there is a low rate of 

sperm head decondensation in the cytoplasm, the oocyte activation treatment may still 

induce pathenogenetic development of oocytes (Li et al., 2000). Oocytes remaining 

unfertilized after in vitro fertilization present cytogenetic abnormalities including 

aneuploidy, diploidy, and structural abnormalities.  
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One cause of male-derived embryonic loss is induction of chromosomal 

abnormalities due to abnormal spermatozoa.  Upon entry into the oocyte, the sperm 

chromatin undergoes extensive remodeling, resulting in the reorganization of the paternal 

genome into the male pronucleus. The maternal and paternal pronuclei are subjected to 

DNA synthesis before entering the mitosis, culminating in the first cleavage to a 2-cell 

embryo.  Defective chromatin structure leads to failure of pronuclear decondensation and 

early embryonic death. Bulls with stable chromatin are more likely to give rise to 

offspring than bulls with less stable DNA (Ballachey et al., 1988).  

Chromosomal abnormalities such are aneuplody and polyploidy are known to 

play a role in a majority of developmental failures in vivo and in vitro (Kawarsky et al., 

1996). Chromosomal abnormalities can continue after the first cleavage to give rise to 

mixoploid embryos where some cells are diploid and others exhibit chromosomal 

abnormalities. The percent of mixoploid embryos increases during the preimplantation 

period both in vitro (Kawarsky et al., 1996) and in vivo (Vuiff et al., 2001). Vuiff et al. 

(2000) reported that the development of polyploid embryos is slow and they most likely 

arrest during the third cell cycle, whereas mixoploid embryos seem to continue to 

develop. Their findings support King’s (1990) theory that a progressive lo ss of abnormal 

embryos takes place during  specific stages of development and that chromosomal 

aberrations affecting the whole chromosome set are incompatible with development to 

term. 

 

1.5 Objectives 

The overall aim of this project was to determine the impact of morphologically 

abnormal spermatozoa on fertilization, subsequent embryonic development, and embryo 

quality at the cellular level and the following specific objectives were investigated over 

four experiments. Experiment One  was conducted to a) evaluate the effect of sperm 

separation methods on semen samples collected from bulls that were subjected to scrotal 

insulation (to induce abnormal sperm morphology) on embryonic development after IVF 

and;  b) to determine whether morphologically abnormal and normal bovine spermatozoa 

would be differentially affected by variation in heparin concentrations. Experiment Two 

was conducted to evaluate the effect of semen samples collected from bulls subjected to 
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scrotal insult and producing variable levels and types of abnormal sperm on embryonic 

development after IVF.  For experiment Three the aim was to evaluate the potential 

paternal influence of morphologically abnormal spermatozoa on embryo quality by 

assessing the occurrence of apoptotic events in early cleavage embryos.  The aim of 

experiment Four was to analyze the chronology of pronuclear development in bovine 

zygotes after in vitro insemination with spermatozoa having abnormal morphology. 
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CHAPTER TWO 

SPERM MORPHOLOGY AND PREPARATION METHOD AFFECTS BOVINE 

EMBRYONIC DEVELOPMENT 

 

2.1 ABSTRACT 

This study was conducted to evaluate the effect of sperm separation methods of 

semen samples collected from bulls subjected to scrotal insulation on embryonic 

development after in vitro fertilization (IVF), and to determine whether IVF results 

would be affected by varying heparin concentrations. Morphologically abnormal semen 

samples were obtained and cryopreserved from Holstein bulls following scrotal insulation 

for only 48 h.  For Experiment I, the standard protocols for Percoll gradient (90%/45%) 

separation and the swim-up method were used to separate spermatozoa fractions.  The 

pellet (Ap) and the 45% layer (Bp) were isolated from Percoll, while for swim-up the 

supernatant (As) and the interphase (Bs) were isolated.  The overall blastocyst rate for our 

laboratory Control semen was 23.1 + 2.1% for Percoll (Ap and Bp) and 18.2 + 2.0% for 

swim-up (As and Bs) separations and higher (P < 0.01) than semen used from the bull 

with the greatest response to scrotal insult 5 d prior to the insult, where it was 9.2 + 2.1% 

for Percoll and 20.7 + 2.3% for swim-up, while semen from D +27 after insult resulted in 

no blastocyst formation for Percoll separation with a 4.2 + 2.1% rate for swim-up 

separation. In Experiment II, semen samples collected at 5 d prior (D -5) and d 23 (D 

+23) and 34 (D +34) after scrotal insulation from bulls that responded the greatest and 

least to the insult were exposed to three different heparin concentrations (0.1, 1.0, and 10 

µg/ml of heparin) in the IVF medium.  There was a significant difference (P < 0.05) in 

developmental scores between the D -5 (1.08 ± 0.08), and D +23 (0.9 ± 0.08), and D +34 

(0.8 ± 0.08), but no differences in blastocyst formation based on number of cleaved 

embryos. Increasing the heparin concentration resulted in higher (P < 0.01) 

developmental scores.  In conclusion, when semen samples with high percentages of 

abnormal spermatozoa are used for IVF, semen separation preparation methods affect 

results. Our results show that separation methods used were inadequate in their ability to 

provide potentially competent sperm for IVF. However, selecting appropriate sperm 

separation procedures could improve in the IVF embryonic development of semen from 
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bulls used in artificial insemination.  Also, an increase in the heparin concentration could 

partially overcome deficiencies, suggesting that morphologically abnormal spermatozoa 

may undergo capacitation despite possible structural changes to the plasma membrane.  

Keywords: (Percoll, swim-up, abnormal spermatozoa, thermal insult, IVF) 

 

2.2 INTRODUCTION 

The probability for successful development of a bovine embryo is partially 

predetermined during the earliest stages of development by virtue of the genetic and 

epigenetic contributions acquired from the male and the female gametes. Moreover, 

Saacke et al. (2000) suggested that both fertilization failure and failure in subsequent 

bovine embryonic development can be of seminal origin. The factor with the highest 

predictive index for success with in vitro fertilization (IVF) is sperm quality, which 

includes motility, morphology and percentage of sperm with intact acrosomes (Zhang et 

al., 1998). Only viable spermatozoa are able to interact with the oocyte and initiate 

fertilization. While Barth and Oko (1989) documented that the percentage of bovine 

spermatozoa with normal morphology in a semen sample is generally related to its 

viability, there is convincing evidence that other factors associated with lowered sperm 

quality may result in reduced embryo quality or failure of the embryo to induce maternal 

recognition of pregnancy (Kot and Handel, 1987; Thundathil et al., 1999; Saacke et al., 

1998; 2000).  

Kot and Handel (1987) suggested that the interaction between abnormal murine 

spermatozoa and the oocyte may be different than the interaction between normal 

spermatozoa and the oocyte, resulting in decreased penetration or fertilization and 

subsequent increased embryonic death. Further in vivo bovine studies by Saacke et al. 

(1998) demonstrated that severe and moderately misshapen sperm heads were excluded 

from participating in fertilization, but subtly misshapen sperm heads appear as accessory 

sperm on fertilized ova, regardless of their proportion in the inseminate. However, since 

spermatozoa with the pyriform defect apparently have normal acrosomes and normal 

motility, it would be expected that they could penetrate the zona pellucida and enter the 

ooplasm under IVF conditions. Moreover, Thundathil et al. (1999) reported that with 

bovine IVF the percentage of pyriform spermatozoa that penetrate the zona pellucida and 
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gain access to the ooplasm was lower compared to normal shaped sperm. They found that 

most pyriform shaped spermatozoa that bound to the zona pellucida also manage to 

penetrate, suggesting that pyriform shaped spermatozoa are primarily discriminated 

against during zona binding.  

Interference with normal scrotal thermoregulation of bulls resulted in decreased 

percentages of sperm with normal head and tail morphology and reduced pregnancy rates 

when used for natural mating (Lunstra and Coulter, 1997). Furthermore, Saacke et al. 

(1994; 2000) defined compensable seminal traits as those deficiencies in semen that 

preclude the availability of sperm for fertilization in vivo, but that the effect can be 

minimized by increasing the sperm dosage.  This is opposed to the uncompensable 

seminal deficiencies that cannot be overcome by increased sperm dosages and most likely 

impair embryo development. 

For IVF purposes, removal of extender components including cryoprotectant 

from cryopreserved bovine semen is necessary to obtain a high percentage of normal, 

viable spermatozoa.  Methodological factors such as sperm preparation could easily 

influence IVF results within the same bull. Several methods for sperm selection have 

been described, but the most widely used are swim-up and Percoll gradient separation 

techniques (Rodriguez-Martinez et al. 1997; Palomo et al., 1999).  Sapienza et al. (1993) 

and Dode et al. (2002) reported no differences in the quality of swim-up and Percoll 

separated spermatozoa. However, others reported a lower recovery, but better quality of 

spermatozoa using swim-up, whereas Percoll separation resulted in a higher recovery rate 

and percentage of acrosome-intact spermatozoa (Parrish et al., 1995; Somfai et al., 2002). 

Moreover, IVF results were not affected when high concentrations of spermatozoa were 

used, which is contrary to when low concentrations were used (Ward et al., 2003). 

Furthermore, spermatozoa must undergo capacitation in order to bind to the zona and 

undergo the acrosome reaction. The exact cellular mechanism by which spermatozoa 

undergo capacitation is still largely unknown, but several studies have shown that the 

addition of heparin to the IVF medium is an effective method for inducing capacitation in 

vitro of bovine sperm and heparin concentration can have an effect on IVF results 

(Parrish et al., 1988; 1995; Saeki et al., 1995). 
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The effects of sperm preparation procedures and heparin concentrations for the 

bovine IVF are not well established when abnormal sperm are used.  Our hypothesis was 

that a short term thermal insult caused by scrotal insulation could induce abnormal 

spermatozoa production to provide semen to test the effects of semen preparation 

methods and heparin for IVF on early bovine embryo development.  Therefore, the 

objectives of this study were to: a) evaluate the effect of sperm separation methods on 

semen samples collected from bulls that were subjected to scrotal insulation (to induce 

abnormal sperm morphology) on embryonic development after IVF and;  b) to determine 

whether morphologically abnormal and normal bovine spermatozoa would be 

differentially affected by variation in heparin concentrations. 

 

2.3 METHODS 

Thermal Treatment of Bulls and Semen Collection 

Six Holstein bulls selected on their ability to produce semen having greater than 

70% morphologically normal sperm with at least 70% progressive motility were 

subjected to a 48 h scrotal insulation period to obtain semen samples with high 

percentages of morphologically abnormal spermatozoa (Vogler et al., 1993). Briefly, for 

each of the bulls (13 to 24 months of age) housed at the University’s Dairy Cattle Center 

and handled using routine procedures to emphasize caution and highlight well being, 

ejaculates were collected twice weekly and pooled from two ejaculates each day 

beginning 16 d prior to insulation  (D -16) and through 34 d following scrotal insult. Pre-

insulation collections (D -8, -5 and -1) served as within bull control samples, while semen 

collected on D +2 through D +9 post- insulation corresponded to ejaculated sperm that 

were presumed to be in the epididymis and rete testis during the time of scrotal 

insulation.  Spermatozoa collected between D +13 and D +34 were presumed to be 

spermatozoa that were undergoing spermiogenesis at the time of scrotal insulation and 

would be abnormal (Vogler et al., 1993).  

Semen Cryopreservation 

 On each semen collection day, the volume of each ejaculate was determined. The 

two ejaculates from each bull were pooled and diluted with egg yolk-citrate extender.  



 76 

Ejaculates were prepared for cryopreservation at a concentration of 50 x 106 sperm/ml 

with egg yolk-citrate-glycerol (Robbins et al., 1976). 

Sperm Morphology 

The collected semen samples were evaluated for morphological abnormalities 

according to Barth and Oko (1989).  Abnormalities were classified by defects of the 

sperm head shape (pyriform, tapered, and asymmetrical) and other severely misshapen 

heads plus nuclear vacuolization (apical vacuoles, diadems and random vacuoles) that 

were all classified as primary abnormalities which, if produced, appeared in a specific 

chronological order (Vogler et al., 1993). Thus, the scrotal insulation provided a means to 

vary the quality of the sperm population within bulls as well as across bulls (Vogler et al., 

1993). The bulls were then ranked according to the severity of their response to scrotal 

insulation based on the morphological assessment of semen samples collected. Semen 

from three of these bulls was used in these studies. 

Semen Separation Procedures  

The standard protocols for Percoll gradient (90%/45%) separation (Pertoft et al., 

1978) and the swim-up method (Parrish et al., 1986) were used to separate fractions for 

IVF. Both the pellet (Ap) and interphase layer between the 45% - 90% gradient (Bp) were 

isolated from Percoll and from swim-up both the supernatant (As) and the interphase (Bs) 

were isolated and used for IVF. In short, a Percoll gradient was prepared in a 15 ml 

conical tube with 2 ml of 90% Percoll (1:9 v/v mixture of Percoll and 10 x synthetic 

oviductal fluid buffered with HEPES; SOF HEPES; Sigma, St. Louis, MO) added to the 

tube, which was layered with 2 ml of 45% Percoll (1:1 v/v mixture of 90% Percoll and 1 

x SOF HEPES). Frozen-thawed semen was layered on the Percoll gradient and 

centrifuged at 700 x g for 30 min. Both Ap and Bp fraction were then washed in SOF 

HEPES by centrifugation at 500 x g for 10 min at room temperature. For swim-up, each 

of four tubes was filled with 1.0 ml SOF HEPES medium and a 1.0 ml volume of frozen-

thawed semen was layered under the medium. After 1 h incubation at 38.7º C the upper 

0.8 ml of the medium was collected as the As fraction and the portion below (0.8 ml) as 

the Bs fraction. Both fractions were washed twice by centrifugation at room temperature 

(700 x g for 10 min).  

IVF and Embryo Culture 
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For each replicate slaughter-house collected oocytes (n = 400) were matured in 

tissue culture medium 199 (TCM 199; Gibco, Grand Island NY) supplemented with 10% 

bovine calf serum (Gibco), 0.01 U/ml LH (Sigma, St. Louis, MO), and 0.01 U/ml FSH 

(Sigma) for a 24 h period (Thompson et al., 1998).   

In vitro fertilization was performed with frozen-thawed semen samples from the 

different bulls relative to their response to scrotal insulation based on the morphological 

assessment of each sample after collection.  Matured oocytes in three replicates per day 

were then washed in SOF HEPES medium and placed in a 47 µl SOF-IVF drop (10 

oocytes per drop) supplemented with 10 µg/ml heparin, and a 3 µl sample of each 

separation fraction was added to the appropriate drop for a final concentration of 1 x 106 

ml spermatozoa/ml (Parrish et al., 1995). Each treatment was replicated on each of three 

days. 

After 18 h of sperm-oocyte incubation at 38.7ºC in an atmosphere of 5% CO2 the 

presumptive embryos were denuded by vortexing for 5 min in 1.0 ml SOF HEPES 

medium. Embryos were washed and placed in a 30 µl SOF-in vitro culture (SOF-IVC) 

drop and cultured at 38.7ºC in a atmosphere of 5% CO2, 10% O2, and 85% N2 (Thompson 

et al., 1998). Subsequent development was recorded on d 8 (IVF = d 0) and a 

developmental score (0 = degenerate, 1 = two-cell embryo through 5 = blastocyst stage) 

was assigned to each embryo.  

Sperm Morphology Evaluation 

In addition to the morphological evaluation at the time of collection and freezing, 

a morphological assessment was conducted after the IVF procedures in two replicates for 

each sample keeping the individual fractions (Ap, Bp, As, and Bs) separated.  Wet smears 

were prepared for analysis by placing a drop from each fraction onto a microscope slide 

and immobilizing the spermatozoa with a drop of 40 mM sodium fluoride and then 

covering the drop with a coverslip (Mitchell et al., 1985).  Morphology was evaluated on 

200 cells using differential interference contrast microscopy at x1000 magnification 

under oil. The percentage of morphologically normal spermatozoa and the percentage of 

specific primary abnormalities that characterize a disturbance in spermatogenesis due to 

scrotal insulation were recorded for each sample. Spermatozoa with multiple 

abnormalities were only counted once, but each abnormality of a particular spermatozoa 
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was classified separately (Barth and Oko, 1989) and included pyriform-, tapered-, 

vacuolated-, decapitated- and severely misshapen spermatozoa (Table 1). Data for 

asymmetrical shape and diadem defects were < 10% and not listed in the table.  

Experiment I – Separation Protocols 

Semen Samples 

 Three types of frozen-thawed semen samples were used for IVF. The first treatment was 

semen collected from a bull, pre-determined to be effective for IVF in our laboratory 

(Control). A second sample was obtained from one of the more severe responders to 

scrotal insulation (D -5 prior to the 48 h scrotal insulation). A third semen sample was 

taken from the same bull on d 27 after scrotal insult (D +27). The D +27 sample was 

selected because the overall percentage of normal spermatozoa was least and reduced 

from about 70% to about 20%. 

Experiment II – Heparin Effectiveness 

Semen from the greatest and the least responding bulls to scrotal insulation was 

chosen to evaluate differences in sperm morphology. For each of these bulls, three semen 

samples were used for IVF: a pre- insult sample collected on 5 d before insulation (D -5), 

and two post- insult samples, one collected on 23 d later (D +23), when the percentages of 

pyriform, tapered, vacuolated and severely abnormal spermatozoa were observed to be 

the highest for Bull I (the greatest responding bull), and another collected 34 d after insult 

(D +34) at the end of the collection period (when sperm morphology had returned to near 

normal levels). The least responding bull (Bull II) to scrotal insulation revealed no 

differences in sperm morphology across the same time period. Within each treatment 

group, semen samples separated using Percoll procedures (Ap; Pertoft et al., 1978) were 

exposed to three different heparin concentrations (0.1, 1.0, and 10 µg/ml of heparin) 

added to the SOF-IVF medium. Slaughter-house collected oocytes were randomly 

assigned to each heparin concentration within each treatment group (n = 30) after a 24 h 

maturation period and this was replicated on three different days. After 18 h sperm-

oocyte incubation the presumptive zygotes were cultured as in Experiment I and on d 8 

(IVF = d 0) a developmental score (0 = degenerate, 1 = two-cell embryo through 5 = 

blastocyst stage) was assigned to each embryo.   

Statistical Analyses  
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 Data in both experiments were analyzed by one-way ANOVA using the PROC 

GLM and/or PROC MIXED procedures of SAS (1999) and Chi-square analysis. 

Cleavage and development rates were determined for both experiments. The effects 

included in the model for Experiment I were semen sample collection day, separation 

method, separation fractions, repetitions and the interactions between semen sample and 

separation fraction and separation method.  Replicate effects were not significant (P > 

0.05) and were deleted from final models. Pearson simple correlations were conducted 

between development and the percentages of sperm abnormalities in each sample using 

the PROC CORR procedure of SAS. In Experiment II, the model included the main 

effects of bull, semen sample collection day, heparin concentration and the interactions of 

bull and heparin concentration, bull and semen sample collection day, and semen sample 

collection day and heparin concentration.  Replicate effects were not significant and were 

deleted from final models. 

 

2.4 RESULTS 

2.4.1 Experiment I  

The percentages of individual sperm abnormalities are presented in Table 1. 

Overall in the Control bull there were 72 + 3.2% normal spermatozoa which was not 

different from the D -5 normal sperm population (63 + 3.2%), but both were higher (P < 

0.01) than the 18.5 + 3.2% normal population found in D +27 collections.  The 

percentage of pyriform sperm heads was affected by sample collection (P < 0.01) and the 

Control bull had less than (3.8+ 1.2%; P < 0.01) D -5 semen, which was intermediate (9.5 

+ 1.2%) and different (P < 0.01) from D +27 (50.6 + 1.2%). The significant sample 

collection by separation method by separation fraction interaction (P < 0.01) for pyriform 

heads is shown in Table 1. There was a significant interaction (P < 0.01) of sample 

collection by separation fraction for tapered head abnormalities. Generally, A fractions 

had lower (P < 0.05) percentages of tapered heads (Control: 18.0 + 2.4%, D -5: 13.3 + 

2.4%, and D +27: 12.5 +2.4%) than B fractions (26.0 + 2.4%, 26.0 + 2.4%, and 21.8 + 

2.4%, respectively.)  However, Control A and D +27 B fractions were not different from 

each other (P > 0.05). Apical vacuole defects were lowest for D -5 (0.9 + 1.6%) and 

different (P < 0.01) from both Control (4.0 + 1.6%) and D +27 (6.3 + 1.6%) samples. The 
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Table 1. The percentages of primary abnormalities† present in each semen sample fraction after 

morphological evaluation in Experiment I. 

Sample? Separation 

Fractions§ 

Normal‡ Pyriform 

 

Tapered 

heads 

Apical 

vacuoles 

Random 

vacuoles 

Severely* 

abnormal 

Decap- 

itated 

Control Ap 76 3a 17 5 0 2 2.0b,c 

 As 75 3a 20 3 2 0 0a 

 Bp 64 4a 25 7 3 2 1.5a,b,c 

 Bs 74 5a 28 2 1 1 0a 

D -5 Ap 69 5a 14 2 9 3 1.5a,b,c 

(Pre-ins As 69 11a,b 13 1 8 3 1.0a,b 

ulation) Bp 61 8a 20 2 11 3 0.5a,b 

 Bs 53 15b 33 0 3 0 0a 

D +27 Ap 22 43c 17 12 19 10 17.5d 

(Post- As 16 55d 8 3 10 16 0.5a,b 

insulat Bp 10 57d 19 9 12 10 3.0c 

ion) Bs 27 49c,d 25 2 6 4 3.0c 

 SE 6.4 2.5 3.4 3.1 3.1 2.0 0.5 
?Control: laboratory control semen; D -5: semen collected 5 d prior to scrotal insulation; D +27: semen 

collected 27 d after 48 h scrotal insulation 
†Multiple abnormalities were recorded per single sperm cell when present 

§Percoll: pellet (Ap) and the 45% layer (Bp); Swim-up: supernatant (As) and the interphase (Bs) 

‡ Morphologically normal shaped heads 
* Severely abnormal spermatozoa, head shape completely distorted 
a,b,c,dMeans without common superscripts within category differ at P < 0.05 . 
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significant three-way interaction for decapitated heads is shown in Table 1.  The 

D +27 Ap fraction had the greatest percentage of decapitated heads. 

Cleavage rates were significantly (P < 0.01) different among semen samples and 

significantly affected (P < 0.01) by the method of separation. For the Control semen, the 

cleavage rate was 64 + 2.1% which was higher (P < 0.01) than both the 51 + 2.3% for D -

5 semen and the 31 + 2.2% cleavage for semen from D +27, which was lowest and 

different (P < 0.01) from D -5.  The cleavage rates for semen from the Control bull were 

highest (75 + 3%) for swim-up and 53 + 3% for Percoll separation (P < 0.01) compared 

to 59 + 3 and 45 + 3% for D -5 semen collections (Figure 1). Cleavage rates were lowest 

and different (P < 0.01) for Percoll (26 + 3%) and swim-up separation procedures (35 + 

3%) for D +27.  Cleavage rates were affected (P < 0.01) by separation fractions (A and 

B). Control bull semen fraction A (Ap and As) was higher (P < 0.01) than D -5 fraction A 

(79 + 3% vs 55.1 + 3.2%), which was not different from Control fraction B (49.1 + 2.9%) 

and D -5 fraction B (48.6 + 3.2%).  These fractions had greater cleavage rates (P < 0.01) 

than D +27 fractions A (33.5 + 3.0%) or B (28.3 + 3.1%), which were not different from 

each other. 
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Figure 1.  Cleavage and blastocyst rates (± SE) following IVF by separation procedure 
(Percoll or Swim-up) for Control, D -5 and D +27 semen following 48 h 
scrotal insulation in Experiment I. Means of three replicates without 
common superscript differ at P < 0.05. (lower case for cleavage rates, 
upper case for blastocyst rates) 
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Table 2. Mean cleavage rate (+ SE) for sperm separation fractions following IVF for semen 

obtained from a Control bull and for semen collected before and after 48 h of 

scrotal insulation in Experiment I. 

Semen 

Sample 

Percoll %  

(total number of oocytes) 

Swim-up %  

(total number of oocytes) 
 

 Ap
§ Bp As Bs  

Control 77a + 4 (140) 29b,e  + 4 (121) 81a + 5 (104) 69a,c + 4 (130)   

D -5 57d  + 5 (104) 33b,e  + 4 (118) 54d  + 5 (101) 64c,d + 5  (92)  

D +27 29b,e+ 4 (134) 23e    + 4 (109) 38b  + 4 (108) 34b,e + 5 (107)  
§Percoll: pellet (Ap) and the 45% layer (Bp); Swim-up: supernatant (As) and the interphase (Bs) 

abcde Mean rates of three replicates without common superscripts differ at P < 0.05  
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The cleavage rates (Table 2) were significantly lower (P < 0.01) between the Ap and the 

Bp fractions for Control bull semen and semen from D -5, but not for semen from D +27, 

while the there was no difference in the cleavage rates between the As and Bs fractions. 

However, within each fraction, As and Bs, the cleavage rates were significantly different 

(P < 0.01) only among all three semen samples for As and decreased from 81% for 

Control As to 38% for D +27, while for Bs cleavage rates decreased from 67% (Control 

and D -5) to 34% at D +27. 

The overall developmental scores were significantly different (P < 0.01) among the three 

semen samples with Control having the highest development at 1.8 ?  0.06, and it was 

different from D -5 (1.5 ?  0.06), which was greater than D +27 (0.6 ?  0.06).   

Additionally, there was a significant difference (P < 0.01, Table 3) in development score 

between preparation methods, Percoll vs. swim-up.  Notably, swim-up separation 

provided more competent sperm than did Percoll separation.   A significant (P < 0.01) 

interaction was found between the Control, D -5, and D +27 semen samples, and their 

respective separation fractions (Ap, Bp, As and Bs; Table 3) for embryo development. 

Moreover, among the different fractions the development score for the Control was lower 

(P < 0.01) for both Bp and Bs compared to Ap and As, while for semen from D -5 only Bp 

development score was lower (P < 0.01) than the others. The development score for 

semen from D +27 was lowest for Bp, but not different (P > 0.05) from Ap, As, or Bs.  The 

development scores from A fractions (Ap and As) decreased significantly (P < 0.01) from 

the Control bull semen to D -5 to D +27.  However, Control bull and D -5 Bs fractions 

resulted in higher development (P < 0.01) than all other B fraction semen. 
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Table 3. Development scores (± SE) for sperm separation fractions following IVF for semen 

obtained from a Control bull and semen collected before and after 48 h of scrotal 

insulation in Experiment I. 

Semen 

Sample 
Percoll  Swim-up 

 

 Ap
§ Bp As Bs 

Control 2.4 ± 0.1a  0.7 ± 0.1c,d  2.4 ± 0.2a  1.7 ± 0.1b 

D -5 1.5 ± 0.2b  0.8 ± 0.1c 1.7 ± 0.2b 1.8 ± 0.2b 

D +27 0.5 ± 0.1c,d 0.4 ± 0.1d 0.7 ± 0.1c  0.7 ± 0.1c 

Mean                                         1.1 ± 0.1A                                       1.5 ± 0.1B 
§Percoll: pellet (Ap) and the 45% layer (Bp); Swim-up: supernatant (As) and the interphase (Bs) 

abcd Scores with different superscripts differ at P < 0.05  
 AB Means with different superscripts differ at P < 0.01 
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 The overall blastocyst rates for the Control semen for Percoll and for swim-up 

separations were not different (P > 0.05) and not different from D -5 swim-up separated 

semen (Figure 1). But the blastocyst rates were lower (P < 0.05) for D -5 Percoll 

preparations, while for semen from D +27 there was no blastocyst formation for Percoll 

separation, with a 4.2% rate for swim-up separation (Figure 1).  There was a significant 

sample by semen separation fraction interaction (P < 0.01). The Control bull semen 

separation fraction A used for IVF resulted in the highest blastocyst development (Figure 

2).  Day -5 fractions were not different from each other (P > 0.05), but A fractions 

resulted in a higher blastocyst rate (P < 0.05) than the Control fraction B.  Blastocyst 

rates for both D +27 were lowest (P < 0.05). A positive correlation was found between 

the percentage of morphologically normal sperm heads and embryo developmental score 

(r = 0.32, P < 0.01), while a negative correlation was found between developmental score 

and the percentage of pyriform sperm (r = -0.31, P < 0.01), diadems (r = - 0.20, P < 0.01), 

apical vacuoles (r = -0.18, P < 0.01), random vacuoles (r = -0.30, P < 0.01), decapitated 

sperm (r = -0.21, P < 0.01), and severely abnormal sperm (r = -0.29, P < 0.01) in the 

semen sample.   
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 Figure 2.  Blastocyst rates (± SE) following IVF by separation fraction (A or B) for 
Control, D -5 and D +27 semen following 48 h scrotal insulation in 
Experiment I. Means of three replicates without common superscripts 
differ at P < 0.05. 
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Table 4. Descriptive data on the percentages of abnormalities present in semen samples 

collected from Bull I (high abnormal sperm producer) and Bull II (no relative change 

in abnormal sperm production) when both bulls were exposed to 48 h of scrotal 

insulation in Experiment II.   

 Semen 

Sample? 
Pyriform Diadem 

Apical 

vacuoles 

Random 

vacuoles 

Decap- 

itated 

Severely§ 

abnormal 

D -5 7 0 8 3 2 1 

D +23 55 30 40 8 20 22 

Bull I 

(Responder) 

D +34 12 0 8 2 9 30 

D -5 0 0 0 0 2 4 

D +23 3 0 8 3 3 4 
Bull II 

(Non-

responder) D +34 0 0 0 0 0 4 

?D -5: semen collected 5 d prior to scrotal insulation; D +23: semen collected 23 d after 48 h 

scrotal insulation;  D +34: semen collected 34 d after 48 h scrotal insulation  
§ Severely abnormal spermatozoa, head shape completely distorted 
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Figure 3.  Overall cleavage percentage and development score (10 x higher) (± SE) by 
semen collection date (D -5, D +23, and D +34 following 48 h scrotal 
insulation) after Percoll separation of semen for a bull that responded to 
scrotal insulation (Bull I) and a bull that did not respond to scrotal insult 
(Bull II) and subjected to various heparin concentrations in Experiment II. 
Means within effect with different superscripts differ at P < 0.05. (lower 
case for cleavage rates, upper case for development score) 
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Figure 4.  Overall cleavage rates (± SE) for the different heparin concentrations included 
in the fertilization medium following Percoll separation of semen for a 
bull that responded to scrotal insulation (Bull I) and a bull that did not 
respond to scrotal insult (Bull II) for Experiment II.  Means of three 
replicates without common superscripts differ at P < 0.05. 
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2.4.2 Experiment II  

The percentage of individual abnormalities for Experiment II is found in Table 4. 

The cleavage rate was significantly (P < 0.01) affected by bull, semen sample collection 

day, and heparin concentration. A lower cleavage rate (P < 0.01) was found for Bull I (23 

+ 2%; highest responding bull) compared to Bull II (33 + 2%; lowest responding bull), 

while the cleavage rates for D +23 and D + 34 were lower (P < 0.01) than for semen from 

D -5 (Figure 3). Furthermore, the overall cleavage rate was higher when 10 µg/ml 

heparin (42 + 2.2%) was used in comparison to 0.1 µg/ml (17 + 0.7%) and 1.0 µg/ml 

(24.8 + 2.3%; P < 0.01). There was no interaction between bull, semen sample collection 

day and heparin concentration; however, the interaction between bull  

and heparin concentration approached significance (P < 0.08; Figure 4).  For Bull I, the 

cleavage rate doubled when the heparin concentrations increased from 0.1 µg/ml to 1.0 

µg/ml and almost tripled with a 100-fold increase in the heparin concentration from 0.1 to 

10 µg/ml. For Bull II there was no difference (P > 0.05) in the cleavage rates when the 

heparin concentrations were increased from 0.1µg/ml to 1.0 µg/ml, but cleavage rate 

doubled when the heparin concentration was increased to 10 µg/ml. 

In contrast to the cleavage rates, the developmental scores between the two bulls were not 

different, but a significant difference (P < 0.05) was found between the development 

score for semen from D -5 compared to D +23 and D +34 (Figure 3). The increasing 

heparin concentrations resulted in no difference in the developmental score from 0.1 

µg/ml (1.4 ± 0.06) to 1.0 µg/ml (1.5 ± 0.06), with a significant increase (P < 0.01) at 10 

?g/ml (2.1 ?  0.06) that corresponded with the increase in overall cleavage rate from 18% 

to 42% as the heparin concentration increased from 0.1 ? g/ml to 10 ? g/ml. There was no 

significant interaction (P > 0.05) between bulls, semen samples collection days, and 

heparin concentrations when development scores were tested.  The rate of blastocyst 

formation based on the percentage cleaved embryos was not different (P > 0.05) for the 

main effects of bull, semen sample collection, and heparin concentration.  

 

2.5 DISCUSSION 

Cleavage with Sperm Separation 
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Establishment of the effects of sperm preparation procedures and heparin 

concentrations for bovine IVF when abnormal sperm are involved was the objective of 

the current study.  Our hypothesis was that a short term thermal insult caused by scrotal 

insulation could induce abnormal spermatozoa production to provide semen to test the 

effects our objective on early bovine embryo development.  The decreased cleavage rates 

with high proportions of abnormal sperm in the ejaculate in Experiments I and II were 

similar to what has been reported by Eid et al. (1994) who showed that when low fertility 

bulls were used for IVF, the cleavage rates were low and pronuclear formation was 

delayed.   

Separation fraction (A vs B) effects were greatest on cleavage only in the 

Control bull (Figure 1), suggesting bull differences under routine conditions and 

deleterious impacts due to thermal insult. Other studies conducted with cattle have shown 

that the donor of the semen influences the outcome of both IVF and in vitro culture 

(Parrish et al., 1986; Shi et al., 1990; Shamsuddin et al., 1993; Rodriquez-Martinez et al., 

1997; Ward et al., 2003).  Our higher cleavage rate for swim-up compared to Percoll 

separation was in agreement with the findings of Parrish et al. (1995). They associated 

the higher rate with the difference in the ability of spermatozoa to penetrate ova in vitro 

after separation by swim-up procedures when compared to Percoll separation. Moreover, 

hyperactivation of spermatozoa allows for enhanced penetration of the zona pellucida 

(Stauss et al., 1995).  

Development with Sperm Separation 

We found no difference in the development rates when only the normal (As 

and Ap) fractions of each separation method were compared supporting Parish et al. 

(1995).  But for the Bs and Bp separation fractions lower development scores and 

development rates were detected for Percoll separation, while the scores and rates for 

swim-up were not different.  Fractiona tion with the separation procedures revealed 

effective separation with Percoll in the Control and D -5 semen samples in contrast to no 

change in cleavage for swim-up separation and D +27 Percoll separation. Development 

data mimic these changes (Table 3).  Somfai et al. (2002) reported that both swim-up and 

Percoll methods improved the proportion of live spermatozoa used for IVF, but the 

development rate was higher with sperm from Percoll separation than for swim-up 
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separation. These results imply that Percoll separation is more efficient for partitioning 

high quality, live acrosome-intact spermatozoa from damaged or dead spermatozoa and 

reflect the decrease in development rate for the Bp fraction from Control bull and D -5 

semen.  In support, Brandeis and Manual (1993) found that the swim-up method 

separated a higher percentage of motile spermatozoa than Percoll, but the Percoll method 

yielded a higher percentage of spermatozoa with intact acrosomes. Furthermore, Somfai 

et al. (2002) indicated that the results with Percoll separation were more uniform and 

resulted in decreased variances between semen samples of different quality.  In contrast, 

we found a significant decrease in development rates as the percentages of 

morphologically abnormal sperm per sample increase (D +27) for both Percoll and swim-

up, regardless of whether A or B fractions were used.  The differences may be due to the 

type of semen samples used. They used semen samples of high quality, while we 

evaluated semen of high quality and semen with high proportions of abnormalities. The 

fraction differences were evident only with Control bull semen and D -5 Percoll 

separations and were lost with the other samples (Table 3).  This suggested a decrease in 

the efficiency of both sperm separation methods to increase the percentage of high 

quality spermatozoa for IVF procedures.  In support, Chen et al. (1995) demonstrated that 

the Percoll gradient was effective in removing debris and other contaminants, but resulted 

in a low rate of sperm recovery for low quality semen samples. They reported that the 

percentage of immotile sperm after Percoll separation was higher than for swim-up 

method when both methods were used to prepare abnormal semen samples for IVF.  

Moreover, Ng et al. (1992) found swim-up superior to the Percoll method for selection of 

normal spermatozoa corresponding with our results (Figure 1). The percentage of dead 

spermatozoa with swollen or damaged acrosomes was higher for swim-up procedures 

than after Percoll separation (Somfai et al., 2002), showing the inability of swim-up to 

separate gross abnormalities from the A fraction.  Moreover, Correa and Zavos (1996) 

reported that the percentage of intact sperm recovered from either preparation method 

was lower than the percentage motile sperm. This provides evidence that spermatozoa 

with primary abnormalities have enough motility to participate in the swim-up process 

and therefore be present in the recovery fraction without clear evidence that there was 

any potential to presumable participation during IVF.  
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With the severe decrease in the development (Table 3) and blastocyst 

formation rates (Figure 1), the actual participation of abnormal spermatozoa (D +27) in 

IVF is questionable and fertilization may have been initiated by the small number of 

normal spermatozoa present.  There is evidence that grossly misshapen spermatozoa can 

become involved in the fertilization process once they gain access to oolemma (Burruel 

et al., 1996).  According to Ward et al. (2003), IVF results were not affected when high 

concentrations of presumable normal spermatozoa were used, but when low 

concentrations of normal spermatozoa were used, the effect was more prominent. 

However, Thundathil et al. (1999) reported that abnormal spermatozoa that penetrate the 

oocyte can be involved in the fertilization process, but the resulting zygotes may be less 

competent, explaining the reductions in development in the current study. Moreover, 

spermatozoa with the pyriform defect apparently have normal acrosomes and normal 

motility and would be expected to penetrate the zona pellucida and enter the ooplasm. 

However, they reported that the percent pyriform spermatozoa that bound to and 

penetrated the zona and subsequently gained access to the ooplasm was lower than 

normal shaped sperm and is supported by the negative correlation found here (r = -0.31) 

with development score.  

Heparin 

Heparin was tested to assess its impact on cleavage and early embryo 

development.  The overall cleavage rates more than doubled (18% to 42%) when the 

heparin concentration was increased from 0.1 µg/ml to 10 µg/ml heparin. The same effect 

was observed within each bull (Figure 4), despite a lower cleavage and development 

score for the samples with high percentages of abnormal spermatozoa present (Figure 3).  

These results implied that the positive effect of the increasing heparin levels could 

partially overcome the deleterious effect of morphologically abnormal spermatozoa on 

embryo development.  Saeki et al. (1995) reported varied fertilization rates for individua l 

bulls at different heparin concentrations of 1.0, 10 and 100 µg/ml heparin and found the 

maximum fertilization rate at 10 µg/ml.  The percentage of oocytes fertilized by sperm 

was heparin-dose-dependent and had maximum response when 10 µg/ml heparin was 

added to the fertilization medium (Parrish et al., 1988). Chamberland et al. (2000) 

concluded that a heparin concentration of 10 ? g/ml in the IVF medium was necessary to 
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induce the physiological changes associated with capacitation and the subsequent 

increase in sperm motility. Spermatozoa must undergo capacitation in order to bind to the 

zona and undergo the acrosome reaction. Mendes et al. (2003) reported that the addition 

of heparin to the fertilization media improved cleavage rate and embryo development, 

regardless of which sperm separation method was used.   

Our results indicate a possibility that the normal physiological and biochemical 

events associated with cryopreservation and capacitation are hindered in abnormal 

spermatozoa and therefore decrease the effectiveness of heparin as a capacitation agent. 

In support, Kot and Handel (1987) suggested that the interaction between abnormal 

spermatozoa and the oocyte may be different than that of normal spermatozoa and the 

oocyte, resulting in decreased penetration or fertilization and subsequent impairment of 

embryo development. While differences in cleavage rates existed between bulls and the 

intermediate heparin level appears to equalize cleavage between the bulls (Figure 4), 

subsequent development did not differ, suggesting delayed detrimental effects of scrotal 

insulation on sperm quality.  Moreover, the failure of normal embryo development can be 

related to similar finding in Experiment I where the cleavage rate was lower when a 

semen sample with a high percentage of abnormal spermatozoa was used for IVF and can 

be related to uncompensable seminal traits (Saacke et al., 1994) that can not be 

minimized by increased sperm concentrations or by increased heparin concentrations. 

However, this effect seems to be eliminated after initial cleavage. Thus, the effect of 

abnormal spermatozoa on IVF was either manifested prior to or during the early stages of 

embryo development as indicated by the differences in cleavage rates, but not blastocyst 

formation.  Also, an increase in the heparin concentration could partially overcome 

deficiencies, suggesting that morphologically abnormal spermatozoa may undergo 

capacitation despite possible structural changes to the plasma membrane.  

The interference with normal scrotal thermoregulation of bulls (Lunstra and 

Coulter, 1997) caused an increase in the percentage of morphologically abnormal 

spermatozoa and resulted in deleterious affects on embryonic development. In addition, 

aberrant spermatogenesis may affect the normal development of the structure of the 

sperm plasma membrane making it more susceptible to structural changes. Fraser et al. 

(1995) suggested that the functional integrity of the sperm plasma membrane influences 
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the physiological status of the spermatozoa; destabilization of the plasma membrane 

leads to premature capacitation.   

In conclusion, when semen samples with a high percentage of abnormal 

spermatozoa are used for IVF, the outcome of swim-up and/or Percoll separation 

methods used might be insufficient to allow successful embryo development. Our data 

implied that both separation methods were inadequate in their ability to provide 

potentially competent sperm for IVF. However, selecting appropriate sperm separation 

procedures could improve the IVF embryonic development of semen from bulls used for 

artificial insemination. Furthermore, the types of abnormalities induced by scrotal 

insulation could be partially overcome by an increase in the heparin concentration and 

this suggests that for morphologically abnormal spermatozoa it is possible that they may 

undergo capacitation despite possible structural changes to the plasma membrane.  
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CHAPTER THREE 

BOVINE EMBRYO DEVELOPMENT AFTER IVF WITH SPERMATOZOA 

HAVING ABNORMAL MORPHOLOGY 

 

3.1 ABSTRACT 

The study was conducted to evaluate the effect of scrotal insulation on semen 

samples collected from bulls on embryonic development after IVF. Semen samples were 

obtained and cryopreserved from four Holstein bulls before and after a scrotal insulation 

period of 48 h (Day 0).  Three types of samples were used for IVF: 1) semen from the test 

bulls collected 5 d prior to scrotal insulation (Pre- insult); 2) semen from Day 13 (2 wk-

Post-Insult; 2 wk-PI); and 3) semen from Day 20 (3 wk-PI).  After 18 h of sperm-oocyte 

co-incubation, the zygotes were cultured for 8 d when a developmental score (0 = 

degenerate, 1 = 2-cell embryo through 5 = blastocyst) was assigned to each embryo.  The 

post-thaw morphological evaluation of sperm samples revealed a decrease (P < 0.01) in 

the percentages of normal spermatozoa in the 3 wk-PI samples in comparison with the 

Pre-insult samples for Bulls I and Bull III (74 to 22.3% and 67.7 to 0.5 %, respectively).  

The percentage of vacuolated spermatozoa increased significantly for Bull II. There was 

no apparent change in abnormal sperm populations for Bull IV (< 10%).  The cleavage 

and blastocyst formation rates and embryo development scores were affected (P < 0.01) 

by the interaction of bull by sample collection time.  For Bulls I and III (severe 

responders) the scrotal insulation effects persisted from the time of cleavage through 

blastocyst formation.  In contrast, the cleavage and blastocyst formation rates for Bull II 

and Bull IV were unaffected, despite high percentages of vacuolated spermatozoa present 

in the post insult samples for Bull II.  In conclusion, the use scrotal of insulation to 

elevate scrotal temperature is an effective method to obtain semen samples with high 

percentages of abnormal spermatozoa.  The decrease in embryonic development after 

IVF when using spermatozoa with morphological abnormalities seems to be multifaceted 

and related to the changes in head shape morphology.   

Keywords: Abnormal spermatozoa morphology; Scrotal insult; IVF; Embryo 

development 
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3.2 INTRODUCTION 

Elevation of testicular temperature, either by exposure to high ambient 

temperatures or thermal insulation of the scrotum, disrupts spermatogenesis with a 

consequent decrease in semen quality and possibly sperm production depending upon 

temperature elevation.  The application of the scrotal insulation model to determine the 

effects of increased testicular temperature on sperm production and semen quality was 

reviewed by Setchell et al. (1998). It has become a useful tool to study possible causes for 

differences in fertility rates among bulls and to provide insight into compensable and 

uncompensable factors (Saacke et al., 1994). Elevated testicular temperature causes 

testicular hypoxia and the generation of reactive oxygen species and results in the 

production of high percentages of abnormal spermatozoa Setchell et al. (1998). 

Saacke et al. (1994; 1998) suggested that factors associated with semen quality 

that effect fertility can be classified as either compensable or uncompensable.  

Compensable seminal deficiencies are factors related to the viability or morphology of 

spermatozoa and preclude access to the site of fertilization in the female reproductive 

tract.  Theoretically, such deficiencies can be overcome by increasing the sperm 

concentration in the inseminate. Uncompensable deficiencies are associated with inability 

to sustain fertilization and subsequent embryo development after they are initiated 

(Setchell et al., 1998; De Jarnette et al., 1992; Saacke et al., 2000).  Defective sperm-zona 

interaction was a major cause for low fe rtilization rates in human IVF and was associated 

with defects of the spermatozoa rather than defects of the oocytes (Liu and Baker, 2000).  

Liu and Baker (2002) reported that the proportion of spermatozoa that penetrated the 

zona pellucida (ZP), number of spermatozoa that bound to the ZP and the percentage of 

sperm with normal morphology were strongly related to fertilization rates in vitro and 

that other sperm characteristics were less significant. Furthermore, they reported that 

sperm-ZP binding was low when there were less than 7% normal spermatozoa present in 

the ejaculate or inseminate.  Krzanowska and Lorenc (1983) and Kot and Handel (1987) 

have shown that in murine species sperm with abnormal head shape can bind and 

penetrate the ZP, while in domestic cat species the ability for spermatozoa with a 

deformed head shape to bind to the ZP is severely impaired (Howard et al., 1993)  

Pyriform head shapes were associated with sub fertility in bovine species (Blom, 1973) 
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and Dresdner and Katz (1981) suggested that sperm morphology was related to 

hydrodynamic differences that may impair sperm motility.  Therefore, the reduced ability 

of sperm to bind to the ZP based on morphology may be due to aberrant patterns of 

motility or hyperactivated motility (Saacke et al., 1994).  In contrast, Roussa et al. (2002) 

found that spermatozoa with head shape abnormalities express normal motility and could 

participate in the fertilization process. They reported a positive correlation between the 

percentage of spermatozoa with pyriform heads and other abnormalities present and 

implied that sub fertility was associated with a specific abnormality rather than the total 

number of abnormalities present. 

It was reported that bovine spermatozoa with abnormal head shapes were 

excluded from the accessory sperm population and depending on the severity of the 

deformity, had a greater the chance for exclusion (Saacke et al., 1988; 1998).  Likewise, 

Thundathil et al. (2000) reported that the ability of spermatozoa to bind and penetrate the 

ZP was dependent upon the severity of the defect, but spermatozoa with flattened and 

indented acrosomes were unable to bind the ZP regardless.  Previous studies have shown 

that although the ZP is selective for binding spermatozoa with normal morphology, some 

spermatozoa with abnormal morphology are capable of binding to and penetrating the ZP 

(Liu and Baker, 1994; Garret et al., 1997)  Moreover, even when semen samples with 

high proportions of abnormal spermatozoa allow for normal binding and penetration, the 

fertilization rates might remain low because of defects that occur later in the fertilization 

process such as sperm fusion with the oolemma, nuclear decondensation or formation of 

the male pronucleus (Liu and Baker, 2000; Eid et al., 1994). 

Abnormal sperm morphology is highly correlated with the nuclear immaturity 

based upon the degree of chromatin condensation assessed with flow cytometry (Liu and 

Baker, 2000; Claasens et al., 1992; Duran et al., 1998). However, the effects of sperm 

morphology on fertilization and embryonic development are largely influence by the 

fertilizing characteristics of individual bulls including their response to in vitro 

capacitation, fertilization rate and subsequent embryonic development (Eyestone and 

First, 1989; Marquant-Le Guienne et al., 1990; Zhang et al., 1997; Ward et al. ,2001).  

Moreover, Vogler et al. (1993) reported a marked difference in responses of bulls to 

scrotal insulation with resultant variation in the type and percentage of morphologically 
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abnormal spermatozoa produced despite a chronological order of appearance in 

ejaculates.  Therefore, the application of a scrotal insulation model is a useful tool to 

obtain semen samples from individual bulls prior to and after scrotal insult, allowing 

within bull comparisons to investigate the effect of morphologically abnormal 

spermatozoa on embryonic development. Thus, the objective of this study was to evaluate 

the effect of semen samples collected from bulls subjected to scrotal insult and producing 

variable levels and types of abnormal sperm on embryonic development after IVF. 

 

3.3 MATERIALS AND METHODS 

Six Holstein bulls were subjected to a 48 h scrotal insulation period to obtain 

semen samples with high percentages of morphologically abnormal spermatozoa. The 

scrotal insult provided a mild interference with testicular thermoregulation. Briefly, for 

each of the bulls, two ejaculates were collected twice weekly prior to and through 34 d 

following the time of scrotal insult (Day 0) and cryopreserved at a concentration of 50 x 

106 sperm/mL (Acevedo et al., 2002). Pre- insult collections (Day -8, -5 and -1) served as 

within bull control samples.  Spermatozoa collected between Day 13 through Day 34 

represented spermatozoa that were undergoing spermatogenesis during that time 

(Acevedo et al., 2002). The collected semen samples were evaluated for morphological 

abnormalities according to Barth and Oko (1989).  Abnormalities were classified by 

defects to the sperm head shape, pyriform, tapered, and asymmetrical; and other severely 

misshapen heads plus nuclear vacuolization (apical vacuoles, diadems and random 

vacuoles); and classified as primary abnormalities which appeared in a specific 

chronological order. Thus, the scrotal insulation provided a means to obtain variation in 

the quality of the semen population within bulls as well as across bulls (Vogler et al. 

1993). The bulls were then ranked according to the severity of their response to scrotal 

insulation based on the morphological assessment of semen samples collected (Acevedo 

et al., 2002) 

In vitro fertilization was performed with selected semen samples from four 

different bulls, identified Bull I to IV, and the ejaculates were selected according to their 

response to scrotal insult based on the morphological assessment of each sample after 

collection.  Bulls I and III were determined to be severe responders, Bull II a moderate 
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responder, and Bull IV showed no response to scrotal insulation.  The efficiency of the 

IVF procedures among four replicates bulls was tested simultaneously with semen 

collected from a bull, pre-determined to be effective for IVF in our laboratory (Walters et 

al., 2002). Three ejaculates were used from each of the four chosen bulls: 1) a pre-insult 

semen sample collected on Day 5 (Pre- insult); 2) a post- insult semen sample collected on 

Day 13 (2 wk-PI); and 3) another post- insult semen sample collected on Day 20 (3 wk-

PI). 

Slaughter-house collected oocytes obtained weekly (n = 400) were matured in 

tissue culture medium 199 (TCM 199; Gibco, Grand Island, NY) supplemented with 10% 

bovine calf serum (Gibco), 0.01 U/mL LH (Sigma, St. Louis, MO) and 0.01 U/mL FSH 

(Sigma) for a 24 h period (Thompson et al., 1998). The standard protocols for swim-up 

separation method (Parrish et al., 1986) were used to prepare spermatozoa for IVF; each 

of four 5 mL test tubes was filled with 1.0 mL synthetic oviductal fluid buffered with 

HEPES (SOFH) medium and a 1.0 mL volume of frozen-thawed semen was layered 

under the medium.  After 1 h incubation at 38.7ºC the upper 0.8 mL of the medium was 

collected as the recovery fraction and washed twice by centrifugation (700 x g for 10 

min).  Matured oocytes were washed in SOFH medium and placed into a 47 µL synthetic 

oviductal fluid for IVF (SOF-IVF) medium drop (10 oocytes per drop) supplemented 

with 10 µg/mL heparin; 3 µL of the prepared semen was added to the drop for a final 

volume of 50 µL and final concentration of 1 x 106 ml spermatozoa/mL (Parrish et al., 

1995). 

After 18 h of sperm-oocyte incubation at 38.7ºC in 5% CO2 the cumulus cells 

were removed from presumptive zygotes by vortexing in 2.0 mL SOFH medium for 5 

min. Embryos were washed three times in SOFH and transferred to 30 µL SOF-IVC 

culture drops under mineral oil (Sigma) and cultured at maximum humidity in a gas 

phase of 5% CO2, 5% O2 and 90% N2 at 38.8ºC (Ward et al., 2001; Thompson et al., 

1998).  The cultured drops were fortified with 10% fetal calf serum at 96 h post 

fertilization. Subsequent development was recorded on Day 8 (IVF = Day 0) and a 

developmental score (0 = degenerate, 1 = 2-cell embryo through 5 = blastocyst stage) was 

assigned to each embryo.  
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In addition to the morphological evaluation of semen at the time of collection and 

freezing, a morphological assessment was conducted prior to the IVF procedures for each 

sample.  Wet smears were prepared for analysis by placing a drop from each sample onto 

a microscope slide and immobilizing the spermatozoa with of 40 mM sodium fluoride, 

covering the drop with a coverslip (Mitchell et al., 1985).  Morphology was evaluated on 

200 cells using differential interference contrast microscopy at x 1000 magnification 

under oil. The percentage of morphologically normal spermatozoa and the percentage of 

specific primary abnormalities that characterized a disturbance in spermatogenesis due to 

scrotal insulation were recorded for each sample. Spermatozoa with multiple 

abnormalities were only counted once, but each abnormality of a particular spermatozoa 

was recorded separately (Barth and Oko, 1989) and included pyriform-, tapered-, 

vacuolated-, decapitated- and severely misshapen spermatozoa (Table 1). Four replicates 

were performed.  

Statistical Analysis  

Data were analyzed by ANOVA using the PROC GLM and PROC MIXED 

procedures of SAS (2001) and Chi-square (?2) analysis. Cleavage (?2) and development 

rates (MIXED) were determined. The main effects were bull, semen sample collection 

day, replicates and the interaction between bull and semen sample collection day. Results 

collected from the laboratory control bull were included in the models as a covariate.  

Overall embryo development score (MIXED), cleavage rate (?2), blastocyst formation 

rate (?2) and the individual sperm abnormalities (GLM) were treated as dependent 

variables.  Pearson simple correlations were conducted between development and the 

percentages of sperm abnormalities using the PROC CORR procedure of SAS.  
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Table 1. Percentage of primary abnormalities1 present in each of the semen samples used from four 

Bulls (I to IV) prior to and after 48 h scrotal insulation. 

Bull  Treat-
ment 

2Normal  Pyriform 
 

Asym-
metrical Diadem Apical 

vacuoles 
Random 
vacuoles 

3Severe Decap- 
itated 

Pre- 
Insult 74.2c,d 5.2a 5.9 1.0a 1.0a 6.8 1.8 1.0a 

2 wk 
PI 78.9d 3.9a 2.9 0.0 1.0 a 4.9 1.4 3.4b I 

3 wk 
PI 22.3b 32.0c 13.1 3.8 a 21.1b 11.4 9.8 3.8b 

Pre- 
Insult 

89.1f 2.9a 1.4 0.0 1.6a 1.0 0.0 1.0 a 

2 wk 
PI 23.8b 2.5a 1.2 59.6 c 25.8b 8.0 0.0 1.3 a II 

3 wk 
PI 29.1b 18.4 b 4.6 1.3 a 47.8c 4.3 1.0 2.1a.b 

Pre- 
Insult 

67.7c 18.5 b 6.9 0.0 1.0 a 1.0  1.0 1.0a 

2wk 
PI 71.1c 8.9a 6.7 0.0 1.8a 1.0 0.0 5.6c III 

3 wk 
PI 0.5a 58.0d 12.0 50.2b 55.2d 0.0 3.6 18.4 d 

Pre 
Insult 

83.5d,e,f 4.8a 5.1 0.0 0.0 0.0 2.0 0.0 

2wk 
PI 

86.9e,f 2.6a 6.1 0.0 0.0 0.0 1.4 1.0a IV 

3 wk 
PI 81.5d,e 2.2a 8.6 0.0 2.7a 1.0 0.0 1.0 a 

 SE 2.4 2.6 3.4 2.0 3.6 1.5 1.2 0.6 
1†Multiple abnormalities were recorded per single sperm cell when present 
2Morphologically normal shaped heads 
3Severely abnormal spermatozoa, head shape completely distorted  
a,b,c,d,e,fMeans without common superscripts within category (abnormalities) differ at P < 0.05 . 
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3.4 RESULTS 

Sperm evaluation 

The percentages of morphologically abnormal spermatozoa for each of the four 

bulls following the post-thaw evaluation are presented in Table 1. There was an overall 

decrease (P < 0.01) in the percentage of normal spermatozoa between the pre- insult 

ejaculates and the 3 wk-PI ejaculates for Bull I, II and III, while no apparent changes 

were recorded for Bull IV, and no differences were found between replicates.  For Bull I 

the percentage of normal spermatozoa decreased from 74.2% Pre- insult to 22.3% at 3 

wk-PI and for Bull III the percentage of normal spermatozoa decreased from 67.7% Pre-

insult to 0.5% at 3 wk-PI.  The changes in normal spermatozoa percentages for Bull II 

occurred between the Pre- insult sample and the 2 wk-PI sample (Table 1) with no further 

change in the percentage normal spermatozoa between the 2 wk-PI and 3 wk-PI samples.  

Conversely the percentage of abnormal spermatozoa increased in the similar 

fashion with no differences among the replicates.  For Bull I, II and III the percentages of 

pyriform heads increased significantly (P < 0.01, Table 1) between Pre-insult and 3 wk-

PI samples, while there was no difference between the Pre- insult and 2 wk-PI sample, 

except for Bull III.  The percentage of pyriform heads was highest (P < 0.01, Table 1) for 

Bull III in comparison to Bull I and II.  However, the increase in the percentage of 

pyriform heads between the Pre-insult and 3 wk-PI samples was threefold for Bull III in 

comparison to the six-fold increases for Bulls I and II.   

There was a significantly (P < 0.01, Table 1) higher percentage of diadems in the 

2 wk-PI sample for Bull II in comparison with the Pre- insult and the 3 wk-PI samples, 

while for Bull III the percent diadems increased significantly from 0% in the Pre- insult 

sample to 50.2% at 3 wk-PI.  For Bulls I and III the appearance of apical vacuoles was 

more evident at 3 wk-PI (P < 0.01) in comparison with 2 wk-PI and the Pre- insult 

samples, while for Bull II the percentage of apical vacuoles increased significantly 

between the Pre- insult samples and 2 wk-PI and 3 wk-PI (Table 1; P < 0.01).  For Bull IV 

the percentage of individual abnormalities was < 10% and there was no difference 

between the Pre- insult, 2 wk-PI and 3 wk-PI samples. 
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1Severely abnormal spermatozoa, head shape completely distorted. 

Correlations are significant at P < 0.01. 

 

 

 

 

 

 

 

 Pyriform 

 

Diadem Asymmetrical Decapitated Apical 

vacuoles 

1Severely 

abnormal 

Normal 

Pyriform 

 

- 0.40 0.31 - 0.68 0.41 - 

Diadem 

 

- - - - 0.61 - - 

Random 

vacuoles 

- - - - - 0.48 - 

Development 

Score 

-0.16 -0.06 -0.13 -0.16 -.010 -0.15 0.11 

Table 2. Positive correlations between the different types of sperm abnormalities and 

embryo development score. 
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A positive correlation was found between pyriform sperm heads and 

asymmetrical shaped heads (Table 2), the diadem effect, apical vacuoles, and severely 

abnormally shaped heads. In addition, there was a positive correlation between the 

diadem effect and apical vacuoles, and a positive correlation between random vacuoles 

and severely abnormally shaped sperm heads. A significant positive correlation was 

found between embryo development score and normal spermatozoa, while negative 

correlations were obtained between development score and pyriform heads, diadems, 

asymmetrical, decapitated sperm, apical vacuoles and severely abnormal spermatozoa.  

Embryonic development 

The main effect of bull did not affect (P > 0.05) cleavage rate, but sample 

collection day and the interaction of bull by sample collection day significantly affected 

(P < 0.01) cleavage rate.  There was a 15% decrease in the cleavage rate (P < 0.01; Table 

3) between the Pre-insult sample and the 3 wk-PI sample for Bull I.  While, the 2 wk-PI 

sample resulted in cleavage rates, respectively, 10% and 25% higher than the cleavage 

rate for the Pre-insult and 3 wk-PI samples.  For Bull II the cleavage rates for both the 2 

wk-PI and 3 wk-PI samples were higher (P < 0.01) than the cleavage rate for the Pre-

insult sample, but the cleavage rates between the 2 wk-PI and 3 wk-PI samples were not 

different.  For Bull III the cleavage rate decreased 19% between the Pre- insult sample 

and the 3 wk-PI sample with the cleavage for the 2 wk-PI sample not different from the 

Pre-insult cleavage rate.  For Bull IV the cleavage rate for 3 wk-PI was not different than 

the cleavage rate for the Pre- insult sample, while the cleavage rate was lower for the 2 

wk-PI sample (P < 0.01) than the 3 wk-PI sample.   

The embryonic development rate was significantly (P < 0.01) affected by the 

sample collection day and the interaction of bull by sample collection day and the 

greatest responses were observed with the bulls having most changes in morphology due 

to scrotal insulation (I and III).  For Bull I the development score decreased (P < 0.01) 

between the Pre- insult semen sample (2.50; Figure 1) and the 3 wk-PI sample (1.66), 

while for Bull III the development score was higher for the Pre- insult sample (2.86) than 

both the 2 wk-PI sample (2.45) and the 3 wk-PI sample (1.81).  For Bulls II and IV the 

development score did not decline in response to scrotal insulation.  
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Table 3. Cleavage rate + SE (%) by sample collection date for bulls expose to 48 h 

scrotal insulation. 

  (n)  Pre- insult (Day -5)  (n)  2 wk-PI1 (Day 13)   (n)  3 wk-PI (Day 20) 

Bull I 

 

(458) 77.9 ± 1.9c.d   (518) 87.9 ± 1.8f        (575) 62.7 ± 1.7a     

Bull II 

 

(819) 71.6 ± 1.4b     (632) 79.1 ± 1.6c,d,e     (696) 80.4 ± 1.6d,e  

Bull III 

 

(604) 85.5 ± 1.7e,f  (646) 82.8 ± 1.6e           (732) 66.3 ± 1.5a    

Bull IV 

 

(605) 77.8 ± 1.7c,d  (851) 76.2 ± 1.4c           (744) 80.4 ± 1.5d,e  

1PI-time post scrotal insult. 
abcdefMeans with different superscripts differ significantly (P < 0.01). 
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Table 4. Blastocyst formation + SE (%) by sample collection date for bulls expose to 

48 h scrotal insulation. 

  Pre-insult (Day -5) 2 wk-PI1 (Day 13) 3 wk-PI (Day 20) 

Bull I 

 

23.4 ± 1.9d,e,f 

 

25.4 ± 1.8e,f 10.6 ± 1.7a 

Bull II 

 

16.9 ±1.5b,c 22.3 ± 1.7d,e,f 21.6 ± 1.6d,e 

Bull III 

 

26.8 ± 1.7f 20.0 ± 1.6c,d 13.5 ± 1.6 a,b 

Bull IV 

 

22.3 ± 1.7d,e,f 19.8 ± 1.6c,d 21.4 ± 1.5 d,e 

1PI-time post scrotal insult. 
abcdefMeans with different superscripts are significantly different (P < 0.01). 
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 The blastocyst formation rate (Table 4) based on the total number of oocytes 

fertilized was not affected by either bull or sample collection day (P > 0.05), but the 

interaction between bull and semen sample collection day was highly significant (P < 

0.01).  For Bull I, the blastocyst rate was not significantly different (P > 0.05) between 

the Pre- insult sample and the 2 wk-PI sample, while for Bull III the blastocyst rate for the 

Pre-insult sample was higher (P < 0.01) than the blastocyst rate for the 2 wk-PI sample.  

In contrast, the blastocyst rate for both bulls decreased significantly (P < 0.01) when the 3 

wk-PI samples were evaluated and decreased 13% respectively, from the Pre- insult  

sample for Bull I and Bull III (Table 4).  The blastocyst rate for Bull II increased (P < 

0.01) with the post insult samples at 2 wk-PI and 3 wk-PI from the Pre- insult rate.  While 

for Bull IV there was no difference in the blastocyst formation rate between the Pre-

insult, 2 wk-PI and 3 wk-PI samples.  

Similar results were found when the blastocyst formation rate was based on 

embryo cleavage rates (Figure 2).  There was no significant difference between the 

blastocyst rate for the Pre-insult and the 2 wk-PI samples for Bulls I, II and IV. In 

contrast Bull III had a higher rate (P < 0.01) for the Pre-insult sample (31.8%) than the 2 

wk-PI sample (24.6%).  While, for Bull I and Bull III the blastocyst rates decreased 

significantly (P < 0.01) between the Pre- insult (30.3 and 31.8%) and 3 wk-PI (16.4 and 

19.1%) samples as was found when blastocyst rate was based on the total number of 

oocytes.   
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Figure 1. The embryonic development score by sample collection day for bulls exposed 
to 48 h scrotal insulation.  Bars represent days prior to and following 
scrotal insult. a,b,c,d,eMeans without common superscripts differ at P < 0.05. 
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Figure 2. Blastocyst formation (%) based on cleavage rate for Bulls exposed to 48 h 
scrotal insulation. Bars represent days prior to and following scrotal insult.  
a,b,c,d,eMeans without common superscripts differ at P < 0.05. 
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 3.5 DISCUSSION 

This study provides compelling evidence that morphologically abnormal 

spermatozoa have a detrimental impact upon fertilization in vitro and subsequent 

embryonic development.  A significant increase in the percentage of morphologically 

abnormal spermatozoa in the semen samples, more specific pyriform head shapes in 

combination with apical vacuoles (Table 1; Bull I) and diadems (Table 1; Bull III), was 

associated with a decrease in the percentage embryos that cleaved (Table 3), leading to a 

decrease in the development rate (Figure 1) and blastocyst formation (Table 4 and Figure 

2).  However, when the percentage of normal spermatozoa decreased because of a 

significant increase in vacuolated spermatozoa alone or otherwise normal shaped heads 

(Table 1; Bull II), the cleavage rate (Table 3) and subsequent development rate was not 

affected (Table 4 and Figure 2).  Similarly, the percentage of normal spermatozoa for 

Bull IV remained consistent regardless of the time of semen collection, pre- or post-

insult, and the embryos of this bull were apparently not affected by the scrotal insulation.   

The uniqueness of this study was the method in which the effect of 

morphologically abnormal spermatozoa on embryonic development was determined. In 

addition to the well documented variation in IVF characteristics among bulls (Eyestone 

and First, 1989;  Marquant-Le Guienne et al., 1990; Zhang et al., 1997; Ward et al. 

,2001).  Vogler et al. (1993) reported a marked difference in bulls in response to scrotal 

insult. The collection of semen samples prior to and after a 48 h scrotal insulation for 

each individual bull provided pre- and post-insult semen samples which allowed for a 

within bull comparisons.  Thus, the observed differences in cleavage, embryonic 

development, and blastocyst formation rates would be in relation to the changes in the 

percentages of normal and abnormal spermatozoa present and type of spermatozoal 

abnormalities induced by scrotal insulation.  Results similar to ours were reported for 

humans when spermatozoa with abnormal morphology were used for IVF, showing 

fertilization and cleavage rate were decreased resulting in lower pregnancy rates 

(Strassburger et al., 2000).   

The major defects were those involved with the sperm head or primary 

abnormalities and the bulls varied according to the type and the percentage of the 

abnormalities produced (Table 1).  The appearance of various abnormalities follows a 
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chronological order after scrotal insult and consequently the type of abnormality present 

on the individual cells is related to the stage of spermiogenesis in which these cells were 

present during the time of scrotal insult (Vogler et al., 1993).  Thus, the differences in 

embryonic development are most likely due to subtle functional abnormalities, such as 

alteration in nuclear proteins (Acevedo et al., 2002) associated with morphologically 

abnormal spermatozoa present in the various semen samples used.  More specific, the 

appearance of decapitated (Table 1; Bull III) and vacuolated spermatozoa (Table 1; Bull 

II) which otherwise appeared normal in the semen samples used suggested that these cells 

were residing in a stage of spermiogenesis later than Stage V (Vogler et al., 1993) during 

scrotal insult. Thus, a stage after which the head shape was set and from our results seem 

to have less of an effect on cleavage rates (Table 3, Bull II and IV) through blastocyst 

formation (Table 4 and Figure 1 and 2; Bull II and IV).  While for other semen samples 

(Table 1; Bull I and Bull III) where vacuolated spermatozoa, including the diadem effect, 

appeared simultaneously with pyriform head shapes, suggesting these cells were more 

likely to have been present in Stages I-IV during scrotal insult. The appearance of 

distorted head shapes is presumably due to the impaired formation of the shape of the 

sperm head during these stages (Thundathil et al., 1998) and seemed to have a more 

detrimental effect on overall embryo development than is evident from the decrease in 

cleavage and blastocyst formation rates for Bull I and Bull III.   

It has been suggested that spermatozoa which appeared morphologically normal 

might also be functionally deficient when present along with the high percentages of 

abnormal spermatozoa due to aberrant spermiogenesis (Thundathil et al., 1999) and when 

oocytes were penetrated by these spermatozoa their potential to be fertilized and cleave 

was reduced.  In support, Setchell et al. (1998) and Saacke et al. (1994; 2000) reported 

that damage to chromatin integrity may extend beyond the morphologically perturbed 

spermatozoa following testicular insult and may account for incompetent fertilizing 

sperm when embryonic development was impaired.  Our results support the possibility 

that the morphologically normal appearing spermatozoa in the abnormal samples might 

have been functionally deficient.  The overall embryo development for the highest 

responding bulls at 3 wk-PI (Bull I and III) was impaired, yet at lowest the blastocyst rate 

was 10% (Table 3, Bull I) and not completely nil, indicating the participation of a small 
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proportion of spermatozoa that bound to and penetrated the ZP.  These results indicate 

that any spermatozoon present at the time could have participated in fertilization, yet the 

decrease in cleavage and blastocyst formation seems to correspond with a significant 

increase (Table 1, Bull I and III) in spermatozoa with both abnormal head shape 

(pyriform) and vacuoles, concluding that distortion to the head shape morphology most 

likely had the greatest impact on the impaired embryo development.  

There was an apparent decrease in the cleavage rates from 85% to 66% when the 

percentage of pyriform, diadem and apical vacuo les increased above 50% for the 3 wk-PI 

(Table 1; Bull III) with similar types of results for Bull I.  Likewise, Eid et al. (1994) 

reported similar results, especially for low fertility bulls.  The cleavage rates were low 

when high proportions of abnormal spermatozoa were present in the ejaculate used for 

IVF.  For Bull II, the cleavage rate, embryonic development rate (Figure 1) and 

blastocyst formation rate (Table 4) were unaffected after IVF conducted with a semen 

sample with percentages of vacuolated spermatozoa as high as 59% and 48% for diadems 

and apical vacuoles (Table 1), respectively.  In contrast, studies have reported Thundathil 

et al., 1998; 1999) that the presence of high percentage of spermatozoa in the ejaculate 

with multiple nuclear vacuoles causes low fertility in vivo and the use of semen with a 

high percentage of multiple nuclear vacuoles in superovulated cows resulted in 

significantly higher numbers of unfertilized oocytes and poor quality embryos.  A 

probable explanation for these results may be the difference between in vivo (Thundathil 

et al., 1998; 1999) and our in vitro testing of the fertilizing characteristics of the 

vacuolated spermatozoa implying that in vivo vacuolated spermatozoa were 

discriminated against in the female reproductive tract.  

The detrimental effect of high percentages of morphologically abnormal 

spermatozoa on overall embryo development (cleavage through blastocyst formation) 

could in part be related to defective binding of spermatozoa to the ZP that is essential for 

fertilization (Garret et al., 1997; Amann et al., 1999).  In support, Franken et al. (1993) 

reported that there was a decrease in oocyte penetration during human IVF when the 

inseminate contained an increased proportion of abnormal spermatozoa.   

Abnormal spermatozoa that penetrate the oocyte can be involved in the 

fertilization process, but the resulting zygotes may be less competent (Thundathil et al., 
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1999), explaining the reductions in development rates in the current study.  Moreover, 

spermatozoa with the pyriform defect apparently have normal acrosomes and normal 

motility and would be expected to penetrate the ZP and enter the ooplasm.  However, the 

percent pyriform shaped spermatozoa that bound and penetrated the ZP and subsequently 

gained access to the ooplasm was lower than normal shaped sperm. In support, Roussa et 

al. (2002) determined that sperm with a pyriform head shape are motile and the number 

of spermatozoa presented with a pyriform head is positively correlated with the presence 

of other abnormal spermatozoa in the sample.  We found comparable positive 

correlations between pyriform sperm heads and other abnormalities: asymmetrical shaped 

heads, diadem effect, apical vacuoles, and severely abnormally shaped heads. In addition, 

there was a relationship with embryonic development.  

  The effect of abnormal spermatozoa on IVF was either implemented prior to 

(Kot and Handel, 1987; Howard et al., 1993) or during the early stages of embryo 

development (Walters et al., 2004) as indicated by the differences in cleavage rates, but 

not blastocyst formation.  The observed lower cleavage rate for the Pre- insult sample in 

comparison with the 2 wk- and 3 wk-PI samples for Bull II and between the Pre-insult 

and 2 wk-PI for Bull I was unexpected and remain unclear.  However, the observed 

differences seem to diminish from the time of cleavage to the time of blastocyst 

formation and when blastocyst rates were estimated based upon cleavage rates no 

significant differences were observed even though the rates was still numerically lower.   

Furthermore, the presence of decapitated spermatozoa in the semen sample after 

the swim-up separation procedure is difficult to explain.  Nevo and Mohan (1969) and 

Correa and Zavos (1996) reported the migration of dead sperm into the recovery fraction 

follow swim-up separation.  In addition, Howard et al. (1993) and Penfold et al. (2003) 

use of swim-up processing allowed for comparison between the functionality of 

morphologically normal as well as abnormal spermatozoa.  The appearance of 

morphologically abnormal spermatozoa in the samples after swim-up provides evidence 

that spermatozoa with primary abnormalities have enough motility to participate in the 

swim-up process and therefore be present in the recovery fraction without clear evidence 

that there was any potential to participation during IVF.   
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In conclusion, the determination of the fertilizing potential of an individual sperm 

cell remains difficult and methods need to be developed to study different endpoints to 

obtain insight into the mechanisms by which sperm morphology influences the 

fertilization process.  The use of scrotal insulation to induce a mild thermal insult to the 

testis is an effective method to obtain semen samples with high and low percentages of 

morphologically abnormal spermatozoa.  Despite, the effectiveness of this method it is 

evident that all bulls will not be affected equally and the use of a within bull control is 

essential for accurate assessment of the effect of aberrant spermatozoa on embryonic 

development.  Furthermore, the decrease in embryonic development after using 

spermatozoa with morphological abnormalities seems to be multifaceted and related to 

changes in head shape morphology. These spermatozoa have a differential affect on 

subsequent embryo development that is most likely related to factors beyond morphology 

alone and have most likely extended to the integrity of the sperm chromatin structure.  

From our results it seems that abnormally shaped sperm cells have a detrimental effect on 

fertilization and embryo development and the assumption can be made that this is related 

to the integrity of the chromatin structure, since there is a high correlation between shape 

of the sperm head and chromatin stability. The effect of spermatozoa with potentially 

perturbed DNA on fertilization and embryo development needs further investigation to 

elucidate the mechanisms involved in the fertilizing ability of bovine spermatozoa, 

ultimately to provide more insight into the differences between compensable and 

uncompensable traits of bovine spermatozoa.   
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CHAPTER FOUR 

THE INCIDENCE OF APOPTOSIS AFTER IVF WITH MORPHOLOGICALLY 

ABNORMAL SPERMATOZOA. 

 

4.1 ABSTRACT 

Normal embryonic development depends on the maintenance of a population of 

normal healthy cells within each embryo. Thus, the disposal of morphologically 

abnormal cells and cells in excess is crucial during early development. The aim of this 

study was to use a combination of apoptotic measures to assess differences in embryo 

quality at two time intervals after IVF with semen samples having high percentages of 

abnormal spermatozoa. Semen samples were obtained and cryopreserved from four 

Holstein bulls before and after a scrotal insulation period of 48 h (d 0).  Three types of 

samples were used for IVF: 1) semen from the test bulls collected 5 d prior to scrotal 

insulation (Control); 2) semen from Day 13 (2 wk-Post-Insult; 2 wk-PI); and 3) semen 

from Day 20 (3 wk-PI). The standard protocol for swim-up sperm separation method was 

used.  The post-thaw morphological evaluation of sperm samples revealed a decrease (P 

< 0.01) in the percentages of normal spermatozoa in the 3 wk-PI samples in comparison 

with the Pre- insult samples for Bulls I and Bull III (74 to 22.3% and 67.7 to 0.5 %, 

respectively).  The percentage of vacuolated spermatozoa increased significantly for Bull 

II. There was no apparent change in abnormal sperm populations for Bull IV (< 10%). 

After 18 h of sperm-oocyte co- incubation, the zygotes were cultured and subpopulations 

were removed from culture at d 4 and d 8 and subjected to either the TUNEL or caspase 

assay. The apoptotic index and caspase intensity were recorded and no differences (P > 

0.05) in the apoptotic index were found in embryos generated from the semen samples 

for Bull I.  The apoptotic index for Bull II was higher (P > 0.01) for the Control (45.7%) 

and 3 wk-PI (40.7%) embryos compared to the 2 wk-PI (29.1%) embryos. The apoptotic 

index for Bull III for the 3 wk-PI embryos (34.9%) was significantly (P < 0.01) lower 

than the activity for the Control (43.2%) and 2 wk-PI embryos (41.4 %), while for Bull 

IV the index was highest for the 3 wk-PI (45.2%) embryos compared to the Control 

(38.5%) and the 2 wk-PI (37.5%) embryos. No differences in caspase intensity were 

detected between the d 4 embryos. In contrast, caspase intensity increased significantly 
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for both Bull I (217 ± 147) and Bull III (229 ± 98) for the 3 wk-PI embryo groups 

compared  to the equivalent embryo groups for Bull II (98 ± 115) and Bull IV (90 ± 111). 

In conclusion, the inability to consistently measure apoptosis in early stage embryos, 

before the embryonic genome activation, complicates the assessment of differences in 

embryo quality.  Thus, it is uncertain exactly when the differences in embryo quality are 

first manifest, especially if the morphology of spermatozoa involved plays a major role in 

activation of the apoptotic cascade. Despite the discrepancies, our results clearly 

indicated a difference in the embryo quality between embryos obtained after IVF with 

semen samples from bulls that had an intense response to scrotal insulation.  

 

Keywords: (abnormal spermatozoa morphology, scrotal insult, embryo development, 

apoptosis, TUNEL, caspase intensity) 

 

4.2 INTRODUCTION 

 The occurrence of cell death during preimplantation development of 

embryos is well established (Hardy, 1997; Watson et al., 2000; Betts and King, 2001; 

Gjorret et al., 2003; Mullen and Critser, 2004). Normal embryonic development depends 

on the maintenance of a population of normal healthy cells within each embryo. Every 

cell has an apoptotic pathway and the propensity to undergo programmed cell death 

(PCD) and this is continuously counterbalanced by genes stimulating cell survival and 

proliferation. Thus, the orderly disposal of morphologically abnormal cells and cells in 

excess is crucial during early development.  

Apoptosis seems to be related to embryo quality and even though it is not possible 

to measure the number of blastomeres before embryo transfer, it is thought that embryos 

with a greater number of cells are more likely to implant and give rise to live offspring 

(Van Soom et al., 1997). According to Byrne et al. (1999), blastocysts consisting of a 

lower number of cells, and hence reduced developmental potential, have a higher 

incidence of apoptosis in comparison to those embryos with higher total cell count.  It has 

been suggested that when PCD reaches a certain threshold, it is detrimental to further 

development (Jurisicova et al., 1996). However, impairment of PCD in the blastocyst 
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may lead to either early embryonic death or formation of anomalies in the fetus that 

produce early abortions (Brill et al., 1999). 

The possibility remains that factors contributed by the male or female components 

during fertilization and subsequent development could have a significant impact on 

embryo quality and susceptibility to PCD. Hence, Ellis et al. (1986) reportedly confirmed 

that the process of PCD is under genetic control.  The paternal effects on embryonic 

development occurred before cleavage to the 2-cell stage, even before the expression of 

the embryonic genome (Eid et al., 1994; Comizzoli et al., 2000).  Sperm DNA integrity is 

essential for the accurate transmission of genetic information. Upon entry into the oocyte, 

the sperm chromatin undergoes extensive remodeling, resulting in the reorganization of 

the paternal genome into the male pronucleus (Ward et al., 2001).  Thus, any form of 

sperm chromatin abnormality or DNA damage may result in male infertility (Agarwal 

and Said, 2003). Defective chromatin structure leads to failure of pronuclear 

decondensation and early embryonic death (Ostermeier et al., 2001).  One cause of male-

derived embryonic loss is induction of chromosomal abnormalities due to abnormal 

spermatozoa.  Thus, bulls with normal, stable chromatin are more likely to give rise to 

offspring than bulls with less stable, abnormal chromatin (Ballachey et al., 1988).  

Exley et al. (1999) reported a much higher incidence of apoptosis in fragmented 

blastocysts in comparison with normal blastocysts, based on the results from a TUNEL 

assay.  Chromosome abnormalities which are known to trigger apoptosis are probably 

removed at the earlier developmental stages, since the development of embryos carrying 

chromosomal aberrations was arrested at later pre- implantation stages (de La Fuente and 

King, 1998).  Paula-Lopes and Hansen (2002a) found that embryos collected prior to the 

8-16 cell stage do not undergo apoptosis, while embryos collected at this stage or 

thereafter are capable of heat- induced apoptosis. The blastomeres from embryos < 16 

cells undergo cell death more reminiscent of necrosis than apoptosis and heat shock was 

more detrimental to the long term developmental capability of embryos than the orderly 

removal of cells by apoptosis (Xiang et al., 1996; Woo et al., 1998).  Faster cleaving 

embryos had more cells, fewer apoptotic cells, and a higher rate of blastocyst formation 

(Bryne et al., 1999), suggesting apoptotic index was inversely related to the number of 

blastocyst cells and the occurrence of cell death decreased with blastocyst expansion.  
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Furthermore, most apoptosis appeared to be present in the inner cell mass (ICM; Hardy, 

1997). 

The machinery for apoptosis must be present in embryos prior to activation of the 

embryonic genome (Weil et al., 1996; Exley et al., 1999) and the failure to measure 

apoptosis in early stages of development could possible be caused by predominance of 

the anti-apoptotic modulatory proteins in the early embryos, thereby inhibiting apoptosis.  

Transcripts for anti-apoptotic proteins were detected in embryos at every stage of 

development, while the transcripts for pro-apoptotic proteins were present in mouse 

embryos from the zygote to blastocysts stage.  Therefore, the aim of this study was to 

evaluate the potential paternal influence of morphologically abnormal spermatozoa on 

embryo quality by assessing the occurrence of apoptotic events in early cleavage 

embryos. 

 

4.3 MATERIALS AND METHODS 

Six Holstein bulls were subjected to a 48 h scrotal insulation period to obtain 

semen samples with high percentages of morphologically abnormal spermatozoa 

(Walters et al, 2004a). The scrotal insult provided a mild interference with testicular 

thermoregulation. Briefly, for each of the bulls, two ejaculates were collected twice 

weekly prior to and through 34 d following the time of scrotal insult (Day 0) and 

cryopreserved at a concentration of 50 x 106 sperm/ml (Acevedo et al., 2002). Pre-insult 

collections (Day -8, -5 and -1) served as within bull control samples.  Spermatozoa 

collected between Day 13 through Day 34 represented spermatozoa that were undergoing 

spermiogenesis during the thermal insult.  The collected semen samples were evaluated 

for morphological abnormalities according to Barth and Oko (1989).  Abnormalities were 

classified by defects to the sperm head shape, pyriform, tapered, and asymmetrical; and 

other severely misshapen heads plus nuclear vacuolization (apical vacuoles, diadems and 

random vacuoles); and classified as primary abnormalities which appeared in a specific 

chronological order.  Thus, the scrotal insulation provided a means to obtain variation in 

the quality of the semen population within bulls as well as across bulls (Vogler et al., 

1993). The bulls were then ranked according to the severity of their response to scrotal 
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insulation based on the morphological assessment of semen samples collected (Acevedo 

et al., 2002). 

In vitro fertilization was performed with selected semen samples from four 

different bulls, identified Bull I to IV, and the ejaculates were selected according to their 

response to scrotal insult based on the morphological assessment of each sample after 

collection.  Bulls I and III were determined to be severe responders, Bull II a moderate 

responder, and Bull IV showed no response to scrotal insulation.  In four replicates, the 

efficiency of the IVF procedures among the four scrotally insulted bulls was tested 

simultaneously with semen collected from a bull, pre-determined to be effective for IVF 

in our laboratory (Walters et al., 2004a). Three types of ejaculates were used from each of 

the four insulted bulls: 1) a pre- insult semen sample collected on Day 5 (Control); 2) a 

post-insult semen sample collected on Day 13 (2 wk-PI); and 3) another post-insult 

semen sample collected on Day 20 (3 wk-PI). 

Slaughter-house collected oocytes obtained weekly (n = 400) were matured in 

tissue culture medium 199 (TCM 199; Gibco, Grand Island, NY) supplemented with 10% 

bovine calf serum (Gibco), 0.01 U/mL LH (Sigma, St. Louis, MO) and 0.01 U/mL FSH 

(Sigma) for a 24 h period (Thompson et al., 1998). The standard protocols for swim-up 

separation method (Parrish et al., 1986) were used to prepare spermatozoa for IVF; each 

of four 5 mL test tubes was filled with 1.0 mL synthetic oviductal fluid buffered with 

HEPES (SOFH) medium and a 1.0 mL volume of frozen-thawed semen was layered 

under the medium.  After 1 h incubation at 38.7ºC the upper 0.8 mL of the medium was 

collected as the recovery fraction and washed twice by centrifugation (700 x g for 10 

min).  Matured oocytes were washed in SOFH medium and placed into a 47 µL synthetic 

oviductal fluid for IVF (SOF-IVF) medium drop (10 oocytes per drop) supplemented 

with 10 µg/mL heparin; 3 µL of the prepared semen was added to the drop for a final 

volume of 50 µL and final concentration of 1 x 106 ml spermatozoa/mL (Parrish et al., 

1995). 

After 18 h of sperm-oocyte incubation at 38.7ºC in 5% CO2 the cumulus cells 

were removed from presumptive zygotes by vortexing in 2.0 mL SOFH medium for 5 

min. Embryos were washed three times in SOFH and transferred to 30 µL SOF-IVC 

culture drops under mineral oil (Sigma) and cultured at maximum humidity in a gas 
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phase of 5% CO2, 5% O2 and 90% N2 at 38.8ºC (Ward et al., 2001). The cultured drops 

were fortified with 10% fetal calf serum at 96 h post fertilization. Subsequent 

development was recorded on Day 8 (IVF = Day 0) and a developmental score (0 = 

degenerate, 1 = 2-cell embryo through 5 = blastocyst stage) was assigned to each embryo.  

In addition to the morphological evaluation of semen at the time of collection and 

freezing, a morphological assessment was conducted prior to the IVF procedures for each 

sample.  Wet smears were prepared for analysis by placing a drop from each sample onto 

a microscope slide and immobilizing the spermatozoa with of 40 mM sodium fluoride, 

covering the drop with a coverslip (Mitchell et al., 1985).  Morphology was evaluated on 

200 cells using differential interference contrast microscopy at x 1000 magnification 

under oil. The percentage of morphologically normal spermatozoa and the percentage of 

specific primary abnormalities that characterized a disturbance in spermatogenesis due to 

scrotal insulation were recorded for each sample. Spermatozoa with multiple 

abnormalities were only counted once, but each abnormality of a particular spermatozoa 

was recorded separately. Four replicates were performed.  

At d 8, the embryos from the first three replicates were fixed in 4% 

paraformaldehyde (Sigma) and saved at 4?C until the TUNEL assay were performed 

(Paula-Lopes and Hansen, 2002b).The embryos resulting from the fourth replicate were 

tested for caspase (cysteine-dependent aspartate specific proteases) activity.  On d 4 

approximately half the embryos were removed and tested, while the rest were tested on d 

8 after IVF. 

TUNEL 

On d 8 of embryonic development embryos were removed from the culture 

medium (SOFH-IVC), washed 4 X in SOFH-IVF and fixed in 100 µl drop of 

paraformaldehyde solution [4% (w/v) in PBS, pH 7.4] for 1 h at room temperature. After 

fixation the embryos were stored at 4?C until the TUNEL assay was performed.  The 

TUNEL assay was performed according to Paula-Lopes et al. (2002b) using the In Situ 

Cell Death Detection Kit (Fluorescein; Roche Diagnostics Corp.; Indianapolis, IN; 

Cat.1684795).  Briefly, the fixed embryos were removed from cold storage, allowed to 

return to room temperature and then incubated in permeabilisation solution [0.5% (v/v) 

Triton  X-100, 0.1% (w/v) sodium citrate] for 30 min at room temperature.  After 
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washing the embryos 3x in SOFH-IVF both the positive and negative controls were 

incubated in a 50 ? l drop DNase (50 U/ml) at 37?C for ~20 min.  

 The embryos were placed in 50 µl drops of TUNEL reaction mixture covered 

with paraffin oil in a 35 mm petri dish and incubated in the dark for 1 h at 37?C in a 

humidified chamber. The negative controls were incubated in the absence of the enzyme 

terminal transferase.  Following the TUNEL reaction the embryos were washed and 

incubated in 500 µl of RNase A (50 µg/ml) for 1 h at room temperature in the dark. 

Propidium iodide was used for counterstaining by incubation of the negative and positive 

controls in 500 µl of propidium iodide (Roche Diagnostics Corp.; 0.5 µg/ml) for 30 min 

at room temperature in the dark. The embryos were washed in SOFH-IVF to remove 

excess propidium iodide. The prepared embryos were placed in 2-3 µl droplets of SOFH-

IVF, the drops were slightly flatten and covered with mineral oil. The embryos were 

examined by using the confocal laser scanning microscope (Zeiss; LSM 510). Positive 

reactivity was indicated by a bright green/yellow fluorescence indicating apoptotic cells 

and the total cell number was determined by red fluorescence. An apoptotic index was 

calculated by dividing the the number of TUNEL-positive cells by the total number of 

cells per embryo. Three replicates were performed and the embryos examined by laser 

scanning confocal microscope (LSCM) were randomly selected from a population of 

embryos that were all exposed to TUNEL assay. 

Caspase Activity 

Caspase activity was measured with 5 ? M PhiPHiLux-G1D2
TM (OncoImmunin, 

Inc; Gaithersburg, MD) a cell-permeable fluorogenic substrate.  Embryos were removed 

from culture medium and washed 3 times in 50 ? l drops of SOFH-IVF, incubated at 39?C 

for 40 min in the dark in 25 ? l microdrops of SOFH-IFV that contained 5 ?M 

PhiPHiLux-G1D2
TM. Negative controls were incubated in SOFH-IFV only.  Following 

incubation, the embryos were washed twice in SOFH-IVF and placed in 2-4 µl drops of 

SOFH-IVF in a glass bottom microwell 35 mm petridish (MatTek Co Ltd, Ashland, MA). 

Caspase enzyme intensity was determined by using a Zeiss Axiovert fluorescence 

microscope. Fluorescence intensity was quantified by using Image-Pro® Plus Software 

(Version 4.5; Media Cybernetics, Inc.; Silver Spring, MD).  The area of interest (AOI) 
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represented the all blastomeres inside the ZP, excluding the zona pellucida and the pixel 

intensity per unit area was determined.   

 

Confocal Microscopy 

 After completion of the respective assays, the embryos (2-cell to morula, but 

mainly blastocyst) were subsequently subjected to LSCM (Zeiss LSM 510; software 

version 3.2).  For TUNEL an argon laser at 488 and 568 nm wavelengths and two-

channel scanning was used to detect fluorescein isothiocyanate (FITC) and propidium 

iodide, respectively, while for caspase activity an argon laser at 488 nm wavelength and 

single channel scanning was used for detection of FITC. Both excitation and emission 

light were focused through a C-Apochromat 40x/1.2W Corr objective.  Complete Z-

series of 40-80 optical sections at 3- 4 µm, each one with an image resolution of 512 x 

512 pixels, were acquired from each embryo. For both TUNEL and caspase the image 

stacks were reconstructed with the Zeiss LSM 510 software (version 3.2). For TUNEL 

both the total number of nuclei per embryos and the number of TUNEL-positive nuclei 

were counted separately with the complimentary 3D software for LSM 510 microscope. 

For caspase, fluorescence intensity was quantified for each of the reconstructed images 

by using Image-Pro® Plus Software (Version 4.5; Media Cybernetics, Inc.; Silver Spring, 

MD).  The area of interest (AOI) represented the entire embryo, excluding the zona 

pellucida and the pixel intensity per unit area was determined. 

 

Statistical Analysis 

Data were analyzed by ANOVA using the PROC GLM procedures of SAS (2001) 

and Chi-square (?2) analysis. The results for TUNEL-positive cells and caspase were 

analyzed separately, but with similar models with PROC GLM. The main effects were 

bull, semen sample collection day, replicate, and the interaction between bull and semen 

sample collection day. For caspase an additional variable, development day was added to 

the model as well as the three-way interaction of bull by semen sample collection day by 

development day. The significance of differences between means was compared by least 

square means in PROC GLM.  Regression analysis determined a linear or quadratic 

relationship between the total number of cells and the total number of TUNEL-positive 
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cells for each bull by treatment interaction. All data were expressed as least square means 

± SEM, with differences at a probability value of 0.05 or less considered significant. 

The TUNEL apoptotic index was expressed as a percentage and was subjected to 

arcsine-transformation, to overcome heterogeneity of variance, however similar results 

were found between transformed and untransformed data sets. Therefore, results 

presented are untransformed percentage data.  Results collected from the laboratory 

control bull were included in models as a covariate. For TUNEL the embryos were 

categorized as stage 1 (= 32 cells) and stage 2 (>32cells), while for caspase enzyme 

activity the embryos were categorized as: stage 1 (=16 cells), stage 2 (>16 to < 32 cells), 

and stage 3 (= 32 cells) and were analyzed by Chi-square (?2) analysis. 

 

4.4 RESULTS 

The post-thaw semen evaluation results revealed that the bulls differed in their 

response to scrotal insult (Table 1; Walters et al., 2004b). Bull I and III were determined 

to be severe responders, Bull II was a moderate responder, while Bull IV showed no 

response to scrotal insulation. For Bull I the percentage of normal spermatozoa decreased 

from 74.2% pre- insult to 22.3 % at 3 wk-PI, along with an increase in the percentage of 

pyriform head shapes and apical vacuoles. Similarly, a decrease in normal spermatozoa 

(67.7% to 0.5%) was recorded for Bull III, with increases in the percentage of pyriform 

heads and diadems in the 3 wk-PI semen sample. The decrease in normal spermatozoa for 

Bull II between the pre-insult semen sample (89.1%) and the 3 wk-PI (23.4%) went along 

with an increase in the appearance of diadems and apical vacuoles on an apparent 

normally shaped head. For Bull IV the percentage of individual abnormalities was < 10% 

and there was no difference between the pre- insult, 2 wk-PI and 3 wk-PI samples. 

TUNEL 

 Representative digital images of TUNEL-positive cells in d 8 embryos are 

depicted in Figures 1 (a- f) to 4 (a- f). The apoptotic index was not significantly affected 

by the main effects of bull and semen sample collection day, but the interaction of bull by 

semen samples collection day had a significant effect (P < 0.05) on the index.  There 

were no differences (P > 0.05) in apoptotic activity between the embryos generated from 

the different semen samples for Bull I (Table 2).  The apoptotic activity for Bull II was  
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Table 1. Percentage of primary abnormalities1 present in each of the semen samples used from four 

Bulls (I to IV) prior to and after 48 h scrotal insulation. * 

Bull  Treat-
ment 

2Normal  Pyriform 
 

Asym-
metrical Diadem Apical 

vacuoles 
Random 
vacuoles 

3Severe Decap- 
itated 

Pre- 
Insult 74.2c,d 5.2a 5.9 1.0a 1.0a 

6.8 
 1.8 1.0a 

2 wk 
PI 78.9d 3.9a 2.9 0.0 1.0 a 4.9 1.4 3.4b I 

3 wk 
PI 22.3b 32.0c 13.1 3.8 a 21.1b 11.4 9.8 3.8b 

Pre- 
Insult 

89.1f 2.9a 1.4 0.0 1.6a 1.0 0.0 1.0 a 

2 wk 
PI 23.8b 2.5a 1.2 59.6 c 25.8b 8.0 0.0 1.3 a II 

3 wk 
PI 29.1b 18.4 b 4.6 1.3 a 47.8c 4.3 1.0 2.1a.b 

Pre- 
Insult 

67.7c 18.5 b 6.9 0.0 1.0 a 1.0  1.0 1.0a 

2wk 
PI 71.1c 8.9a 6.7 0.0 1.8a 1.0 0.0 5.6c III 

3 wk 
PI 0.5a 58.0d 12.0 50.2b 55.2d 0.0 3.6 18.4 d 

Pre 
Insult 

83.5d,e,f 4.8a 5.1 0.0 0.0 0.0 2.0 0.0 

2wk 
PI 

86.9e,f 2.6a 6.1 0.0 0.0 0.0 1.4 1.0a IV 

3 wk 
PI 81.5d,e 2.2a 8.6 0.0 2.7a 1.0 0.0 1.0 a 

 SE 2.4 2.6 3.4 2.0 3.6 1.5 1.2 0.6 
1†Multiple abnormalities were recorded per single sperm cell when present 
2Morphologically normal shaped heads 
3Severely abnormal spermatozoa, head shape completely distorted  
a,b,c,d,e,fMeans without common superscripts within category (abnormalities) differ at P < 0.05  
*Adopted from Chapter 3. 
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Table 2. Interaction between bull and semen sample collection day for 

apoptotic index (%) for TUNEL-positive cell activity in d 8 

embryos. 

Bull Control 2 wk-PI 3 wk-PI               

I 38.4 ± 4.4a   35.2 ± 4.3a   40.6 ± 4.2a,b 

II 45.7 ± 4.4b   29.1 ± 4.5a   40.7 ± 4.3b 

III 43.2 ± 4.4b   41.4 ± 4.1b   34.9 ± 4.0a 

IV 38.5 ± 3.3a   37.5 ± 3.2a    45.2 ± 3.1b 
a,b,Means without common superscripts differ at P < 0.05. 

Table 3. Interaction between bull, semen sample collection day for total cell 

number per blastocyst for TUNEL-positive cell activity for d 8 

embryos. 

I 80.2 ± 8.8b   63.9 ± 7.4a    67.8 ± 7.8a 

II 55.4 ± 5.3a   70.8 ± 4.9b   73.2 ± 5.0b 
III 61.2 ± 5.9a   65.0 ± 6.2a   68.8 ± 5.9a,b 
IV 85.3 ± 5.6b   68.1 ± 5.9a   64.3 ± 5.1a 
a,b,Means without common superscripts differ at P < 0.05. 

Table 4. Distribution (%) of d 8 embryos* tested for the presence of apoptosis 

with the TUNEL assay for  semen sample collection day prior to and 

after 48 h scrotal insulation. 

Bull Control  2 wk-PI  3 wk-PI  

I 50 68  60 

II 69 83 78 
III 79 59 65 
IV 80 74 87 
* data shown, = 32 cells 
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Figure 1.  Three-dimensional re-constructed laser scanning confocal microscope images 
for Bull I demonstrating apoptotic and total nuclei in bovine embryos 
removed from culture on d 8 by TUNEL [fluroscein  isothiocyanate-
conjugated dUTP; green channel; upper right panel) and propidium iodide 
[red channel; upper left panel], including light micrcoscope image [lower 
left panel ] and superimposed image [lower right panel].   

 

Bull I: 1(a-b) control embryos: 1a) Arrow indicates the formation of a blastoceal cavity; 

apoptotic labeled cells seems to be extruded from the inner cell mass (ICM) and will 

most likely become part of the trophectoderm; 1b) no defined blastocoelic cavity can be 

observed, indicative of an early blasotocyst stage and few observed apoptotic cells.  For 

1b) the nuclei seem healthy with condensed chromatin, while some nuclei present in the 

presumptive ICM seem to be fragmented (arrow); 1(c-d) 2 wk-PI embryos:  1c) asterisk 

indicates a very well defined blastocoelic cavity and ICM and the superimposed image 

reveals that most of the TUNEL-positive cells (arrow) are predominantly present in the 

ICM with fewer present in the trophectoderm. In addition, several fragmented nuclei are 

present in the ICM; 1d) transmitted light microscopy image is indicative of an embryo 

with seemingly poor morphology and of lower quality, yet the superimposed image 

reveals very few apoptotic cells, with some of the nuclei fragmented (arrow); 1(e-f) 3 wk-

PI embryos: 1e) similar to 1c) blastocoel cavity (asterisk) with the higher number of 

apoptotic cells (arrow) present in the ICM, limited fragmentation; 1f) a decrease in the 

number of apoptotic cells, yet an apparent increase in fragmented nuclei (arrow) in both 

the ICM and trophectoderm. 
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Figure 2.  Three-dimensional reconstructed laser scanning confocal microscopy images 
demonstrating apoptotic and total nuclei in bovine embryos removed from 
culture on d 8 by TUNEL [fluoroscein isothiocyanate-conjugated dUTP; 
green channel; upper right panel) and propidium iodide [red channel; 
upper left panel], including light micrcoscope image [lower left panel ] 
and superimposed image [lower right panel].   

Bull II: 2(a-b) control embryos: 2a) and 2b) show limited fragmentation in some nuclei; 

for both  embryos blastocoelic cavity (arrow) formation is in progress, and the location of 

the apoptotic cells indicates what is believed to be the ICM; 2 (c-d) 2 wk-PI embryos: 2c) 

and 2d) both reveal a blastocoelic cavity and an ICM, note (arrow) the extrusion of some 

of the apoptotic cells into the blastocoelic cavity; they were most likely discarded from 

the ICM;  2(e-f) 3 wk-PI embryos: 2e) no fragmented nuclei present, superimposed image 

reveals no apoptotic cells; in comparison to 2f) which shows multiple fragmented nuclei 

(arrow) and several apoptotic nuclei present in the ICM. 
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Figure 3.  Three-dimensional re-constructed laser scanning confocal microscope images 
for Bull III demonstrating apoptotic and total nuclei in bovine embryos 
removed from culture on d 8 by TUNEL [fluroscein  isothiocyanate-
conjugated dUTP; green channel; upper right panel) and propidium iodide 
[red channel; upper left panel], including light micrcoscope image [lower 
left panel ] and superimposed image [lower right panel].   

 

 

 

Bull III: 3(a-b) control embryos: 3a) transmitted light microscope reveals an embryo 

with poor morphology, especially after an 8 d culture period. The total cell count is low 

with several fragmented nuclei present and labeled positive for TUNEL (arrow); 3b) in 

contrast appears to be morphologically of better quality with and increase in total cell 

numbers despite the presence of some fragmented nuclei; very few TUNEL-positive cells 

were detected; 3(c-d) 2 wk-PI embryos: 3c) all nuclei seem to be healthy and 

morphologically related to a better quality embryo as estimated from the light microscopy 

image: TUNEL-positive cells are limited (arrow); 3d) an increase in nuclear 

fragmentation and TUNEL-positive labeled cells mostly located in the ICM; 3(e-f) 3 wk-

PI embryo: 3e) defined blastocoelic cavity (asterisk), limited fragmentation with no 

apparent apoptotic cells present; 3f) in comparison to 3e) the total cell number was much 

higher, with no defined blastocoelic cavity, the limited TUNEL-positive cells present 

might be indicative of the presumptive ICM (arrow). 
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Figure 4.   Three-dimensional re-constructed laser scanning confocal microscope images 
for Bull IV demonstrating apoptotic and total nuclei in bovine embryos 
removed from culture on d 8 by TUNEL [fluroscein  isothiocyanate-
conjugated dUTP; green channel; upper right panel) and propidium iodide 
[red channel; upper left panel], including light micrcoscope image [lower 
left panel ] and superimposed image [lower right panel].   

 

Bull IV: 4(a-b) control embryos: 4a) few extruded apoptotic cells (arrow) in the well 

defined blastocoelic cavity, most of the TUNEL-positive cells are present within the ICM 

(asterisk), limited fragmention; 4b) embryo near hatching and the arrow indicate a 

breakage in the zona pellucida, embryo morphology seem to be of high quality and the 

observed high number of  total cells are indicative of a good quality embryo, no 

fragmentation with most of the apoptotic cells located in the ICM (asterisk), a few 

positive cells were extruded into the blastocoelic cavity; 4(c-d) 2 wk-PI embryos: 4c) 

morphologically it appears to be of high quality, yet many fragmented nuclei are present 

with a high number of TUNEL-positive cells (arrow) present in both the trophectoderm 

as well as the ICM (asterisk); 4d) several fragmented nuclei, but limited number of 

TUNEL-positive cells were present. 4(e-f) 3 wk-PI: both embryos seems to be of equal 

good quality based on their morphology (light microscopy) and a subjective estimate of 

the total cell numbers is indicative of embryos of good quality, nuclear fragmentation 

appears limited with a only a few TUNEL-positive nuclei present (arrow).  
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higher (P > 0.01) for the Control (45.7%) and 3 wk-PI (40.7%) embryos compared to the 

2 wk-PI (29.1%) embryos. In contrast, the apoptotic activity for Bull III for the 3 wk-PI 

embryos (34.9%) was significantly (P < 0.01) lower than the activity for the Control 

(43.2%) and 2 wk-PI embryos (41.4 %), while opposite results were found for Bull IV, 

with activity highest for the 3 wk-PI (45.2%) embryos compared to the control (38.5%) 

and the 2 wk-PI (37.5%) embryos. 

The percentage of embryos from each treatment group having an apoptotic index 

50% and above was determined (Figure 5) for each bull and 86% (P > 0.01) of the 

embryos from the Control samples for Bull II had an index above 50% compared with the 

2 wk-PI (45.7%) and 3 wk-PI (66.7%) samples. Overall, the percentage of embryos with 

an apoptotic index above 50% was significantly (P < 0.01) higher for Bull II for both 2 

wk- and 3 wk-PI embryos groups than any of the other bulls.  In contrast, no differences 

were found among the different embryos groups for either treatment group for Bulls I, III, 

or IV.  

Total Cell Numbers 

The total number of cells per embryo was determined and was significantly 

affected by the bull by semen sample collection day interaction (P < 0.05; Table 3). The 

main effects of bull and semen sample collection day had no impact (P > 0.05) on cell 

numbers. Both Bull I (80.2) and Bull IV (85.3) had a higher total numbers of cells per 

embryo in the Control group in comparison to the cell number per embryo for the 2 wk-

PI (63.9;  68.1) and 3 wk-PI (67.8; 64.3) groups, respectively. In contrast, for Bull II the 

total cell number per embryo was lower in the Control (55.4) group compared to the 2 

wk-PI (70.8) and 3 wk-PI (73.2) groups. While, for Bull III there was no difference 

amongst the total number of cells per embryo between the Control (61.2), 2 wk-PI (65.0), 

or 3wk-PI (68.7) embryos.  

Furthermore, significant linear and quadratic relationships were found between 

the apoptotic cell number and the total cell number per treatment group for each of the  
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Figure 5. The distribution of the embryos per embryo group for each bull with an 
apoptotic index equal to and above 50% apoptosis. Bars represent the 
different embryos groups, Control, 2 wk-PI , and 3 wk-PI. a,b,c Means 
without common superscripts differ at P < 0.05. 
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four bulls. For Bull I (Figure 6a) the number of apoptotic cells increased (P > 0.001) as 

the total cell number increased for both 2 wk- and 3wk-PI embryo groups, while for the 

Control group the number of apoptotic cells was decreasing (P > 0.001) as the total cell 

number increased above 100. Similar results were found for Bull IV (Figure 6d), however 

the apoptotic cell number did not decrease until an approximate increase in the total cell 

number was above 160 cells. For Bull III (Figure 6c) the apoptotic cell number increased 

linearly with an increase in total cell number for each of the embryo groups. The results 

for Bull II (Figure 6b) show a quadratic relationship between the apoptotic cell number 

and the total cell number for the 2 wk-PI group, while the relationship between the 

apoptotic cells and total cell numbers for both the Control and 3 wk-PI were linear, but 

not different from each other. 

The distribution of embryos (Table 4) according to the stage of development on d 

8 revealed that a higher percentage of embryos tested for TUNEL had developed to the 

morula or blastocyst stage, stage 2 (> 32 cells), for all four bulls in comparison to the 

percentage that had arrested at stage 1 (embryos = 32 cells). 

Caspase 

Representative digital images depict the occurrence of caspase activity in d 4 

(Figure 7 a- f) and 8 d embryos at various stages (Figure 8 a-f).  The occurrence of 

apoptosis in the early stages of embryo development (2-cell through 8-cell) determined 

by caspase activity on d 4 post insemination (PI) was significantly affected by bull and 

semen sample collections day (P < 0.01), yet the interaction between bull and semen 

sample collection day was not significant (P > 0.05).  Overall, the caspase activity 

measured in the d 4 embryos for Bull I (1102 ± 134) was significantly (P < 0.01) higher 
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Figure 7(a-f) Confocal projections showing fluorescent labeling of active caspase in d4 
bovine embryos.   

 

Fig. 7a) day 4 arrested germinal vesicle stage oocyte with the entire ooplasm stained 

positive for caspase activity; 7b) 8-cell embryo showing a disperse pattern of caspase 

activity involving several blastomeres, note (arrow) the absence of caspase in the 

fragment extruded from the embryo mass; 7c) and 7d) 4-6 cell embryos with caspase 

localized within a few of the blastomeres; 7e) and 7f) both 8-cell embryos, the intensity 

of caspase present varied markedly;  7e) the pattern of caspase distribution is more 

dispersed and not localized within defined blastomeres, while in 7f) the caspase activity 

is localized within two defined blastomeres staining positive. 
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Figure 8(a-f)  Confocal projections showing fluorescent labeling of active caspase in d 8  
bovine embryos.  

Fig. 8a), 8b), and 8c) all three embryos have reached the blastocyste stage and 

morphologically appeared of good quality subjectively estimated from the light 

microscopy images. However, based on the caspase intensity and the localization of the 

caspases there seem to be a difference in quality between 8a), 8b) and 8c); the caspase 

seems to be localized to the periphery of the blastomeres that are affected (8b-8c), while 

in 8a) the caspases seem to be in one dispersed pattern across what are assumed to be 

blastomeres suggesting loss of cell membrane integrity which is a feature of apoptosis 

once the cascade is activated. However, as indicated by the arrows 8d) there is an absence 

of caspases from the fragment extruded from the embryo mass; 8d, 8e) and 8f) all 

embryos are at an advance stage of development and have already hatched from the zona 

pellucida (8f) or were at a point of hatching (8e), therefore are considered good quality 

embryos. The intensity and distribution patterns of the caspases appear high, yet on a per 

cell basis caspase was lower than the caspase intensity reported for early cleavage 

embryos (data not shown). The caspases are localized at the periphery of each of the 

blastomeres affected.  
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than the activity measured for the d 4 embryos from Bull II (623 ± 116), Bull III (390 ± 

91) and Bull IV (367 ± 97).  The caspase activity in the d 4 embryos generated from 

semen on different collection days was lowest for the Control semen sample (406 ± 98) 

and increased (P < 0.01) for both the 2 wk-PI (729 ± 96) and 3 wk-PI samples (727 ± 94).  

There was a marked decrease in individual cell caspase enzyme intensity between 

d 4 and d 8 and a significant (P < 0.01) three-way interaction between the effects of bull, 

semen sample collection day, and development day (d 4 and d 8) confirmed that the 

caspase activity decreased for all four the bulls as embryo development advances beyond 

d 4 and the number of cells per embryo increases (Table 5).   

Nevertheless, the differences in the occurrence of programmed cell death 

on d 8 were significantly (P < 0.001; Table 5) affected by the two-way interaction 

between bull and the semen sample collection day, in addition to the significant effects of 

bull and semen sample collection day (P < 0.01).  The results indicated a higher caspase 

enzyme intensity for both the severe responders, Bull I and III, compared to lower 

enzyme intensity for the less severe responders, Bull II and Bull IV. The caspase enzyme 

activity for the 3 wk-PI embryos for Bull I (217) and Bull III (228) was significantly 

higher (P > 0.001) than the caspase activity measured for their Control embryos.  The 

caspase activity measured in the 3 wk-PI embryos for Bull II (98) and Bull IV (90) was 

lower (P < 0.01; Table 5) than both the intensities for Bull I and III, but when compared 

to the intensity measured for their Controls they were not different. 

The distribution of embryos (Table 6) by  stage of development attained 

on d 8 (d 4 not shown) revealed that a higher percentage (P < 0.01) of embryos that were 

tested for caspase enzyme activity had developed to the morula or blastocyst stage for  
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Table 5. Caspase activity for d 4 and 8 embryos. Three way interaction 

between bull and semen sample collection day. Intensity was 

measured as number of pixels per AOI. 

Bull Day    Control     2 wk-PI     3 wk-PI               

4 839.4 ± 169 1377.9 ± 157 1087.4 ± 147 I 

8 110.1 ± 131a     77.3 ± 139a   216.6 ± 147b 

4 320.4 ± 131   589.4 ± 131   958.4 ± 147 II 

8 141.0 ± 131a     99.0 ± 120a     98.0 ± 115a 

4 184.5 ± 107   422.6 ± 111   562.9 ± 104 III 

8 122.1 ± 103a   124.3 ± 107a   229.0 ± 98b 

4 277.9 ± 115    524.7 ± 120    297.9 ± 107 IV 

8 121.2 ± 107a     93.3 ± 101a     90.0 ± 111a 
a,bMeans without common superscripts differ at P < 0.05. 

Table 6.  Distribution of stage of development (%) of d 8 embryos tested for 

caspase activity for each of the four bulls per semen sample 

collection day. 

Control 

Stage* 

2 wk-PI 

Stage 

3 wk-PI 

Stage Bull 

1 2 3 1 2 3 1 2 3 

I 10 90.0 - 0 100 - 62.5 37.5 - 

II - 60.0 40.0 - 25.0 75.0 - 61.5 38.5 

III - 68.8 31.2 13.3 53.3 33.3 61.1 33.3   5.6 

IV - 13.3 86.7 - 47.1 52.9 -   7.1 92.9 

* Stage 1 (=16 cells), Stage 2 (>16 to < 32 cells), and Stage 3 (= 32 cells). 
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Bulls II and IV compared to Bulls I and III.  Ninety percent of the Control semen 

embryos tested for Bull I reached stage 2, while only 37.5% of the embryos reached stage 

2 for the 3 wk-PI embryo group. For Bull II, the bull with a majority of apical and 

random vacuolated spermatozoa, all embryos reached either stage 2 or 3, irregardless the 

semen sample collection time. Similar results were found for Bull IV, with the majority 

of embryos reaching stage 3. For Bull III, the bull with an abnormally high percentage of 

pyriform head shaped spermazoa present, less than 35% of the embryos reached stage 3 

and only 5.6% attained stage 3 with semen from 3 wk-PI. 

 

4.5 DISCUSSION 

The results provide valuable insight regarding the paternal influence on the 

quality of preimplantation embryos during early embryonic development. The different 

groups of embryos were generated through IVF procedures incorporating variation in the 

male component by using multiple semen samples from different bulls, collected at 

different times. Since one of the semen samples used for each bull served as control, 

semen sample within bull comparison was possible.  

Results from our previous study provided compelling evidence that sperm 

morphology has an impact upon fertilization in vitro and on subsequent embryonic 

development (Table 1).  More specifically the increase in the percentage of pyriform head 

shapes in combination with apical vacuoles recorded for Bull I and the increase in 

diadems, pyriform shaped heads, and apical vacuoles for Bull III was associated with a 

decrease in the percentage of embryos that cleaved and the percentage of embryos 

reaching the blastocyst stage.  The cleavage rate and subsequent development rate was 

not affected when the semen samples from Bull II, having only high percentages of 

vacuolated (diadems and apical vacuoles) spermatozoa, were used for IVF. Similarly, the 

cleavage and embryonic development rate for Bull IV seemed unaffected by scrotal 

insult.  Thus, the observed differences in cleavage, embryonic development, and 

blastocyst formation rates were related to the changes in the percentages of normal and 

abnormal spermatozoa present in each of the semen samples (Walters et al., 2004b). This 

study was conducted to identify differences in embryo quality at a cellular level after 
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oocytes were fertilized with semen samples having different percentages of abnormal 

morphology spermatozoa present.    

The combined TUNEL and caspase results additionally support our previous 

study showing that the male component has an impact on preimplantion embryo quality.  

Unnecessary bull variation was compensated for by using a within bull control semen 

sample for each of the bulls tested. Some of the varia tion or discrepancy in the data might 

be due to expected differences in embryo development that have been well documented 

(Watson et al., 1992; Niemann and Wrenzycki, 2000; Lane, 2001) when a single bull of 

preferred fertility was used for IVF. 

Although apoptosis can be considered a normal process in preimplantation 

embryos to eliminate deviating cells, a high incidence of apoptotic cells is correlated with 

abnormal morphology of the embryo (Hardy et al., 1997).  Brison et al. (1997) reported 

that reduction in embryo quality relates to a decrease not only in total cell number, but 

also to a decrease in the number of cells allocated to the inner cell mass (ICM) and 

increased incidence of apoptosis in bovine blastocysts (Figure 1).  Normal post-

implantation embryonic development depends on the integrity of the ICM, therefore 

differences at the blastocyst stage could be based on higher levels of apoptosis in the 

ICM (Maddox-Hytell et al., 2003).  Thus, the postimplantation developmental potential 

or embryo quality is likely to be affected by apoptotic incidence in preimplantation 

stages. 

TUNEL. 

The percentage of TUNEL positive cells was much higher than that of Hardy et 

al. (1999) and Makarevich and Markkula (2002; Table 2; Figure 5) and the lowest 

apoptotic index was 29% for Bull II for the 2 wk-PI embryo group for both TUNEL 

(Table 2) and caspase (Table 5) assessments. Embryos of Bull II were of higher quality 

based on the higher blastocyst formation rate (22.3%) for the equivalent embryo group 

(Walters et al., 2004b).  However, for Control semen embryos for Bull IV a similar 

blastocyst rate was found earlier (Walters et al., 2004b), but the 38.5% apoptotic index 

for the equivalent embryo group in the current study was much higher. Hardy (1999) 

reported that 75% of blastocysts had one or more dead cells on d 6, even though for most 

of these embryos it was fewer than 10 cells. The total dead cell index ranged from less 
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than 10% in d 6 blastocysts of good morphology to 27% in those of poor morphology.  

Blastocysts with fewer cells had a range of TUNEL-positive cells from 0%-30%, whereas 

blastocysts with more cells had less than 10% TUNEL positive cells. Makarevich and 

Markkula (2002) found 87% of the blastocysts had a TUNEL-positive reaction in one or 

more blastomeres, while the apoptotic index ranged from 0% to 29%.  

The total number of cells per embryo varied between 32 to 167 cells and the 

average was 68 ± 28. Our results (Tables 2 and 3) revealed trends between cell number 

and the apoptotic index, when the apoptotic index was higher than 50% for Bull II 

(Figure 5), the total cell number was lowest.  The decreases in cell number between the 

Control embryos and the 3 wk-PI embryos for Bull I and IV correspond with a slight 

increase in the apoptotic incidence for the related embryos groups. Moreover, Neuber et 

al. (2002) reported an increase in total cell number as the time in culture increases and the 

number of cells present in a d 8 blastocyst varied from 38 to 144 cells, with an average of 

96 ± 7.6 cells with 93% of blastocysts having at least one or more apoptotic cells. The 

number of cells per blastocyst may vary significantly with time after fertilization of 

oocytes and embryonic stage (Iwasaki et al., 1990; Loskutoff et al., 1993; Van Soom et 

al., 1997).  Nevertheless, the number of cells and the amount of apoptosis in the embryos 

are important parameters of embryo development (Brison and Schultz, 1997; 1998). It is 

thought that embryos with a large number of cells are more likely to implant and give rise 

to live offspring (Van Soom et al., 1997).  

The interesting finding was, in addition to having the lowest total cell number 

(Table 3), was the higher percentage of embryos with an apoptotic index greater than 

50% for Bull II (Figure 5; low responder). These results correspond with a decreased 

blastocyst rate for the Bull II Control embryo group (Walters et al., 2004b).  In contrast, 

the apoptotic index for the same bull decreased as the total cell number increased, which 

in turn corresponds with an increase in the percentage of blastocysts for both the 2 wk- 

and 3 wk-PI embryos groups.  We postulate that embryo quality was higher for these PI 

embryos and they were seemingly unaffected by scrotal insulation. This supports the 

findings of Hardy (1999) that the incidence of PCD appears to be correlated well with 

embryo quality.   
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Furthermore, the decrease in the total cell number for embryos of Bull IV between 

the Control-, 2 wk- and 3 wk-PI embryo groups suggested a decrease in embryo quality.  

Likewise, there was an increase in the apoptotic index for the 3 wk-PI embryos (Table 2) 

implying that embryo quality was affected by scrotal insulation.   Similar results were 

found for Bull I. In contrast, a decrease in the blastocyst formation rate and decrease in 

total cell number (Table 3) did not relate to an increase in the apoptotic index for Bull III 

(Table 2). Despite the evidence (Walters et al., 2004b) that the blastocyst rate decreased 

following IVF with semen samples having high percentages of abnormal spermatozoa 

present, the percentage of embryos that had an apoptotic index more than 50% was below 

20% (Figure 5) for all the embryos subjected to the TUNEL assay for Bull III.  One 

possible explanation for this observation might be that cells which undergo PCD during 

the early stages of embryonic development were subsequently phagocytosed during the 

duration of culture period and could not be detected with either caspase or TUNEL assays 

on d 8 (Juriscova et al. 1996; Hardy, 1999).  Furthermore, several studies have shown 

that necrosis can not be detected by TUNEL (Paula-Lopes et al., 2002b; Jurisicova et al., 

1996). In addition, the varying results in this study might be due to a higher percentage of 

embryos subjected to the various assay having reached the blastocyst stage (= 32 cells; 

Table 4) for Bull II and IV in comparison with Bulls I and III.  

A lower percentage of blastocysts stage embryos were tested for Bull I (Table 6) 

and it was more likely that embryos of lower development stages, with a low total cell 

number, were tested. There is compelling evidence that the TUNEL assay is not the most 

effective method to detect apoptotic positive cells as Hao et al. (2003) reported an 

increase in the number of blastocyst as well as an increase in the number of TUNEL 

positive cells as the number of total nuclei increase after d 5 in culture.  

  The positive relationship between the total cell number and apoptotic cell number 

for each bull (Figures 6 a-d) was consistent with results of other studies.  TUNEL-

positive nuclei are at times observed in the absence of morphological features of 

apoptosis (Van Blerkom et al., 2001; Ward et al., 2003).  Moreover, PCD appears to be 

correlated with cell number in mouse and human blastocysts (Hardy, et. al., 2002). One 

of the functions of apoptosis is to eliminate abnormal cells and cells that are no longer 

required. Therefore, in embryos of lesser quality the incidence of both nuclear and 
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chromosomal abnormalities may be higher and result in the elimination of these cells 

through PCD.  The blastocyst formation rates have been established as a criterion for 

evaluating the quality of in vitro-produced embryos and the total number of cells per 

embryo has been used to evaluate embryo quality (Knijn et al., 2003).  In contrast, the 

quadratic relationships that were observed suggested that an increase in total cell number 

was related to an increase in embryo quality and a decrease in apoptotic activity up to a 

point. The decrease might be indicative of a lack of ability to detect PCD in blastomeres 

that have undergone necrosis.   

Caspase 

 By comparison to TUNEL the results recorded for caspase intensity (Table 5) 

were more descriptive of the results in our previous study (Walters et al., 2004b). But, the 

combined results might be more indicative of embryo quality than using the results of 

either assay alone as a quality estimate for preimplantation embryos. For Bulls I and III 

the caspase intensity for the 3 wk-PI embryo group was higher in comparison to the 

caspase intensity for either their Control or 2 wk-PI embryo groups and relates to a 

significant decrease in the percentage blastocysts compared to the Bulls II and IV 

(Walters et al., 2004).  In addition, the percentage of embryos that were tested for caspase 

enzyme activity and that reached stage 3 was very low for both Bulls I and III (Table 6).   

The overall caspase intensity for the d 4 embryos (Table 5) was significantly 

higher than the d 8 embryos, and was most likely due to marked variation in the amount 

of caspase intensity measured for each embryo within each treatment group. The 

developmental competence of embryos is likely established at the zygote stage. The 

generation of a healthy zygote is important for understanding the mechanism that causes 

chromosomal abnormalities during early cleavage stages (Paula-Lopes et al., 2002a, 

2002b; Martinez et al., 2002; Jurisicova et al., 2003).  The presence and distribution of 

active caspases were related to the stage of preimplantation embryo development, embryo 

morphology, ploidy, and the presence of multinucleated blastomeres (Martinez et. al., 

2002). No caspase activity was observed in unfertilized oocytes or pronuclear zygotes 

and was low in blastomeres of cleaving embryos. Moreover, they claimed that caspase 

activation does not occur until oocyte activation by the fertilizing spermatozoon. 

However, from our results it seemed possible to measure caspase intensity in what was 
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considered a germinal vesicle stage oocyte (Figure 7a), but overall the ability to detect 

caspase activity seems inconsistent and could not always have been measured in early 

cleaving embryos (data not shown). In support, Jurisicova et al. (2003) reported that 

active caspase-3 was detected in a few cells in a small number of blastocysts, although 

not in others and not in the few morphologically intact early cleavage embryos analyzed. 

This is consistent with a transient expression of this enzyme during embryo apoptosis, 

which does not take place in intact early cleavage human embryos, and only in a small 

number of cells of the blastocyst. 

For bulls responding to scrotal insulation by producing morphologically abnormal 

spermatozoa, the embryos subjected to caspase assay had fewer cells in total (Table 6) 

and can be assumed to be of lower quality. Embryos undergoing apoptosis express 

several apoptosis related genes during preimplantation development (Hao et al., 2003). 

Furthermore, DNA damage can be mediated by the mitochondrial pathway in the 

cytoplasm. Damage to the mitochondria results in the release of cytochrome c which 

leads to the activation of a cascade of events and the final release of caspase enzyme.  

Subjectively, we postulated the localization of caspases to the blastomere 

periphery in later stages embryos (Figure 8).  Jurisicova et al. (2003) reportedly detected 

caspase-3 activity in embryos with extensive fragmentation although it appeared to be 

restricted only to fragments and a few blastomeres that contained chromatin.  The 

occurrence of caspase activity may be related to fragment size and the number of 

mitochondria present. In contrast, we could not detect caspase in fragments extruded 

from the embryo mass (Figure 7b; 8d).  In support, caspase activity was absent in 

fragments without chromatin and was not detectable in blastomeres of non-fragmented 

embryos (Yang et al., 2004). 

The amount of caspase activity measured in our study at d 4 (Figure 7 a-f) was 

higher per cell than at d 8 (Figure 8 a- f), yet the number of early cleavage embryos 

showing caspase activity was less especially when the cell number was below 8-cells.  

Similarly, Knijn et al. (2003) reported that in d 4 embryos the differences among groups 

were less apparent and that apoptotic machinery did not seem apparent before the 21-cell 

stage as no DNA degradation was observed before that stage. However, despite the 

absence of markers indicating the incidence of apoptotic events, various molecular 
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components may already be present at early stages of development as reported in bovine 

embryos (Kölle et al., 2002). Apoptotic morphology was not observed in any of our 2-

cell embryos, but was first observed as nuclear condensation in a 6-cell embryo. Thus, 

apoptotic morphology was virtually not observable prior to the fourth cell cycle. A 

condensed nucleus of an 8-cell in vitro embryo displayed some degree of nuclear 

lobulation, but classic apoptotic patterns of nuclear fragmentation were not observed until 

the 9-cell stage in in vitro embryos and the 21-cell stage in in vivo embryos. Thus, 

nuclear condensation could be observed at earlier developmental stages than nuclear 

fragmentation. Apoptotic morphology, present in at least one nucleus, was observed in 

only a few embryos prior to the 16-cell stage and predominantly occurred in marginalized 

blastomeres. 

In conclusion, there is compelling evidence that embryo quality and its ability to 

developed to an advanced stage and eventually implant and give rise to an offspring are 

multifaceted events and not one factor can be singled out as the sole trigger of PCD. It 

can be speculated that in order to survive, embryos have to be of good quality at the 

initial cleavage, and that fertilizing embryos with semen from high fertility semen will 

allow for a greater potential to reduce PCD. It is clear from our results and previously 

reported data (Walters et al., 2004b) that at any given time the incidence of apoptotic 

events should be measured by more than one system. The nature of PCD as a cascade of 

events occurring over a given time period does not allow for accurate estimation at any 

particular time point and should be kept in consideration. The use of LSCM and related 

image software programs has become a great attribute for interpretation of data with 

more accuracy. The inability to consistently measure apoptosis in early stage embryos, 

before the embryonic genome activation, complicates the assessment of differences in 

embryo quality.  Thus, it is uncertain exactly when the differences in embryo quality are 

first manifest, especially if the morphology of spermatozoa involved plays a major role in 

activation of the apoptotic cascade. Despite the discrepancies, our results clearly 

indicated a difference in the embryo quality between embryos obtained after IVF with 

semen samples from bulls that had an intense response to scrotal insulation and 

subsequent impairment to the developing spermatozoa undergoing spermatogenesis. 
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CHAPTER FIVE 

 

CHRONOLOGY OF EVENTS FOLLOWING IVF WITH BOVINE 

SPERMATOZOA HAVING ABNORMAL MORPHOLOGY  

 

5.1 ABSTRACT 

Fertilization encompasses a series of stages which need to be performed in a well-

orchestrated manner.  Bovine zygotes depend not only on maternal involvement, but also 

on paternal contributions that involve more than just providing the haplo id male genome.  

This study was conducted to analyze the chronology of pronuclear development in bovine 

zygotes after in vitro insemination with spermatozoa having abnormal morphology.    

Semen samples were obtained and cryopreserved from four Holstein bulls before and 

after a scrotal insulation period of 48 h (d 0).  For each of the test bulls a pre- (d-5) and a 

d 20 post-insult semen sample was used for IVF and all were subjected to the standard 

protocol for swim-up sperm separation.  Pronuclear formation rate was evaluated by DIC 

microscope for subpopulations of presumptive zygotes after they were fixed and stained 

with methanol:acetic acid mixture at 3 h time intervals from 6 to 18 h post in vitro 

insemination (hpi).  Post-thaw morphological evaluation of semen samples revealed a 

decrease (P < 0.01) in the percentages of normal spermatozoa in the post-insult samples 

in comparison with the pre-insult samples for Bulls I and Bull III (74 to 22.3% and 67.7 

to 0.5 %, respectively).  The overall pronuclear formation rate was significantly (P < 

0.01) affected by the three-way interaction between bull, semen sample collection day, 

and hpi.  The pronuclear formation rates for post-insult zygotes for Bull II and Bull IV 

showed a comparable increase in development over time (1.1 ± 0.19 to 5.1 ± 0.23 and 1.2 

± 0.23 to 4.9 ± 0.18, respectively), while there was no increase (P < 0.01) in the 

pronuclear development for the zygotes from the post-insult samples for Bull I and III 

and they remained predominantly at PN1 stage (1.5 ± 0.17; 1.8 ± 0.22, respectively). In 

conclusion, our results suggested that the failure in normal pronuclear formation is 

associated with an absence of normal decondensation of the penetrating spermatozoon 

and provides compelling evidence that the effect of morphologically abnormal 

spermatozoa occurred prior to cleavage, thus is manifested during the early stages of 
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fertilization. These observations support the hypothesis of uncompensable seminal traits 

in IVF with abnormal spermatozoa. 

  

Keywords: (abnormal spermatozoa morphology, scrotal insult, paternal and maternal 

pronuclear formation, sperm head decondensation) 

 

5.2 INTRODUCTION 

Fertilization encompasses a series of stages which need to be performed in a well-

orchestrated manner and is affected by in vivo and in vitro differences in bull fertility 

(Saacke et al., 1988; De Jarnette et al., 1992; Eid et al., 1994; Eid and Parrish, 1995).  Xu 

and Greve (1988) established a time sequence for sperm penetration, sperm head 

decondensation, male pronucleus formation, activation of second meitotic division, 

female pronuclear decondensation and development.  Sperm penetration was first 

recorded 6 h after insemination; 1 to 2 h was required for the sperm head to decondense 

and another 4 to 6 h to develop into the opposing pronucleus stage, followed by 

synkaryosis, and first cleavage occurred 28 h after fertilization. However, the 

developmental stages of the male and female pronuclei, within an individual ovum, are 

not necessarily identical, thus resulting in asynchronous pronuclear formation.  

The kinetics of the early cleavage stages can be used to determine the differences 

between bulls of high and low field fertility (Ward et al., 2003). There is evidence to 

show that the main factors controlling early cleavage are either intrinsic to the oocyte 

(Lonergan et al., 1999; 2000; Brevini-Gandolfi et al., 2002) or to the spermatozoon (Eid 

and Parrish, 1995; Comizzoli et al., 2000; Ward et al., 2001) or both. Bovine zygotes 

depend not only on maternal involvement, but also on paternal contributions (Palermo et 

al., 1994) that involve more than just providing the haploid male genome. The zygote and 

presumptive zygote rely on the paternal gamete to provide the centrosome essential for 

the first mitotic division. The sperm aster develops as the male pronucleus decondenses 

and guides the male and female nuclei into apposition at the centre of the cytoplasm (Van 

Blerkom et al., 1995).   

It has been demonstrated that there is a defined relationship between the first 

cleavage of a bovine oocyte in vitro and its development potential, with faster cleaving 
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zygotes being more likely to develop to the blastocyst stage than those that cleave later 

(Lonergan et al., 1999; Ward et al., 2001).  It appears that the sire effect occurs as early 

as the initiation of the S-phase in the zygote and could have a significant effect on the 

quality of blastocysts produced after IVF (Ward et al., 2003).  Van Soom et al. (1997) 

concluded that in high fertility bulls the onset of the S-phase, the first cleavage, was 

earlier than that of bulls with low fertility. Additionally, zygotes/embryos of low fertility 

bulls have a lower probability of developing to morulae and blastocysts (Walters et al., 

2004a) and this development may be explained by an erratic first S-phase due to possible 

chromosomal abnormalities and a longer cell cycle (Comizzoli et al., 2000). 

Ward et al. (2003) reported that DNA replication began earlier and lasted longer 

in zygotes fertilized by sperm with high in vivo fertility, whereas the end of DNA 

replication occurred at the same moment regardless of the bull’s fertility (Eid and Parrish, 

1995; Grisart et al., 1994).  In contrast, Comizzoli et al. (2000) reported the sire fertility 

affects the onset of the time of the S-phase as well as the time it will be completed.  They 

used a high number of oocyte batches to clearly demonstrate that there was no effect of 

maternal component on the time of onset of the S-phase.  However, they did not observe 

similar differences in the time course of male pronuclear formation when bulls of 

different fertility were used. Therefore, the differences between the onset of the S-phase 

based on male fertility were independent from the events leading to pronuclear formation, 

but depended on the events affecting the duration of the G1-phase and that the paternal 

influence on the onset of S-phase was exerted simultaneously on both pronuclei and not 

only on the paternal pronucleus.  

The exact time at which these differences are first detected during the fertilization 

process remains controversial, but it is a more involved matter than just the failure of 

spermatozoa to penetrate the oocyte (Xu and Greve, 1988; Hyttel et al., 1988; Laurinc?k 

et al, 1998; Wei and Fukei, 2000; Penfold et al., 2003). Furthermore, Steinbold et al. 

(1994) implied that since the mammalian sperm heads consist almost entirely of 

chromatin, their shape should be related to DNA content and chromatin organization; but 

it is well documented that a normal morphological head shape is not necessarily 

indicative of a normal chromatin structure (Penfold et al., 2003).  In support, Ostermeier 
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et al. (2001) predicted that chromatin abnormalities or damage to the DNA will result in 

minor changes to sperm head shape and could affect bull fertility.  

Therefore, the aim of this study was to analyze the chronology of pronuclear 

development in bovine zygotes after in vitro insemination with spermatozoa having 

abnormal morphology. 

 

5.3 MATERIALS AND METHODS 

Semen Samples 

Six Holstein bulls were subjected to a 48 h scrotal insulation period to obtain 

semen samples with high percentages of morphologically abnormal spermatozoa. The 

scrotal insult provided a mild interference with testicular thermoregulation. Briefly, for 

each of the bulls samples were collected at a high frequency twice weekly prior to and 

through 34 d following the time of scrotal insult (d 0). Pre-insult collections (d -8, -5 and 

-1) served as within bull control samples.  Spermatozoa collected d 13 through d 34 

represented spermatozoa that were undergoing spermatogenesis during that time (Walters 

et al., 2004a). The collected semen samples were evaluated for morphological 

abnormalities according to Barth and Oko (1989).  Abnormalities were classified by 

defects to the sperm head shape, and classified as primary abnormalities which appeared 

in a specific chronological order. Thus, the scrotal insulation provided a means to obtain 

variation in the quality of the semen population within bulls as well as across bulls 

(Vogler et al., 1993). The bulls were then ranked according to the severity of their 

response to scrotal insulation based on the morphological assessment of semen samples 

collected (Acevedo et al., 2002). 

In vitro fertilization was performed with selected semen samples from four 

different bulls, identified Bull I to IV and selected according to their response to scrotal 

insult based on the morphological assessment of each sample after collection.  Bulls I and 

III were determined to be severe responders, Bull II a moderate responder, while Bull IV 

showed no response to scrotal insulation.  The efficiency of the IVF procedures among 

the four replicates was tested simultaneously with semen collected from a bull, pre-

determined to be effective for IVF in our laboratory (Walters et al., 2004a). Two 

ejaculates were used from each of the four insulated bulls: 1) a pre- insult semen sample 
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collected on d 5 (pre-insult); and 2) a post- insult semen sample collected on d 20 (post-

insult). 

In vitro embryo production 

Slaughter-house collected oocytes (n ~ 400) obtained weekly for 12 wk were 

matured in tissue culture medium 199 (TCM 199; Gibco, Grand Island, NY) 

supplemented with 10% bovine calf serum (Gibco), 0.01 U/ml LH (Sigma, St. Louis, 

MO) and 0.01 U/ml FSH (Sigma) for a 24 h period (Thompson et al., 1998).  The 

standard protocols for the swim-up separation method (Parrish et al., 1986) were used to 

prepare spermatozoa for IVF; each of four 5 ml test tubes was filled with 1.0 ml synthetic 

oviductal fluid buffered with HEPES (SOFH) medium and a 1.0 ml volume of frozen-

thawed semen was layered under the medium.  After 1 h incubation at 38.7º C the upper 

0.8 ml of the medium was collected as the recovery fraction and washed twice by 

centrifugation (700 x g for 10 min).  Matured oocytes were washed in SOFH medium and 

placed into 47 µl synthetic oviductal fluid for in vitro fertilization (SOF-IVF) medium 

drop (10 oocytes per drop) supplemented with 10 µg/ml heparin; a 3µl volume of 

prepared semen was added to the drop for a final volume of 50 µl and final concentration 

of 1 x 106 ml spermatozoa/ml (Parrish et al., 1995). 

Subpopulations of presumptive embryos were fixed at 3 h time intervals from 6 to 

18 h post in vitro insemination (hpi). The zygotes were transferred to 15 ml centrifuged 

tubes and vortexed for 4 to 5 min to remove cumulus cells and excess spermatozoa. The 

denuded zygotes were recovered under a stereomicroscope and transferred onto frosted 

microscope slides (Fisher Scientific, Pittsburgh, PA) in a small drop of SOFH. A 

vaseline:paraffin (3:1) mixture was used to maintain the coverslip in contact with the 

oocytes. The slides were immersed in methanol:acetic acid (3:1) for a minimum of 24 h 

before staining with 1% aceto-orcein and were evaluated for nuclear morphology with 

differential interference contrast (DIC) at 400x magnification (Ali and Sirard, 2002).  

Zygotes were classified into six developmental categories according to the criteria given 

by Xu and Greve (1988). Briefly, at stage 1, the ooplasm was completely penetrated by 

the spermatozoon, and the second meitotic division had resumed (PN1), At the stage 2, 

decondensation of the chromatin had begun, the sperm tail was detached from the 

paternal chromatin, and the second polar body was extruded (PN2). At the stage 3, the 
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chromatin was further decondensed, and the nuclear envelope appeared (PN3). At the 

stage 4, the chromatin decondensation was completed, and the pronuclei were surrounded 

by a complete envelope (PN4). At the stage 5, the pronuclei enlarged in size, while the 

second polar body and the sperm tail were still located close to their respective pronuclei 

(PN). At the stage 6, the pronuclei had reached their maximum size and had become 

apposed (PN6).  Zygotes were classified as being normally fertilized when chromosomes 

and a single sperm head or two pronuclei and one sperm tail could be identified within 

the ooplasm. Three replicates were performed. 

 

Statistical Analysis  

Data were analyzed by ANOVA using the PROC GLM and PROC MIXED 

procedures of SAS (2001) and Chi-square (?2) analysis. Paternal and maternal pronuclear 

development rates (MIXED), sperm penetration rate (?2), and fertilization rate (?2) were 

determined. The pronuclear development rate, cleavage rate, and fertilization rate were 

treated as dependent variables and all models included the main effects of bull, pre- and 

post-semen sample collection day, replicates, hour post-IVF insemination (hpi), and 

included the two and three-way interaction between all the main affects with the 

emphasis on the three-way interactions between the bull, sample collection day, and hpi. 

Results collected from the laboratory control bull were included in the models as a 

covariate.  Overall pronuclear development rate (MIXED), sperm penetration rates (?2), 

and fertilization rates (?2) were treated as dependent variables.  The linear and curvilinear 

relationships between pre- and post-pronuclear formation rates by hpi for each bull were 

determined by linear, quadratic and cubic contrast analysis (PROC MIXED). 

 

5.4 RESULTS 

 

The results provide valuable insight regarding events of fertilization and the 

chronology of paternal and maternal pronuclear formation after IVF with the semen 

samples collected before and after a 48 h scrotal insulation. The semen samples used  
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Table 1. Percentage of primary abnormalities1 present in each of the semen samples 

used from four Bulls (I-IV) before and after 48h scrotal insulation. 

Bull  Treatment 2Normal  Pyriform Diadem 

Apical 

vacuoles 

Pre- 

Insult 
74.2c,d 5.2a 1.0a 1.0a 

I 
Post- 

Insult 
22.3b 32.0c 3.8 a 21.1b 

Pre- 

Insult 
89.1f 2.9a 0.0 1.6a 

II 
Post- 

Insult 
29.1b 18.4 b 1.3 a 47.8c 

Pre- 

Insult 
67.7c 18.5 b 0.0 1.0 a 

III 
Post- 

Insult 
0.5a 58.0d 50.2b 55.2d 

Pre- 

Insult 
83.5d,e,f 4.8a 0.0 0.0 

IV 
Post- 

Insult 
81.5d,e 2.2a 0.0 2.7a 

 SE 2.4 2.6 2.0 3.6 

1Multiple abnormalities were recorded per single sperm cell when present  
2Morphologically normal shaped heads 
a,b,c,d,e,f Means without common superscripts within category  differ at P < 0.05 

Adapted from Walters et al., 2004a 
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from the four bulls were described previously (Walters et al., 2004a) and the use of pre-

insult and post- insult semen sample for each bull allowed for a within bull comparison.  

The post-thaw semen evaluation results (Table 1) revealed that the four bulls 

differed in their response to scrotal insult (Walters et al., 2004b). Bull I and III were 

determined to be severe responders, Bull II was a moderate responder, while Bull IV  

showed no response to scrotal insulation. For Bull I the percentage of normal 

spermatozoa decreased from 74.2% pre- insult to 22.3 % post- insult, along with an 

increase in the percentage of pyriform head shapes and apical vacuoles. Similarly, a 

decrease in normal spermatozoa (67.7% to 0.5 %) was recorded for Bull III, with 

increases in the percentage of pyriform heads, diadems and apical vacuoles in the post-

insult semen sample. The decrease in normal spermatozoa for Bull II between the pre-

insult semen sample (89.1%) and the post- insult (29.1%) went along with an increase in 

the appearance of pyriforms and apical vacuoles on an apparent normally shaped head. 

For Bull IV the percentage of individual abnormalities was < 10% and there was no 

difference between the pre- insult and post- insult samples. 

Figure 1(a-d) to 3 (a-d) illustrate the pronuclear formation (DIC; 1000 X). The 

development of the paternal and maternal pronuclei was closely related to hpi.  The 

overall pronuclear formation rate was significant ly (Table 2; P < 0.01) affected by the 

three-way interaction between bull, semen sample collection day, and hpi, and was tested 

separately for paternal and maternal pronuclear formation to accommodate potentially 

asynchrony between the rate at which the male and female pronucleus developed.  

Similar to what was expected under normal conditions (Figure 1 and 3) the 

pronuclear development rate for the pre- insult zygotes for all four the bulls progressed 

with an increase in stage advancement over the time after insemination and the observed 

changes to the male and female pronucleus fit the criteria defined for the six stages (PN1 

to PN6; described elsewhere) of pronuclear development during fertilization (Table 2, 

Figure 4). Moreover, comparable pronuclear formation rates were recorded for the post-

insult zygotes for Bull II and Bull IV over the same time period, except for Bull II at hpi 
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Figure 1 a) Arrow indicates an isolated, intact spermatozoon in the ooplasm shortly after 

penetrating the oocyte; 1 b) arrow points towards the metaphase plate of a matured 

unfertilized oocyte at meiotic arrest; 1 c) arrow illustrates of the progression of the oocyte 

nucleus from MII to the anaphase-telophase stage and is presumably activated by a 

penetrating spermatozoon; 1 d) early signs of the female pronuclear development, 

chromosomal decondensation, approximately after 9 hpi. 
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Figure 2 a) illustrates of lack of pronuclear development at 12 hpi, neither the male nor 
the female pronucleus show any indication of chromosomal 
decondensation; the asterisk indicates a metaphase plate that indicates that 
the oocyte was matured at the time of sperm penetration, but was most 
likely not activated by the penetrating spermatozoon (arrow), and the 
sperm head remained in a condensed form. 2 b) condensed sperm head, 
tail is detached (not visible) and 2 c) the sperm head decondensation is in 
the early phases, but has not turned into a male pronucleus yet, the sperm 
tail shown by the asterisk 2 d) the developing female pronucleus 
displaying a  disarray of chromosomes.  
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Figure 3 a) the nuclear envelopes were fully developed for both the male and female 
pronuclei and indicative of fertilization; 3 b) female pronuclear 
development had progressed with signs of extrusion of the second polar 
body (asterisk); 3 c) and 3 d) two distinct pronuclei present in close 
apposition, showing progression of the first cleavage division, the arrow 
shows the male pronuclei and asterisk shows the female pronuclei. 
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15 and 18 which were delayed.  In contrast, the pronuclear development rate from the 

post-insult samples for Bull I and III did not increase (P < 0.01; Table 2) with an increase 

in time and remained predominantly at PN1 stage (Figure 2), and only in a small number 

of zygotes did the pronuclear deve lopment rate progress to later stages. 

Sperm penetration and fertilization rates 

No difference was detected between the three replicates and the results were 

pooled to determine the sperm penetration and fertilization rates. At 6 hpi, the sperm 

penetration rate for Bull I decreased significantly (Table 3; P < 0.01) between the pre- 

(89.5%) and post- insult (75.6%) samples. Similar results were detected for Bull III; the 

pre-insult sperm penetration rate decreased (P < 0.01) from 92.1% to 70.4%. In 

comparison, there was no difference in the sperm penetration rates between pre- and post-

insult semen samples for Bull II. For Bull IV the post- insult penetration rate increased, 

but was not different from the pre- insult penetration rate. 

The fertilization rate at 18 h (Table 4), defined by the presence of two completely 

formed pronuclei (Figure 3c and 3d), was significantly (P > 0.001) different between the 

pre- and post-insult groups for Bull I, II and Bull III, while there was no difference 

between the fertilization rates for the pre- and post-insult zygote groups for Bull IV. 

Moreover, the fertilization rate for Bull III was severely decreased (P < 0.001) from 94% 

for the pre-insult semen sample to 2% with the post- insult semen samples. In comparison, 

the 50% fertilization rate for the pre- insult zygote group for Bull I was lowest overall and 

decreased further to 4% for the post- insult group.  There was a significant (P < 0.01) 

difference between the pre- (88.4%) and post- insult (75.0%) sample for Bull II. However, 

the rate for the pre- insult group for Bull II was higher than that of Bull I and IV (Table 4),  
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Table 2. The progressive changes in pronuclear formation* at 6, 9, 12, 15, and 18 hpi 

between the pre- and post- insult zygote groups for Bull I, II, III, and IV. 

trt hpi Bull I Bull II Bull III Bull IV 

6 1.0 ± 0.21a 0.9 ± 0.19a,b 1.0 ± 0.21b 1.2 ± 0.23b,c 

9 1.9 ± 0.16c,d 2.7 ± 0.18e 2.1 ± 0.21c,d 1.8 ± 0.21c,d 

12 2.3 ± 0.14d 4.2 ± 0.14f,g 3.2 ± 0.16e,f 2.8 ± 0.16e,f 

15 3.5 ± 0.16f 5.3 ± 0.15i 4.7 ± 0.16h 3.7 ± 0.17f 

Pr
e-

in
su

lt 

18 4.2 ± 0.18f,g 5.8 ± 0.23j 5.9 ± 0.22j 4.8 ± 0.19h 

6 0.7 ± 0.21a,b 1.1 ± 0.19b,c 0.6 ± 0.21a 1.2 ± 0.23b,c, 

9 0.9 ± 0.18a,b 2.8 ± 0.20e,f 1.0 ± 0.19b 2.1 ± 0.21c,d 

12 0.8 ± 0.14a,b 4.1 ± 0.15f 1.2 ± 0.16b,c 3.2 ± 0.17e,f 

15 1.2 ± 0.15b,c 4.5 ± 0.14g,h 1.3 ± 0.15b,c 3.3 ± 0.18e,f 

Po
st

-in
su

lt 

18 1.5 ± 0.17c, 5.1 ± 0.23h,i 1.8 ± 0.22c,d 4.9 ± 0.18h,i 
*Paternal pronuclear formation rates; values represent PN stages 1-6 (maternal not 

shown) 
a,b,c,d,e,f,g,h,i,jMeans without common superscripts differ at P < 0.05 
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Table 3. Sperm penetration rate at 6 hpi after using the pre- and post- insult 

semen samples for each of the four bulls. 

Bull  Pre-Insult (%) 
(n) 

(n) Post-Insult (%) (n) 

I 89.5c,d (86) 75.6b (86) 

II 92.2d (103) 90.4d (115) 

III 92.1d (102) 70.4a (115) 

IV 77.8b (63) 84.9b,c (73) 
a,b,c,d Means without common superscripts differ at P < 0.05 (Chi-square 
analysis) 

Table 4. Fertilization rate at 18 hpi after using the pre- and post-insult 

semen samples for each of the four bulls. 

Bull  Pre-Insult (%) (n) Post-Insult (%) (n) 

I 51.0b (114)   4.2a (144) 

II 88.4d (147) 75.0c (148) 

III 94.2d (103)   1.9a (104) 

IV 68.8.0c (77) 64.0c (86) 
a,b,c,d Means without common superscripts differ at P < 0.05 (Chi-
square analysis) 

Table 5. The percentage of matured, but unfertilized oocytes after 

using the pre- and post- insult semen samples for each of the 

four bulls. 

Bull  Pre-Insult (%) (n) Post-Insult 
(%) 

(n) 

I 13.2b (527) 27.6d (566) 

II   6.3a (608) 11.2b (587) 

III   5.3a (451) 25.7c,d (526) 

IV 21.5c (354) 17.7b,c (357) 
a,b,c,d Means without common superscripts differ at P < 0.05 (Chi-
square analysis) 
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and the decrease in the pronuclear formation rate between the pre- and post- insult groups 

was less severe in comparison with the decrease in pronuclear formation rate for Bull I 

and Bull III (Figure 4). 

The fertilization rates were comparable to the overall percentage of oocytes 

evaluated to be matured, yet not fertilized (Table 5). For Bull I and Bull III there were 

increases in the percentage of unfertilized oocytes between their pre- (13.2% and 5.3%) 

and post- insult (27.6% and 25.7%, respectively) groups. For Bull II the percentage 

unfertilized oocytes was lower in comparison to Bull I and III, but there was a significant 

increase between their pre- and post-insult samples.  The percentage unfertilized oocytes 

evaluated for Bull IV was not different between the pre- and post- insult groups, but 

higher than expected based on the cleavage- and blastocyst rates reported for Bull IV in a 

previous study (Walters et al., 2004b). 

Pronuclear formation  

The synchrony between paternal and maternal pronuclear development was 

noticeably asynchronous during the early stages PN1 through PN3 for the pre- and post-

insult samples, while the development was more synchronous during the later stages, 

PN4 through PN 6. The percentages of maternal and paternal pronculei are presented in 

Tables (6a-d); the bold numbers represent the percentage zygotes in which the male and 

female pronuclei are synchronous. 

After 6 hpi the zygotes for all four bulls exhibited paternal and maternal pronuclei 

at stage 1 and stage 2 (Table 6a-d), however the percentage of paternal pronuclei that 

reached stage 2 was greater for Bull IV (52%) in comparison with the percentage zygotes 

that reached PN2 for the pre- and post- insult zygote groups for Bulls I (32%), Bull II 

(23%) and Bull III (28%).   

At the 9 hpi time interval both the paternal and maternal pronculei were 

predominantly at the PN2 or PN3 for the pre- insult zygote groups for Bull I, Bull III and 

Bull IV, with a lesser percentage at PN1.  In contrast, the pronuclear development for the 

post-insult zygote group for Bull I and Bull III were mainly at PN1 and PN2 stage, 

similar to the rates at the 6 hpi time interval. In comparison, for Bull II the greatest 

percentage of pronuclei for both pre- and post- insult zyogtes was at PN3, as well as a 

significant number of zygotes which were already at PN4 stage.  
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For Bull II the percent pronuclear formation for both pre- and post insult groups 

increased progressively as the time intervals increased, 53% and 57% zygotes were at PN 

5, respectively, during h 12, while 88% and 75% were at PN6 at the 18  h time interval. 

After PN3 the pronuclear formation rate was synchronous between paternal and maternal 

pronuclei for Bull II.  

In comparison, the pronuclear formation rate for Bull IV revealed slower progress 

and at h 12 highest percentage pronuclei were at PN4 (36%), while a similar percentage 

were at PN5 at the 15 h time interval. At h 18 the two completely developed pronuclei 

were observed in 68% of the zygotes present and only a low percentage had not 

developed beyond PN3 for both pre and post- insult groups.  

For Bull I and III the pronuclear formation rate was noticeably different between their 

pre- and post insult zygote group, especially for Bull III. The percent pronuclei that had 

develop passed the PN3 stage significantly decreased and were < 6% for stages PN4 

through PN6 for the post- insult groups for both bulls and were substantially lower than 

that for pre- insult zygotes which were considered normally fertilized (PN6) at h 18. For 

Bull I the rate at PN6 decreased from 50% to 4%, respectively, while the rate for Bull III 

for the pre-insult zygotes decreased from 94% to 1%.  In addition, for both Bulls I and III 

a greater proportion had not developed beyond PN3 for their post- insult zygotes and 

remained predominantly at PN1.  Maternal pronuclear formation mirrored development 

of the paternal pronuclear formation.  
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Table 6b Bull II: Paternal and Maternal Pronuclear formation rate after 18 hpi . 
 PATERNAL MATERNAL 
trt Hr n PN1 PN2 PN3 PN4 PN5 PN6 MII* PN1 PN2 PN3 PN4 PN5 PN6 

6 103 68 23     7 66 25     
9 114 4 6 55 24   9 3 6 56 24   
12 105   1 36 53  7   1 36 53  
15 134    22 38 38 0    22 38 38 

Pr
e-

in
su

lt 

18 147     4 88 6     4 88 
6 115 52 35 2    9 43 44 2    
9 77 1 5 67 18   7 1 2 70 18   
12 99 5  12 18 57  7 5  12 18 57  

15 148   4 26 16 39 12   4 24 18 39 

Po
st

-in
su

lt 

18 148   2  6 75 15   2  6 75 

Bold numbers represent the percentage zygotes in which the male and female pronuclei are synchronous. 
*MII, percentage of matured, unfertilized oocytes 

 

 

 

Table 6a Bull I: Paternal and Maternal Pronuclear formation rate after 18 hpi . 

PATERNAL MATERNAL 
trt hr n PN1 PN2 PN3 PN4 PN5 PN6 MII* PN1 PN2 PN3 PN4 PN5 PN6 

6 86 56 32     10 26 62     

9 112 18 35 34    10 11 41 35    

12 115 13 21 39 14   10 13 5 54 14   
15 100 9 7 5 7 50 4 18 7 6 8 7 50 4 

Pr
e-

in
su

lt 

18 114 6 2 12 8 2 50 16 8  12 8 2 50 
6 86 65 10     24 52 23     

9 92 31 21 7    39 18 33 8    
12 119 47 21 1    29 37 30 2    
15 125 56 17 4  1  20 39 30 8  1  

Po
st

-in
su

lt 

18 114 53 4 2 2 5 4 27 40 10 7 4 5 4 

Bold numbers represent the percentage zygotes in which the male and female pronuclei are synchronous. 
*MII, percentage of matured, unfertilized oocytes 
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Table 6c Bull III:  Paternal and Maternal Pronuclear formation rate after 18 hpi . 

PATERNAL MATERNAL 

trt hr n PN1 PN2 PN3 PN4 PN5 PN6 MII* PN1 PN2 PN3 PN4 PN5 PN6 

6 102 61 28 1    7 44 46 1    

9 71 23 14 57    4 21 11 63    
12 85 2 24 14 57   7 1 14 24 48 4  
15 90 5 2 3 1 64 17 5 5 2 2 2 64 17 

Pr
e-

in
su

lt 

18 103 3     94 1  2    94 
6 115 57 11 1    29 35 33 1    

9 108 51 15 9    23 27 34 14    
12 95 44 15 7 6   26 23 22 21 6 1  
15 104 46 3 10 3 3  31 30 11 17 3 4  

Po
st

-in
su

lt 

18 104 54 14 6  4 1 17 30 30 11 1 5 1 
Bold numbers represent the percentage zygotes in which the male and female pronuclei are synchronous. 
*MII, percentage of matured, unfe rtilized oocytes 

 

Table 6d Bull IV: Paternal and Maternal Pronuclear formation rate after 18 hpi . 

PATERNAL MATERNAL 
trt hr n PN1 PN2 PN3 PN4 PN5 PN6 MII* PN1 PN2 PN3 PN4 PN5 PN6 

6 63 22 52 3    22 9 61 6    
9 62 4 32 38 3   20 6 33 35 3   
12 77  5 11 36 18  28 1 5 11 35 18  

15 75 2 2 8 24 37 9 16 2 2 6 25 37 9 

Pr
e-

in
su

lt 

18 77  1 1  9 68 19  1 1  9 68 
6 73 27 52 5    15 12 65 6    
9 58 1 31 43 6   17 5 22 48 6   
12 71 2 8 12 33 16 7 18 4 8 11 33 16 7 
15 69 2 4 8 11 37 8 26 2 4 8 11 37 8 

Po
st

-in
su

lt 

18 86  1 6 3 11 63 12 1  5 4 11 63 
Bold numbers represent the percentage zygotes in which the male and female pronuclei are synchronous. 
*MII, percentage of matured, unfertilized oocytes 
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5.5 DISCUSSION 

Fertilization encompasses a series of events which have to be performed in a well-

orchestrated manner and the induction of abnormalities through spermatozoa during the 

process may lead to fertilization failure (Van Blerkom et al., 1995).  Our results showed 

that normal decondensation and pronuclear formation was severely impaired after semen 

samples having high percentages of morphologically abnormal spermatozoa were used 

for IVF and confirmed that interruptions occurred during the early events of fertilization 

and cell cycle chronology.   

We have been able to more clearly define our previous results (Walters et al., 

2004b) that embryonic development was impaired at a stage prior to first cleavage when 

semen samples having high percentages of morphologically abnormal spermatozoa were 

used, thus providing compelling evidence that certain types of abnormal sperm 

morphology have an impact upon fertilization in vitro and on subsequent embryonic 

development.  

Our results show that pronuclear formation for the post- insult zygotes for Bull I 

(Figure 4a) and Bull III (Figure 4b) remained mainly at PN1 and by definition they are 

indicative of insufficient sperm head decondensation which could be verified by the 

presence of a condensed sperm head in the ooplasm (Figures 1c; 2a; 2b).  Likewise, 

Flaherty et al. (1995) showed complete failure of sperm head decondensation in 11% of 

the unfertilized metaphase ooctyes, whereas Dozortzev et al. (1994) reported a much 

higher corresponding percentage (38%). Selva et al. (1993) reported that 76% of the 

penetrated oocytes which failed to progress to the pronuclear stage contained condensed 

sperm nuclei which were similar to the percentage of zygotes that remained at PN1 after 

18 hpi for the post- insult groups for Bull I (53%) and Bull III (54%), respectively; with 

27% and 17% of oocytes unfertilized at the same time intervals. It has been demonstrated 

that ooplasmic factors regulate sperm head decondensation, protamine-histone exchange, 

and subsequently pronuclear formation and therefore depend on the maturity of the 

oocyte (Perreault et al., 1992).  However, we show that at certain time intervals the 

percentage of matured (presence of MII spindle; Figure 1b), but unfertilized (absence of 
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sperm head in ooplasm; Figure 1a) oocytes were as high as 39% and the decrease in 

pronuclear formation could not be due to an adverse oocyte effect.  

Overall, the percentage of unfertilized MII oocytes was comparable with the 

fertilization rates and might explain the differences in the fertilization rates observed 

between the pre- and post- insult zygote groups. The decrease in fertilization rate (Table 

4) corresponded with an increase in the percentage matured, yet unfertilized oocytes 

(Table 5) for Bull I and more specifically for Bull III, for which a 5-fold increase in the 

percentage of unfertilized MII oocytes was observed and confirmed the predicted impact 

of defective spermatozoa on fertilization.  Similarly, the high fertilization rate for Bull II 

corresponded with a lower percentage of unfertilized MII oocytes.  Unexpected was the 

relative high percentage of unfertilized MII oocytes observed for Bull IV that 

morphologically appeared unaffected by the scrotal insulation and the results from our 

previous study (Walters et al., 2004b) confirmed that cleavage rates and blastocyst 

formation rates for Bull IV were not impaired.  Nonetheless, the fertilization rate was 

intermediate in comparison to the fertilization rates detected for the pre- insult samples for 

the other bulls.  Vlaisavljevic and Kovacic (2000) found that in most unfertilized MII 

oocytes the sperm heads started decondensing in the ooplasm, but did not reach the 

pronucleus stage as the process of decondensation was terminated during earlier stages. 

Occasionally, unfertilized oocytes may be activated and form a pronucleus with the 

meiotic spindle showing abnormalities (Dozortsev et al., 1994; Flaherty et al., 1995).  

When there is a low rate of sperm head decondensation in the ooplasm, oocyte activation 

may induce parthenogenic development (Li et al., 2000).  Failure of spermatozoa to 

decondense properly was associated with damaged DNA or changes to normal chromatin 

packaging (Sakkas et al., 1996).  Also, decreased sperm quality has been related to sperm 

nuclear integrity and men with sperm abnormalities have more spermatozoa with loosely 

packed chromatin and more endogenous DNA strand breaks (Sakkas et al., 1998).  

Alterations in sperm chromatin might result in defective decondensation during 

fertilization, a delay in the formation of the male pronucleus and first cleavage division, 

and a subsequent decrease in embryonic development (Hamamah et al., 1997). The 

structural integrity of the intact fertilizing spermatozoon appears to contribute to normal 

early embryogenesis (Colombero et al., 1999).  
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Even though we have not directly assessed sperm binding in the present study, the 

presence of a sperm head in the ooplasm confirmed our results that abnormal 

spermatozoa were capable of binding and penetrating the oocyte.  However, the lower 

sperm penetration rate (Table 3) for the post- insult zygote group for Bull I and III and the  

higher percentage of matured oocytes without a sperm heads present in the ooplasm may 

indicate that certain percentages of spermatozoa within these semen samples were unable 

to bind and penetrate the ZP.  The primary reason for failure of IVF is the inability of 

abnormal spermatozoa to bind and penetrate the zona and abnormally shaped sperm 

heads do not obtain the necessary configuration of receptors allowing proper binding to 

zona proteins Meistrich et al. (1994).  Likewise, Oehinger et al. (1998), Nikolettos et al. 

(1999), and De Croo et al. (2000) concluded that the morphological features of 

spermatozoa were of importance only for fertilization, but not for subsequent embryonic 

development.  

In this study we found sperm penetration rates to be optimized at 6 hpi for all four 

the bulls (Table 3), and the observed decrease in the sperm penetration rates between the 

pre- and post-insult zygotes corresponded with the reported decrease in the percentage of 

zygotes that were fertilized (Table 4) at 18 hpi and also the embryos that cleaved for Bull 

I and III in our previous study (Walters et al., 2004b). Conversely, the higher sperm 

penetration rates for Bull II and Bull IV corresponded with a higher fertilization and 

cleavage rates for the equivalent treatment groups.  Initial reports indicated that the 

paternal effect was first expressed after pronuclear formation. Bulls of higher fertility 

produced embryos that cleaved to the 2-cell stage earlier and had a higher probability of 

developing to the blastocyst stage in vitro (Eid et al. 1994).  However, the kinetics of 

bovine fertilization have been reported by several studies (Lonergan et al 1997; Hyttel et 

al., 1997; Sirard et al., 1989; Ward et al., 2002) that demonstrated a marked difference in 

the rate at which the sperm penetrated the oocytes, showing there is a relationship 

between the time of first cleavage and the fertilization kinetics for individual bulls which 

may explain the observed differences in cleavage rates, blastocyst formation and field 

fertility. Bulls of known high field fertility are apt to have a higher sperm penetration rate 

in comparison with bulls that have low field fertility.  Thus, higher sperm penetration 

rates will lead to early cleaving embryos, which were shown to be developmentally 
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superior to those embryos which cleaved later (Lonergan et al., 1999; Walters et al., 

2004b). 

Our results found that synchrony between the maternal and paternal pronuclear 

formation was minimal during the early stages and was greater during the later stages. An 

interesting finding was that the decrease of paternal pronuclear formation was 

accompanied by a decrease of the maternal pronuclear formation over the 18 h time 

period in bulls responding to scrotal insulation and we speculated that the penetrating 

spermatozoon were inadequate for activating the oocyte and suppressing maternal 

pronuclear development. This observation was supported by Wei and Fukei (2000) who 

concluded that the male pronucleus (MPN) regulated the development of female 

pronucleus (FPN) to achieve synchronous development. However, the decondensation of 

spermatozoa and the formation MPN are dependent on the resumption of the second 

reductional division of oocyte and formation of FPN.  

We found pronuclear formation for both the pre- and post- insult zygote groups for 

Bull II (Figure 4c; Table 6b) and Bull IV(Figure 4d; Table 6d), including the pre- insult 

groups for Bull I (Figure 4a; Table 6a) and III (Figure 4b; Table 6c) progressed normally 

through the described stages of pronclear development and after 18 hpi a greater 

percentage of zygotes exhibit two fully developed pronuclei within close proximity of 

one another (Figure 5a-d; Xu and Greve, 1988).  The observed pronuclear development 

for the post- insult groups for Bull I and Bull III was severely suppressed and for the 

greater percentage of presumptive zygotes a condensed sperm head was observed along 

with a female pronucleus that had not yet complete the secondary meiotic divisions and 

development was arrested at MII, anaphase or telophase (Figures 1b; 1c; Table 6a and 

6b). For a limited number of zygotes from these two groups the female pronuclei had 

completed meiosis and signs of decondensation could be observed.  

Asynchronous cleavage patterns in fertilized oocytes may be due to variations in 

sperm penetration times (Neuber et al., 2002). Delayed male pronuclear formation and 

asynchronous pronuclear development were reported in cattle and may be harmful for 

close apposition of pronuclei (Li et al., 1993; Iwasaki and Li, 1994; Wei and Fukei, 1999; 

Li et al., 2003).  In hamsters and pigs it was shown that the formation of the female 

pronucleus preceded the formation of the male pronucleus, and was correlated with the 
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content of S-S bonds in sperm nucleus (Perreault et al., 1987; Nagy et al., 1994) and it 

was proposed that the time needed by different spermatozoa to decondense varied 

depending on their nuclear disulfide bond content.  

Agarwal and Said (2003) confirmed that sperm DNA integrity is essential for the 

accurate transmission of genetic information. Sperm decondensation defects and DNA 

anomalies may be underlying factors for the unrecognized derangements of the fertilizing 

capacity of spermatozoa, regardless of sperm morphology. Therefore, the failure of sperm 

decondensation in the oocytes may be a consequence of a subtle sperm abnormality, such 

as a structural or biochemical defect associated with chromatin packing or organization 

during spermatogenesis and could be associated with the failure of the male pronucleus to 

develop (Hammadeh et al., 2001).  

There is a relationship between chromatin structure, DNA damage and gross 

abnormal sperm morphology (Ballachey et al., 1988; Karabinus et al., 1997; Dobrinski et 

al., 1994; Kishikawa et al., 1999; Acevedo et al., 2002).  The more stable the sperm 

chromatin, the higher the likelihood of fertilization occur ing normally (Roux and 

Dadoune, 1989; Duran et al., 1998).  Foresta et al. (1992) found that spermatozoa with 

abnormal nuclear chromatin organization were more frequent in infertile men than in 

fertile men.  In humans the pregnancy rate decreases progressively when > 30% of the 

spermatozoa have chromatin/DNA damage (Agarwal and Said, 2003).  

Fenwick et al. (2002) postulated that the link between first cleavage and 

blastocyst formation relies on the presumptive zygotes undergoing normal DNA 

replication. It is well documented that the duration of the S-phase and the onset are 

regulated by paternal factors in cattle. It is conceivable that zygotes with shorter S-phases 

are predisposed to incomplete or aberrant DNA replication (Eid et al. 1994; Lonergan et 

al 1997; Hyttel et al., 1997; Sirard et al., 1989; Ward et al., 2002), which is unlikely to be 

compatible with normal development to the blastocyst stage.  In humans it is been 

demonstrated that early-cleaving embryos produce significantly higher clinical pregnancy 

rates than late-cleaving embryos (Salumets et al., 2003). These differences can be related 

to the differences observed during the cell cycle and in addition may be associated with 

nuclear head shape.  
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In conclusion our results suggest that the failure of fertilization is associated with 

an absence of normal decondensation of the penetrating spermatozoon. Furthermore, we 

speculate that abnormal decondensation is related to improper chromatin condensation. 

Hence, sperm maturation is impaired during thermal insult not allowing for normal 

decondensation after penetration of the oocyte. The results from this study extend the 

results from our previous studies (Walters et al., 2004b) and provide compelling evidence 

that the impact of morphologically abnormal spermatozoa occurred prior to cleavage and 

is manifested during the early stages of fertilization. These observations agree with the 

hypothesis of uncompensable seminal traits confirmed by earlier studies and show low 

fertility could not be overcome by sperm concentration increases alone. The reasons for 

the failure of sperm head decondensation after penetrating the ZP were not exactly clear, 

however the severe decrease in pronuclear formation, more specifically the absence of 

paternal decondensation was associated with an drastic increase in the combination of 

sperm head abnormalities in the semen samples that were used and make us believe that 

the condensed sperm heads present in the ooplasm were presumably morphologically 

abnormal. Thus, the inability of these spermatozoa to fertilize oocytes was induced 

during spermiogenesis, most likely during chromatin condensation and will be worth 

exploring in future studies. 
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CHAPTER SIX 

6.1 SUMMARY  

Numerous studies have been conducted to study the production of bovine 

embryos in vitro. These studies have a routine research tool with multiple implications 

for both the dairy industry as well as the study of human infertility, more specifically 

male infertility which has become more prominent of the recent years. Our increased 

understanding of the cellular mechanisms regulating the development of preimplantation 

embryos has led to a number of checkpoints for evaluation of the normality of embryos 

created by in vitro procedures.  

The use of scrotal insulation to induce a mild thermal insult to the testis is an 

effective method to obtain semen samples with high and low percentages of 

morphologically abnormal spermatozoa.  Despite, the effectiveness of this method, it is 

evident that all bulls are not affected equally and the use of a within bull control is 

essential for accurate assessment of the effect of aberrant spermatozoa on embryonic 

development.  Moreover, when semen samples with a high percentage of abnormal 

spermatozoa are used for IVF, the outcome of swim-up and/or Percoll separation 

methods used might be insufficient to allow successful embryo development. Our data 

implied that both separation methods were inadequate in their ability to provide 

potentially competent sperm for IVF. However, selecting appropriate sperm separation 

procedures could improve the IVF embryonic development of semen from bulls used for 

artificial insemination.  

Furthermore, the types of abnormalities induced by scrotal insulation could be 

partially overcome by an increase in the heparin concentration and this suggests that for 

morphologically abnormal spermatozoa it is possible that they may undergo capacitation 

despite possible structural changes to the plasma membrane.  The differential effect on 

subsequent embryo development after using spermatozoa with morphological 

abnormalities seems to be multifaceted and related to changes in head shape morphology, 

but is most likely related to factors beyond morphology alone and extended to the 

integrity of the sperm chromatin structure, since there is a high correlation between shape 

of the sperm head and chromatin stability.  
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Since our results provided compelling evidence that the impact of 

morphologically abnormal spermatozoa occurred prior to cleavage and is manifested 

during the early stages of fertilization, we suggest that the failure in fertilization is 

associated with an absence of normal decondensation of the penetrating spermatozoon. 

Furthermore, we speculate that abnormal decondensation is related to improper 

chromatin condensation. Hence, sperm maturation is impaired during thermal insult not 

allowing for normal decondensation after penetration of the oocyte. These observations 

provide credence to the hypothesis of uncompensable seminal traits that show low 

fertility could not be overcome by sperm concentration increases alone. The reasons for 

the failure of sperm head decondensation, after penetrating the ZP were not exactly clear, 

however the severe decrease in pronuclear formation, more specifically the absence of 

paternal decondensation was associated with an drastic increase in the combination of 

sperm head abnormalities in the semen samples used and leads us to believe that the 

condensed sperm heads present in the ooplasm were presumably morphologically 

abnormal. Thus, the inability of these spermatozoa to fertilize oocytes was induced 

during spermiogenesis, most likely during chromatin condensation and will be worth 

exploring in future studies. The effect of spermatozoa with potentially perturbed DNA on 

fertilization and embryo development needs further investigation to elucidate the 

mechanisms involved in the fertilizing ability of bovine spermatozoa, ultimately to 

provide more insight into the differences between compensable and uncompensable traits 

of bovine spermatozoa.   

Exploring the impact of morphologically abnormal spermatozoa on embryo 

quality at a cellular level provided evidence that extended previous findings that embryo 

quality and its ability to develop to an advanced stage and eventually implant and give 

rise to an offspring are multifaceted events and not one factor can be singled out as the 

sole trigger of PCD. It can be speculated that in order to survive, embryos have to be of 

good quality at the initial cleavage, and that fertilizing embryos with semen from high 

fertility semen will allow for a greater potential to reduce PCD. It is clear from our results 

and previously reported data that at any given time the incidence of apoptotic events 

should be measured by more than one system. The nature of PCD as a cascade of events 

occurring over a given time period does not allow for accurate estimation at any 
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particular time point and should be kept in consideration. The use of LSCM and related 

image software programs has become a great attribute for interpretation of data with 

more accuracy. The inability to consistently measure apoptosis in early stage embryos, 

before the embryonic genome activation, complicates the assessment of differences in 

embryo quality.  Thus, it is uncertain exactly when the differences in embryo quality are 

first manifest, especially if the morphology of spermatozoa involved plays a major role in 

activation of the apoptotic cascade. Despite the discrepancies, our results clearly 

indicated a difference in the embryo quality between embryos obtained after IVF with 

semen samples from bulls that had an intense response to scrotal insulation. 

Future Research 

It will be worthwhile to determine the exact cause or mechanism for failure of 

abnormal spermatozoa to fertilize oocytes. We speculate that it is associated with lack of 

sperm head decondensation. Recently, it has become apparent that sperm cell death 

during spermatogenesis occurs mainly via apoptosis. It has two main roles by limiting the 

germ cell population to numbers that can be supported by the Sertoli cells and, possible 

the selective depletion of abnormal spermatozoa. Spermatozoa from infertile men that 

were characterized as being abnormal are known to have high levels of DNA strand 

breaks that are indicative of apoptosis. At present it is not clear whether this resulted from 

an increased induction of DNA strand breaks or from a defective apoptotic mechanism 

failing to complete cell death before ejaculation (Sakkas et al., 2002; Seli et al., 2004). 

It is well known that the modification in chromosomal structure occurring in 

elongating spermatids emerges as an important contribution to the nuclear integrity and 

acquisition of full fertilizing potential of the male gamete and the effect of sperm 

chromatin integrity on the outcome of pregnancy rate has been demonstrated (Ahmadi 

and Ng, 1997; Evenson et al., 1999; 2002).  In addition to nuclear protein exchange the 

chromatin remodeling process involves the elimination of the free DNA supercoils 

created by nucleosome withdrawl and this modification in DNA requires DNA strand 

breakage that can be detected by the TUNEL assay (Risley et al., 1986; Ward, 1994; 

Evenson et al., 1999; 2002). However, it was not readily apparent if this involves only a 

fraction of the elongating spermatid population or the population as a whole. Studies have 

shown TUNEL labeling occurs in 20 to 40% of the seminiferous tubules, suggesting a 
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stage-specific appearance of DNA strand breaks in elongating spermatids (Smith et al., 

1998; Marcon and Boissonnealt, 2004).  A more specific assessment of the extent and 

stage specificity of the transient DNA strand breaks is needed to provide further insight 

regarding the integrity of sperm chromatin and the subsequent impact of the male gamete 

during fertilization (Marcon and Boissonnealt, 2004). Furthermore, the possibility of an 

increase in DNA strand breakage after a mild increase in testicular temperature, induced 

by the scrotal insulation model (Setchell, 1998), needs to be explored. 

Removal of defective spermatozoa can be performed at various levels: nuclear 

level, the cytoskeletal level, and the organelle level.  It has been postulated that defective 

centrosomes can result into abnormal cleavage and contribute to infertility (Seli et al., 

2004).  There is compelling evidence that the sperm chromatin integrity can be 

determined by using diagnostic tools such as sperm chromatin structure assay (SCSA) 

and TUNEL (Smith et al., 1998; Rusell et al., 2002; Sakkas et al., 2002). Using these 

measures in combination with molecular cellular makers that can be detected by LSCM 

can hopefully determined more precisely the cause of failure of spermaotozoa to 

participate in the normal events of fertilization.  Likewise, if a lack of sperm head 

decondensation can be determined, then it might be worth assessing the feasibility of 

treating abnormal spermatozoa prior to IVF, without destroying their integrity, to 

enhance their ability to decondense and participate in fertilization. 

Furthermore, it will be worthy to determine the fertilizing potent ial of an 

individual sperm cell despite practical difficulties. Several studies have been conducted to 

prove that ICSI can be done successfully in bovine species (Wei and Fukei, 1999; 2000) 

and it can become an effective method in the future to observe the ability of an individual 

spermatozoon with defined abnormalities to fertilize an oocyte and evaluate its ability to 

sustain subsequent embryo development.  In support, studies done in humans have shown 

that fertilization is severely impaired when profoundly abnormal spermatozoa are used 

for ICSI, yet the specific abnormality was not defined (Moomjy et al., 1998).  
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APPENDIX A 

Chapter Four 

Table 2. Analysis of variance for interaction between bull and semen sample 
collection day for apoptotic index (%) for TUNEL positive cell activity in d 8 
embryos. 

Variable  df Mean Squares 

Bull 3 70.8 

Rep 2 21.7 

trt 2 1005.9 

Bull*trt 6 918.4* 

covariate‡ 1 9417.2* 

error 367 349.8 
*P < 0.01 
‡laboratory control bull, described elsewhere 

 

Table 3. Analysis of variance for the interaction between bull, semen sample 
collection day for total cell number per blastocyst for TUNEL-positive cell activity 
for d 8 embryos. 

Variable  df Mean Squares 

Bull 3 488.7 

Rep 2 527.4 

trt 2 235.7 

Bull*trt 6 2357.9* 

Covariate‡ 1 4711.1* 

error 266 673.1 
*P < 0.01 
‡laboratory control bull, described elsewhere in text 
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Table 5 Caspase activity for d 4 and d 8 embryos. Three way interaction between 

bull and semen sample collection day. Intensity was measured as number of pixels 

per AOI. 

Variable  df Mean Squares 

Bull 3 1672132.2* 

trt 2 799490.8* 

day 1 16205838.9* 

Bull*trt 6 175922.8 

Bull*trt*day 11 679395.0* 

error 290 172575.0 

*P < 0.01 
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Chapter Five 

Table 2 The progressive changes in pronuclear formation* at 6, 9, 12, 15 and 18 
hpi between the pre- and post- insult zygote groups for Bull I, II, III and IV. 

Variable  df F-value 

Bull  3 292.44* 

Rep 2    0.24 

Trt 1 452.4* 

Hour  4   37.7* 

Bull*rep 6     9.6* 

Rep*hour 8     1.32 

Bull*hour 12   22.3* 

Rep*trt 2     0.59 

Trt*hour 4   57.24* 

Bull*rep*trt 6     1.16 

Bull*trt 3 133.9* 

Bull*trt*hour 12  10.58* 

covariate 1    1.82 

error 3906 1.97 
* P < 0.01 
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