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Abstract  Sperm quality of boars depends on both intrinsic (genetic) factors and 
extrinsic (environmental/husbandry) factors. In relation to intrinsic factors, an 
increased reproductive efficiency of crossbred boars as compared with purebreds 
manifests the importance of heterosis in this context. Studies on semen traits have 
demonstrated that some parameters have greater heritability than others, such 
as semen volume. At the same time there is a poor relationship between seminal 
parameters and fertility that limits the sensitivity and specificity of cut-off values 
based on these traits to select boars. Recent studies have pointed out the importance 
of selecting high-fertility boars according to their testis size at pre-pubertal age. 
Genetic defects in testicular size and structure, such as in cases of cryptorchidism, 
result in partial or total arrest of spermatogenesis at post-pubertal age. In relation 
to extrinsic factors, the ambient temperature, photoperiod, and rhythm of semen 
collection are negatively correlated with the reproductive performance of boars, 
whereas food supplementation, social contact with other pigs and the accuracy of 
semen processing protocols are positively correlated with artificial insemination 
(AI) outcomes.Certain divergences in the effects of these factors on individuals 
could be mainly attributed, although not exclusively, to the nature of the breed.

4.1 � Introduction

The reproductive performance of boars is usually monitored by analyzing semen 
quality. In assisted reproduction, threshold values for sperm concentration, sperm 
motility, and sperm morphology have been established in order to obtain high fertility 
and prolificacy rates (Bonet et al. 2000; Casas et al. 2009, 2010). Semen quality is not 
only a proxy measure of boar fertility, but it also has sire effects on pig production in 
terms or reproductive performance of progeny (Smital 2009; Huang et al. 2010).
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Monitoring and analyzing the quality of boar semen has great economic impor-
tance for pig breeders; the economic return of an artificial insemination (AI) center 
primarily depends on the boar’s ability to produce spermatozoa (Robinson and 
Buhr 2005). Boars consistently producing high-quality ejaculates are crucial in AI 
programs due to the limited number of insemination doses that can be obtained 
from one ejaculate (Ciereszko et al. 2000; Estienne and Harper 2004). During 
the practice of AI the characteristics of collected semen are usually evaluated to 
ensure its quality before service (Petrunkina et al. 2007). Unfortunately, sperm 
production of boars can fluctuate up and down as much as 25–30 % throughout 
the year, forcing AI centers to keep additional boars to compensate for these shifts 
(Ciereszko et al. 2000; Sancho et al. 2004).

The reproductive efficiency of AI boars can be evaluated by different indica-
tors such as semen quality (Smital 2009; Dyck et al. 2011; Yeste et al. 2010, 2011), 
fertility (Flowers 2002; Gadea 2005) and sexual behavior (Levis and Reciks 2005; 
Hemsworth and Tilbrook 2007; Frydrychová et al. 2011). A number of tests have 
also been developed to assess sperm functionality and in vitro fertility (Popwell and 
Flowers 2004; Bussalleu et al. 2005; Lovercamp et al. 2007; Foxcroft et al. 2008). 
Nevertheless, the limited repeatability, technical complexity, and high cost of these 
tests have impeded their widespread application in field conditions (Dyck et al. 2011).

Semen quality is routinely assessed by determining semen volume, sperm 
concentration, total number of spermatozoa per ejaculate, sperm viability, sperm 
motility, and sperm morphology (Pruneda et al. 2005; Casas et al. 2009, 2010). All 
these traits are only partial semen characteristics and it is impossible to determine 
semen quality on the basis of only one of them (Smital et al. 2004; Bussalleu et al. 
2005). In vivo fertility of boars is currently evaluated from the farrowing rate and 
the litter size, the latter being expressed as the total number of piglets born or the 
number of piglets born alive (Gadea 2005). Sexual behavior is assessed by record-
ing the duration of time between the boar entering the collection pen and mount-
ing the dummy, the number of mounts before ejaculation starts, and the duration 
of ejaculation (Levis and Reicks 2005).

Reproductive performance of boars depends on genetic or intrinsic factors such 
as breed (Smital 2009; Wolf 2009), age (Huang et al. 2010) and testicular size 
(Clark et al. 2003; Pinart et al. 1999a), on environmental extrinsic factors like tem-
perature (Ciereszko et al. 2000; Yeste et al. 2010) and photoperiod (Sancho et al. 
2004, 2006; Yeste et al. 2010), and on husbandry extrinsic factors such as semen 
collection rhythm (Pruneda et al. 2005), nutrition (Yeste et al. 2010, 2011) and, 
social environment (Kunavongkrit et al. 2005).

4.2 � Genetic or Intrinsic Factors

Little data exist about the heritability of reproductive traits. Despite the fact that 
heterosis (also known as hybrid vigor or outbreeding enhancement) might have an 
important impact on the pig industry (Smital et al. 2004), only few reports exist on 
the evaluation of crossbreeding effects on reproductive traits of boars and most of 
them are based on small datasets and/or a small number of males.
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Numerous studies involving multiple genetic lines have reported large individ-
ual variations in the seminal quality of boars, whereas others have demonstrated 
that crossbred boars usually produce the highest seminal quality, followed by pure-
bred terminal lines and lastly, purebred maternal lines (Sonderman and Luebbe 
2008). The differences between purebreds and crossbreds also include sensitivity 
to seasonal infertility, ejaculate volume per age interactions, optimum collection 
frequency, rate of ejaculates discarded due to poor quality, age of puberty, libido, 
and trainability, and sperm lifespan (Sonderman and Luebbe 2008).

4.2.1 � Breed

4.2.1.1 � Differences Among Breeds in Reproductive Parameters

Breed Differences in Semen Quality

There are few comparative studies focusing on the seminal characteristics of boar 
breeds. Among these, five comprehensive trials should be mentioned since they 
present a good overview of the importance of the breed on seminal features (Park 
and Yi 2002; Smital et al. 2004; Smital 2009; Wolf 2009; Wolf and Smital 2009). 
Briefly, many ejaculates from boars of different purebred populations were col-
lected and assessed over a long period of time. Data obtained from these extensive 
studies indicate that Large White boars appear to have the highest seminal volume, 
followed by other breeds in this sequential order: Yorkshire, Czech Landrace and 
Czech Large White, Pietrain, Czech Meat Pig, Prestice Black-Pied Hampshire, 
and Duroc boars. The coefficient of variation among breeds for semen volume is 
estimated at 30–40 % (Smital et al. 2004) (Table 4.1).

Table 4.1   Breed ranking for seminal volume

Breed Seminal  
volume (ml)

References

Large white 350
270

Smital et al. (2004)
Wolf (2009); Wolf and Smital 

(2009)
Yorkshire 280 Park and Yi (2002)
Czech landrace 270 Smital et al. (2004); Wolf (2009)
Czech large white 270 Smital et al. (2004); Wolf (2009)
Pietrain 270

240
Wolf 2009; Wolf and Smital 2009
Smital et al. (2004)

Czech meat pig 250
215

Wolf (2009)
Smital et al. (2004)

Prestice black-pied 235 Smital et al. (2004)
Hampshire 220 Smital et al. (2004)
Duroc 200

160
Wolf 2009; Wolf and Smital (2009)
Park and Yi (2002); Smital et al. 

(2004)



112 E. Pinart and M. Puigmulé

Smital et al. (2004) reported that the Large White breed also has the highest 
total number of spermatozoa (120 ×  109 spermatozoa/ejaculate), whereas in the 
remaining breeds the total number of spermatozoa ranges between 100 × 109 and 
80 × 109 spermatozoa/ejaculate. Ranking breeds from the highest to the lowest in 
sperm number resulted in the following sequence: Czech Landrace, Czech Large 
White, Hampshire, Prestice Black-Pied, Pietrain, Czech Meat Pig, and Duroc. 
According to these results it was concluded that the coefficient of variation among 
breeds for total number of spermatozoa is of 30–40  %, the same as for semen 
volume. In contrast, Wolf and Smital (2009) reported that the Pietrain breed pro-
duces the highest total number of spermatozoa (118 × 109 spermatozoa/ejaculate) 
followed by Large White (101  ×  109 spermatozoa/ejaculate) and Duroc breeds 
(94 × 109 spermatozoa/ejaculate). Such variability in records reflects a differential 
behavior among individuals and stresses the difficulty of validating single values 
for a given breed when dealing with reproductive parameters.

Differences also exist among breeds in terms of sperm concentration within 
the ejaculate, so that higher values have been recorded in Duroc breed and lower 
values in Large White breed (Wolf 2009; Wolf and Smital 2009). As for seminal 
volume and total number of spermatozoa per ejaculate, the coefficient of variation 
among breeds for sperm concentration ranges between 30 and 40 % (Smital et al. 
2004) (Table 4.2).

Little data has been published about the differences among breeds in sperm 
membrane integrity, sperm motility, and sperm morphology. The total number 
of live (intact membrane) spermatozoa is about 86 ×  109 spermatozoa/ejaculate 
in Large White boars, 72  ×  109 spermatozoa/ejaculate in Czech Landrace and 
Prestice Black-Pied boars, 71 × 109 spermatozoa/ejaculate in Czech Large White 
boars, 68  ×  109 spermatozoa/ejaculate in Hampshire boars, 66  ×  109 sperma-
tozoa/ejaculate in Czech Meat Pig, 64  ×  109 spermatozoa/ejaculate in Pietrain 
boars, and 59 ×  109 spermatozoa/ejaculate in Duroc boars (Smital et al. 2004). 
The coefficient of variation among breeds in sperm membrane integrity is also 
of 30–40  % (Smital et al. 2004). Total sperm motility (expressed as percentage 
of motile spermatozoa) has an average of 74–77 %, with low differences among 
breeds (Wolf 2009; Wolf and Smital 2009). According to this, Smital et al. (2004) 

Table 4.2   Breed ranking for sperm concentration

Breed Sperm concentration
(spermatozoa/mm3)

References

Duroc 490 × 103 Wolf (2009); Wolf and Smital 
(2009)

Czech meat pig 480 × 103 Wolf (2009)
Pietrain 450 × 103 Wolf (2009); Wolf  

and Smital (2009)
Czech large white 424 × 103 Wolf (2009)
Czech landrace 417 × 103 Wolf (2009)
Large white 400 × 103 Wolf (2009); Wolf  

and Smital (2009)
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found a coefficient of variation for sperm motility of less than 10 % among breeds 
(Smital et al. 2004). On the other hand, divergences exist between studies with 
regard to sperm morphology. Wolf (2009) and Wolf and Smital (2009) found little 
differences among breeds in the percentage of aberrant spermatozoa, calculating 
ranges between 8.5 and 11.5 %, whereas Smital et al. (2004) found that the highest 
coefficient of variation among breeds for a seminal parameter was manifested in 
the proportion of aberrant spermatozoa, with a variation of 80 %.

In the study by Smital et al. (2004), Large White boars exceeded by far all 
other purebreds in all semen parameters analyzed, whereas Duroc boars had the 
poorest sperm output. Despite these results, most authors agree that no breed 
excels in all semen characteristics and that breeds differ basically in semen vol-
ume and total number of spermatozoa per ejaculate (Kennedy and Wilkins 1984; 
Ciereszko et al. 2000; Park and Yi 2002; Flowers 2008; Sonderman and Luebbe 
2008; Smital 2009; Wolf 2009). In a more recent study, Smital (2009) also 
concluded that differences among breeds in semen traits correlate with sperm 
production, but they do not with sperm quality. Considering the total number of 
spermatozoa, Smital (2009) classified Pietrain, Czech Meat Pig, and Czech Large 
White as above-average breeds, Landrace, Hampshire, and Large White as aver-
age breeds, and Duroc as a below-average breed. In another extensive study 
examining the sperm production of purebred boars, Kennedy and Wilkins (1984) 
found that Yorkshire boars routinely produce 10–12 × 109 more spermatozoa than 
Hampshire, with Landrace and Duroc producing intermediate amounts. It is likely 
that these differences among studies in the sperm production of boar breeds are 
related to different environmental, social, and husbandry factors.

Boar breeds also differ in the refrigerability of seminal doses. Sonderman and 
Luebbe (2008) found that ejaculates from Hampshire boars are very sensitive to 
dilution and refrigeration at 15–17 °C, resulting in a significant decrease in sperm 
quality and fertility of refrigerated doses 24 h after semen collection. In contrast, 
ejaculates from both Yorkshire and Duroc are resistant to refrigeration conditions 
since their sperm quality and fertility are stable during the first 3 days of refrigera-
tion, whereas Landrace boar ejaculates exhibit average refrigerability (Sonderman 
and Luebbe 2008). Maternal line breeds are reported to be more sensitive to stor-
age conditions than terminal line breeds (Sonderman and Luebbe 2008).

Discrepancies exist about the freezability of semen doses from different breeds. 
According to Waterhouse et al. (2006), ejaculates from Duroc boars exhibit better 
freezability than those of Landrace boars, as confirmed by the higher percentage 
of spermatozoa with intact plasma membrane and intact acrosome in post-thawed 
samples from Duroc males. Moreover, a positive correlation exists between the 
proportion of viable post-thaw spermatozoa and the ratio of polyunsaturated fatty 
acids (PUFA), which is of 0.64 and 0.67 for Landrace and Duroc boars, respec-
tively (Waterhouse et al. 2006). In contrast with these results, Roca et al. (2006) 
found that Landrace and Pietrain boars have higher post-thaw sperm motility, 
membrane integrity, mitochondrial membrane potential, and acrosomal integrity 
than Large White, Duroc, and Yorkshire boars. Nevertheless, according to this last 
reference the variance in post-thaw semen quality measurements is not explained 
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by breed due to the considerable variability among boars within the same breed. 
Other studies found farrowing rates 20  % greater in post-thawed spermatozoa 
from Large White boars as compared with Landrace boars, whereas farrowing 
rates of fresh semen from the same boars were higher for Landrace than for Large 
White males (Johnson et al. 1981, 1982).

Effect of Heterosis on Semen Quality

Heterosis is manifested in an increased reproductive efficiency of crossbred ani-
mals as a result of a faster development in comparison to purebreds, a lower age at 
puberty, a greater weight at a constant age, a greater testicular weight and a higher 
seminal quality (Smital et al. 2004; Flowers 2008; Smital 2009). Hybrid boars 
below 8 months of age have a stronger libido, greater semen volume, higher sperm 
motility, lower frequency of abnormal spermatozoa and higher pregnancy rates 
than purebred boars; nevertheless, these differences diminish at the age of maturity 
(Smital et al. 2004).

For each semen trait, heterotic effects are estimated from the average value of 
semen characteristics of the hybrid progeny and the mid values of purebred par-
ents (Wolf and Smital 2009). The heterotic effect of crossing on semen traits is 
calculated from:

where, breedA×B equal the effect for the crossbred combination A × B, and breedA 
and breedB equal the effects of breeds A and B. Heterosis can range from 0 (lack 
of heterotic effect) to 1 (total heterosis), the results being expressed in absolute 
terms or in percentage.

Although heterosis for semen traits is high, not all crossings result in increased 
semen quality (Smital et al. 2004; Smital 2009; Wolf and Smital 2009). The effects 
of heterosis on semen traits are extensively studied in two studies using large num-
bers of purebred and crossbred boars over a long time period. In the first study 
(Smital et al. 2004), a significant heterotic effect on sperm quality was found; 
manifestation of heterosis was less impressive in the second study (Smital 2009). 
The differences between both studies could probably have been related again to 
external ambient factors, husbandry factors, age of boars, and/or semen collec-
tion rhythm. Despite these differences, results from both studies indicate that 
heterosis results in increased semen volume and total number of spermatozoa in 
nearly all crossings, which usually ranges from 3 to 10 %. A favorable heterotic 
effect for sperm concentration, sperm membrane integrity, and sperm motility is 
only described in a few crossings. The heterotic effect on the percentage of abnor-
mal spermatozoa in the Duroc × Large White crossing is manifested only at 5 % 
(Smital 2009). In the crossings of Duroc × Large White, Duroc × Pietrain, and 
Large White × Pietrain, the decrease in the frequency of abnormal spermatozoa 
ranges from 10 to 23 % as compared with their purebreds (Wolf and Smital 2009) 
(Table 4.3).

hA×B = crossingA×B − 1/2 (breedA + breedB)
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Table 4.3   Heterotic effect of different crossings on semen traits

Crossing Heterotic effect References

Duroc ×  
Large white

Semen volume 3 % Smital et al. (2004)
Total number of  

spermatozoa/ejaculate
No heterosis Smital (2009)

Sperm concentration 4 % Smital (2009)
No heterosis Wolf and Smital 

(2009)
Sperm motility No heterosis Smital (2009)

Large white ×  
Pietrain

Semen volume 4 % Smital (2009)
6–7 % Wolf and Smital 

(2009)
Total number of  

spermatozoa/ejaculate
3 % Smital (2009)

Sperm concentration No heterosis Wolf and Smital 
(2009)

Sperm motility No heterosis Smital (2009)
Czech landrace ×  

Duroc
Semen volume 10 % Smital et al. (2004)
Total number of  

spermatozoa/ejaculate
13 % Smital et al. (2004)

Sperm viability 10 % Smital et al. (2004)
Czech meat pig ×  

Pietrain
Semen volume 17 % Smital et al. (2004)

No heterosis Smital (2009)
Total number of  

spermatozoa/ejaculate
10 % Smital et al. (2004)

Sperm concentration 17 % Smital (2009)
Sperm viability 5 % Smital et al. (2004)
Sperm motility No heterosis Smital (2009)

Duroc ×  
Hampshire

Semen volume 23 % Smital et al. (2004)
12 % Smital (2009)

Total number of  
spermatozoa/ejaculate

8 % Smital et al. (2004);  
Smital (2009)

Sperm viability No heterosis Smital et al. (2004)
Sperm motility 2 % Smital (2009)

Hampshire ×  
Pietrain

Semen volume 32 % Smital et al. (2004)
12 % Smital (2009)

Total number of  
spermatozoa/ejaculate

18 % Smital et al. (2004)
6 % Smital (2009)

Sperm viability 10 % Smital et al. (2004
Sperm motility 2 % Smital (2009)

Duroc × Pietrain Semen volume 6–7 % Wolf and Smital 
(2009)

No heterosis Smital (2009)
Total number of 

 spermatozoa/ejaculate
No heterosis Smital et al. (2004);  

Smital (2009)
Sperm concentration No heterosis Wolf and Smital 

(2009)
Sperm viability No heterosis Smital et al. (2004)
Sperm motility No heterosis Smital (2009)
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Breed Differences in Fertility

Boars, as independent individuals, are a significant source of variation with 
regards to the success of both in vivo (Long et al. 1999) and in vitro (Flowers 
1997) fertilization. However, owing to several technical difficulties only a few 
studies have attempted to investigate whether there is a genetic component for 
these differences. The low number of sows that can be inseminated from a single 
ejaculate makes it difficult to evaluate boar effects independently from those of the 
sow (Flowers 2008). Moreover, in commercial production, pooling ejaculates from 
several boars has gained widespread acceptance, especially in the USA, because it 
has been reported to increase the efficiency of insemination doses (Flowers 2008). 
Consequently, most commercial boar studs do not routinely collect data that can 
be used to assess individual male fertility and this practice prevents litter size 
and farrowing rates being used as descriptors of the fertility of individual males 
(Flowers 2008).

An extensive study conducted in a 200-boar stud provides some insight into the 
phenotypic variation of fertility among AI boars (Flowers 2002). Individuals vary 
in terms of the insemination dose required to reach a plateau, and the number of 
piglets born alive at the plateau. For some boars, there is a robust response in lit-
ter size as the sperm number in the insemination dose increases, whereas for oth-
ers the change is less pronounced. Moreover, there are no clear differences among 
breeds in fertility patterns; and the proportion of boars that exhibit asymptotic and 
linear responses to increases in sperm numbers and the overall number of piglets 
born alive is similar among breeds (Flowers 2002, 2008). It is widely accepted that 
crossbred boars are more likely to produce higher litter sizes than purebred boars 
(Flowers 2008). On the other hand, regardless of the breed or the crossing, some 
boars used in AI programs are capable of producing exceptional fertility results 
with low numbers of spermatozoa (Flowers 2008). Therefore, development of pro-
spective fertility tests for semen is of paramount importance for the identification 
of boars with extreme phenotypes.

The farrowing rate differs considerably among breeds. Sonderman and Luebbe 
(2008) reported that Meishan boars have the highest farrowing rates (92.2  %) 
followed by Duroc boars (78.1  %), whereas Yorkshire (73.8  %) and Landrace 
(71.8 %) boars have the lowest farrowing rates. Some studies have suggested that 
the differences among breeds, and even among individual boars in fertilizing abil-
ity, are related to differences in sperm head dimensions (Peña et al. 2006; Saravia 
et al. 2007), high-fertility boars producing spermatozoa with smaller and shorter 
heads than low-fertility boars (Hirai et al. 2001).

Breed Differences in Reproductive Performance

Sexual behavior in boars has not been studied to the same extent as other repro-
ductive traits. In a trial based on the exposition of boars to gilts in estrus, the 
authors concluded that little differences exist within and among breeds in the 



1174  Factors Affecting Boar Reproduction, Testis Function, and Sperm Quality

sexual behavior of males, despite crossbred boars exhibiting greater libido than 
their purebred counterparts (Sonderman and Luebbe 2008). Purebred Duroc boars 
are very docile and need a more hands-on approach in training (Sonderman and 
Luebbe 2008); Hampshire influence in crossbred boars makes them more aggres-
sive, whereas boars with Duroc in their pedigrees are more reluctant to mate than 
crossed boars with Yorkshire (Neely and Robison 1983). These results suggest 
that the sexual behavior of the boar may have a heritable basis (Hemsworth and 
Tilbrook 2007).

Differences also exist among genetic lines in their libido and the age at which 
they reach puberty; maternal lines appear to be approximately 2 months delayed 
in contrast with terminal lines (Sonderman and Luebbe 2008). Nearly all termi-
nal line boars reach puberty and are receptive to training to mount a dummy sow 
between 6 and 7 months of age, whereas the age of maternal lines is 8/9 months. 
However, in maternal lines a correlation exists between size and training abil-
ity; therefore, maternal boars of low size seem to lag behind in training until they 
attain both the minimum age and weight (Sonderman and Luebbe 2008). The 
trainability of boars also favors terminal lines over maternal lines. The ability to 
train different terminal lines is nearly the same although differences exist in how 
to handle them. Maternal lines need more training time, effort, and visual and 
competitive stimulation in order to get them properly trained; moreover, there is a 
greater percentage of untrainable boars within maternal lines due to lack of libido 
(Sonderman and Luebbe 2008).

Nevertheless, AI boars are, on rare occasions, allowed contact with females after 
they reach sexual maturity (Flowers 2008). Thus, the small genetic differences 
observed in natural mating might be magnified in AI boars whose sexual behav-
ior is typically evaluated on the basis of their interest in a dummy sow (Flowers 
2008). In swine, the receptive female assumes the dominant role in finding a sexual 
partner and it is reasonable to speculate that females in estrus provide more stimu-
lation than the collection dummy (Flowers 2008). In most commercial studs, the 
only measure of mating behavior that is routinely monitored is the proportion of 
boars that could be trained for semen collection (Flowers 2008). Divergences exist 
among boars in their capacity to mount a dummy. While some boars quickly mount 
the dummy sow after entering the collection pen, others are very cautious (Levis 
and Reicks 2005). These divergences in mounting behavior are not dependent on 
the genetic line (Flowers 2008). Moreover, the phenotypic variation associated 
with the mounting behavior of terminal boar lines is small, so that the possibility of 
enhancing these traits through their identification and posterior recruitment appears 
to be low (Flowers 2008). Improvements in training programs seem to be the best 
way to enhance the sexual behavior in boars at the present time.

References about the correlation between sexual behavior traits and semen 
traits are scarce. In crossbred boars, the total number of spermatozoa per ejacu-
late does not correlate with either time for first mounting (r  =  0.03) or num-
ber of mounts per ejaculation (r =  0.18), but it is positively correlated with the 
duration of ejaculation (r  =  0.38) (Thiengthan 1992). Other studies have also 
reported a significant correlation between duration of ejaculation and semen 
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volume (r =  0.58), total number of spermatozoa (r =  0.58) and sperm motility 
(r  =  0.29), as well as between duration of mounting time with collection fre-
quency (r = 0.29), semen volume (r = 0.29), sperm concentration (r = 0.30), and 
sperm abnormalities (r = 0.44) (Kuciel et al. 1983).

Testosterone is the hormone most closely associated with male sexual behavior, 
so it is reasonable to expect that boars with high testosterone levels also have high 
libido (Flowers 2008). In the Yorkshire breed, serum testosterone levels are signifi-
cantly higher than in the Duroc breed (Park and Yi 2002), whereas no differences 
have been found among Meishan, Fengjing, Min zhu and Duroc breeds (Borg et 
al. 1993).

4.2.1.2 � Criteria for Boar Selection According to Reproductive 
Parameters

Genetic Evaluation of Boars

Selection practices for AI boars are similar throughout the global swine indus-
try and are universally based on genetic evaluation for economically important 
traits. For maternal line boars selection criteria focus on the growth rate or age at 
a specific weight, fatness, and productivity of their daughters, whereas terminal 
sire boars are selected for their genetic potential to produce offspring that grow 
quickly and efficiently, and have commercially desirable meat qualities, with min-
imal emphasis placed on semen quality and fertility (Robinson and Buhr 2005; 
Safranski 2008; Wolf 2010).

It is appropriate to review a historical perspective of boar selection criteria. 
Visual selection was the practice of selecting a boar based on his appearance at 
a certain point in time; this method resulted in a slow rate of genetic progress 
for the most economically important traits (Safranski 2008). In the mid twenti-
eth century individual boar performance for growth rate and backfat thickness 
was measured and used to provide objective comparisons (Safranski 2008). 
This approach was more effective than pure visual appraisal, but comparisons 
among boars were difficult unless males were in the same contemporary group; 
however, the development of standard guidelines for measures and selection 
improved this system (Miller 2000). In the 1980s, computing power led to the 
next step in genetic improvement by recording both phenotypic performance and 
pedigree information, which are used to generate genetic evaluations expressed 
as estimated breed values (EBV) for a number of economically important traits, 
expected progeny difference (EPD), and best linear unbiased predictors (BLUP) 
(Robinson and Buhr 2005; Safranski 2008). Using individual performance data, 
adjusted for environmental factors, and data from relatives of selection can-
didates, EBV and EPD allow objective calculation of the genetic merit of indi-
vidual boars (Safranski 2008). An advantage of this procedure is the fact that 
it allows calculation of the genetic merit of an animal based on pedigree alone 
(Safranski 2008).
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The use of EBVs can double the accuracy of selection for lowly heritable 
reproductive traits of sows, such as litter size, and it also improves the accuracy 
of selection for growth rate and backfat thickness (Schinckel 1991). Moreover, 
EBVs are combined into two different overall indices to rank individual boars 
and gilts on their suitability for producing fast efficient growth in their offspring 
(sire line index) and for producing reasonable and efficient growth along with 
prolificacy (dam line index) (Robinson and Buhr 2005). These indices are com-
puted by combining EBV with economic values appropriate for the swine industry 
to rank the animals (Robinson and Buhr 2005). Breeding companies follow the 
same approach by measuring phenotypes and computing EBV, but frequently they 
must also compute specialized indexes that reflect the market niche in which their 
genetics fits (Robinson and Buhr 2005).

By utilizing objective measures and computing power, it also becomes possible 
to simultaneously select for multiple traits using these selection index approaches. 
These practices require knowledge of genetic and phenotypic correlations among 
traits of interest and also lead to estimate the economic value of change for each; 
these data are used to derive a single numeric value for selection candidates 
(Safranski 2008). This method is currently in use and will continue to be critical 
for long-term genetic improvement (Safranski 2008).

In addition to the quantitative trait selection, specific genetic markers are used 
in selection programs (Dekkers 2003). The marker-assisted selection (MAS) 
approach requires associating genetic markers with variations in phenotype 
(Safranski 2008). The RYR1 (PSS) gene and the RN gene are two well-known 
examples of genetic tests for deleterious alleles affecting the meat quality of 
pigs carrying one or two copies of the “bad” allele (Robinson and Buhr 2005). 
Nevertheless, for other genetic markers the relationship between the marker and 
the phenotype is not consistent in all swine populations (Safranski 2008). One of 
the challenges of incorporating molecular genetic markers in the selection process 
is deciding upon the optimal combination of selection based on MAS and conven-
tional selection on EBV. The goal is to seek a balance between emphasizing the 
marker information and the EBV information (Robinson and Buhr 2005).

The next step beyond MAS is the identification of causative mutations that 
lead to different phenotypes. The first example in swine genetics was the identi-
fication of a mutation that changed a nucleotide in ryanodine receptor, resulting 
in leaky calcium channels and the condition known as Porcine Stress Syndrome 
(Fuji et al. 1991). The PCR tests lead to fast identification of pigs with the mutant 
allele and the eradication of the mutation in commercial circuits (Safranski 
2008). Like MAS, a big advantage of this approach is the ability to test the ani-
mals at birth, so that it allows an assessment for traits that are only expressed late 
in life or that are sex-linked. Nevertheless, a major limitation of this approach 
is that most economically important traits are under the control of several genes 
(Safranski 2008). Molecular technologies are useful for traits that are measured 
late in life (reproduction, longevity), traits that are only expressed in one sex (lit-
ter size), or traits that are difficult to measure (disease resistance, meat quality) 
(Safranski 2008).
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The EBVs for growth and carcass traits are generally high; however, the litter 
size has a low heritability (about 10 %) and is not measured on the boar himself 
(Robinson and Buhr 2005). The EBV of the litter size of a boar has a low accuracy 
compared with growth traits as it is necessary to accumulate data on the litter size 
produced by a number of his daughters (Robinson and Buhr 2005). Selection is 
therefore more effective on growth and fatness traits than for litter size (Robinson 
and Buhr 2005).

Boar selection has become increasingly important in parallel with AI 
(Robinson and Buhr 2005; Safranski 2008; Dyck et al. 2011). Nevertheless, and 
as stated above, this selection is based on genetic evaluation of economically 
important traits and minimal emphasis is placed on semen quality and fertility 
(Robinson and Buhr 2005; Safranski 2008; Wolf 2010); this practice results in the 
culling of valuable selected boars because of poor semen quality (Robinson and 
Buhr 2005). This fact highlights the importance of including reproductive traits 
in boar selection, even though the incorporation of additional traits into a selec-
tion index will reduce the establishment of other traits (Safranski 2008). There 
are few reports on genetic correlations among male reproductive traits and growth 
or carcass traits, which show a low correlation with growth and fatness or even 
a negative correlation with muscle depth (Oh et al. 2006). This is clearly an area 
where more data are needed to allow effective inclusion in selection decisions 
(Safranski 2008).

Heritability of Semen Traits

As for heterosis, values of heritability of any specific trait range from 0 (lack of 
heritability) to 1 (total heritability) and results can be expressed either in absolute 
terms or in percentage. Little data exist about the heritability of reproductive traits, 
despite preliminary results suggesting that selection based upon EBVs is possible 
(Safranski 2008; Wolf 2010). Semen volume and sperm concentration (Robinson 
and Buhr 2005), together with the proportion of morphologically normal sper-
matozoa (Roca et al. 2006), are heritable traits, but estimates of heritabilities and 
repeatabilities for these parameters vary widely. Large variations in semen traits 
are probably related to the number of ejaculates and/or boars used; recent data 
suggest that large numbers of ejaculates (>26,000) and boars (>600) have to be 
analyzed in order to obtain robust results about the heritabilities of semen traits 
(Wolf and Smital 2009; Wolf 2010). Moreover, the heritability of sperm quality 
parameters is difficult to evaluate since they are affected by several extrinsic fac-
tors (Robinson and Buhr 2005; Wolf 2009, 2010).

Heritabilities for semen traits are reported to be similar among breeds. 
Comparative studies show that semen volume has the greatest heritability, fol-
lowed by sperm concentration and total number of spermatozoa. Moreover, some 
studies state that the heritability estimates for total sperm cells tend to increase 
according to boar age (Huisman et al. 2002; Oh et al. 2006). The heritability of 
sperm motility, sperm viability and sperm morphology is reported to be low (Wolf 
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2009, 2010). This low heritability may explain the treatment of these traits as vari-
able parameters in several studies (Table 4.4).

In boars, a negative genetic correlation exists between semen volume and 
sperm concentration of about −0.68 and −0.69 (Smital et al. 2005; Wolf 2009); in 
cattle (Basso et al. 2005) and sheep (David et al. 2006) a negative relationship but 
of lower magnitude has also been reported. Both sperm motility and proportion 
of aberrant spermatozoa are considered genetically independent from both semen 
volume and sperm concentration (Smital et al. 2005; Wolf 2009). In contrast, a 
high negative correlation exists between sperm motility and frequency of aber-
rant spermatozoa (Wolf 2009); this fact agrees with previous studies that noticed 
significant differences in sperm movement in relation to head shape (Thurston 
et al. 2001), and negative correlations between head width and flagellum length 
(Kondracki et al. 2005). Sperm length is positively correlated with sperm velocity 

Table 4.4   Heritabilities of semen traits in different breeds

Semen trait Breed Heritability References

Semen volume Pietrain 0.28 Wolf and Smital (2009)
Large white 0.28 Wolf and Smital (2009)
Duroc 0.28 Wolf and Smital (2009)
Czech landrace 0.25–0.24 Wolf 2009, (2010)
Czech large white 0.20 Wolf (2010)

0.14 Wolf (2009)
Sperm concentration Pietrain 0.20 Wolf and Smital (2009)

Large white 0.20 Wolf and Smital (2009)
Duroc 0.20 Wolf and Smital (2009)
Czech landrace 0.20–018 Wolf (2009), (2010)
Czech large white 0.18 Wolf (2010)

0.13 Wolf (2009)
Total number of  

spermatozoa/ejaculate
Pietrain 0.18–0.17 Wolf and Smital (2009)
Large white 0.18–0.17 Wolf and Smital (2009)
Duroc 0.18–0.17 Wolf and Smital (2009)
Czech landrace 0.10 Wolf (2010)
Czech large white 0.10 Wolf (2010)

Sperm motility Czech landrace 0.16 Wolf (2009)
0.10 Wolf (2010)

Czech large white 0.10 Wolf (2010)
0.06 Wolf (2009)

Pietrain 0.05 Wolf and Smital (2009)
Large white 0.05 Wolf and Smital (2009)
Duroc 0.05 Wolf and Smital (2009)

Frequency of aberrant  
spermatozoa

Pietrain 0.16 Wolf and Smital (2009)
Large white 0.16 Wolf and Smital (2009)
Duroc 0.16 Wolf and Smital (2009)
Czech landrace 0.12 Wolf (2009)

0.10 Wolf (2010)
Czech large white 0.10 Wolf (2010)

0.04 Wolf (2009)
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(Gomedio and Roldan 1991), and negatively correlated with total number of sper-
matozoa per ejaculate (Wysokinska et al. 2009).

Taken together, the results obtained by different researchers show that her-
itability values for semen traits, especially those for semen volume, sperm con-
centration and sperm morphology, allow their effective selection using genetic 
evaluations. Nevertheless, the negative genetic correlation between semen volume 
and sperm concentration is unfavorable for selection for total number of sperm 
(Smital et al. 2005; Oh et al. 2006; Wolf and Smital 2009; Wolf 2009, 2010). On 
the other hand, the negative correlation between sperm motility and the percentage 
of aberrant spermatozoa is favorable for selection to improve male reproduction 
(Smital et al. 2005; Wolf and Smital 2009; Wolf 2009, 2010).

Despite the fact that several investigations have been focused on detecting 
reproductive boars producing high quality ejaculates (Lovercamp et al. 2007), 
others studies have demonstrated the low predictive value of seminal parameters 
in terms of fertility outcomes (farrowing rate and litter size) (Gadea et al. 2004; 
Popwell and Flowers 2004; Gadea 2005; Sancho et al. 2006). In commercial AI, 
threshold values for seminal parameters have been established for boar selection in 
order to ensure high fertility rates (Briz et al. 1996; Bonet et al. 2000). However, 
the poor relationship between seminal parameters and fertility limits the sensitivity 
and specificity of such a cut-off (Gadea 2005).

Negative correlations have been reported between semen volume and number 
of piglets born (Gadea et al. 2004; Smital et al. 2005), and between total number 
of spermatozoa and litter size (Gadea et al. 2004; Smital et al. 2005; Wolf 2010). 
Correlations for the litter size are near zero in relation with sperm concentration 
(Gadea et al. 2004; Wolf 2010), and either positive (from 0.12 to 0.35) (Gadea et al. 
2004; Smital et al. 2005), near zero or negative (Wolf 2010) with sperm motility. In 
contrast, sperm motility has a low positive but significant correlation with the farrow-
ing rate (r = 0.05) (Gadea et al. 2004). Contradictory results regarding the relation 
between sperm motility and litter size may be caused by differences in the experi-
mental procedures to measure sperm motility. Sperm morphology has usually been 
related to fertility; in standard semen analysis this parameter provides information on 
the status of spermatogenesis and it can facilitate the selection of boars for AI pro-
grams (Gadea 2005). An inverse relationship exists between the percentage of sperm 
abnormalities and fertility; Xu et al. (1998) reported that sperm morphology explains 
59 % of variation in litter size in a commercial setting, whereas Hirai et al. (2001) 
established a significant relationship between sperm head dimensions and fertility. 
Lack of correlation between sperm viability and fertility is supported by several stud-
ies (Gadea et al. 2004; Roca et al. 2006; Yeste et al. 2010). Sperm viability is cur-
rently measured by assessing the integrity of the sperm plasma membrane, which is 
not related to fertility (Gadea et al. 2004). Intactness of the sperm plasma membrane 
is a prerequisite for correct sperm metabolism and function (Harrison 1997); there-
fore, functional assays on sperm plasma membrane have to be performed in order to 
correlate sperm viability with fertility.

In conclusion, sperm traits are poor predictors of male fertility outcome in AI 
(Gadea 2005); they are good indicators only in cases of altered testicular and/or 
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epididymal function, which is manifested in low quality ejaculates and poor fer-
tility rates (Xu et al. 1998; Rodríguez-Martínez 2003; Gadea 2005; Pruneda et al. 
2005). In contrast, this is not an accurate way to distinguish samples with excellent 
fertility from those with medium fertility (Gadea 2005). This could be related to the 
highly limited variation in these parameters in mature fertile boars (Xu et al. 1998) 
or to the fact that these tests do not properly evaluate the functionality of sperma-
tozoa (Bussalleu et al. 2005). According to Flowers and Turner (1997) the common 
estimates of semen quality are good qualitative, but poor quantitative, indicators. 
To solve this problem, new procedures have been developed which include multiple 
functional tests (Bussalleu et al. 2005) or in vitro fertilization tests (Selles et al. 
2003), but they are expensive and time-consuming, and cannot be applied under 
commercial field conditions.

Selection of Artificial Insemination (AI) Boars for Testis Size

According to Flowers (2008) the best way to improve semen quality of AI boars is 
to select them according to testis size. In boars the existence of a gene or group of 
genes on the X chromosome that affect testicular size has been confirmed (Rohrer 
et al. 2000; Ford et al. 2001).

Testis size correlates not only with daily sperm production but also with 
testosterone levels (Ford et al. 2001; Hemsworth and Tilbrook 2007; Flowers 
2008). Therefore, boars with a large testicular size show high sperm concen-
tration and testosterone levels, as well as high libido (Flowers 2008) and large 
epididymis (Walker et al. 2004). Greater epididymal weight may result in a 
larger capacity for sperm storage, which can improve overall fertility (Walker 
et al. 2004). A threshold concentration of testosterone is required to elicit sex-
ual behavior; above this threshold, testosterone concentration is ineffectual at 
increasing copulatory behavior (Hemsworth and Tilbrook 2007). In addition to 
maintaining sexual behavior, androgens stimulate the latter stages of spermat-
ogenesis and prolong the lifespan of epididymal spermatozoa (Hemsworth and 
Tilbrook 2007).

Testis size also affects the age of the onset of puberty; therefore, young boars 
with large testicular size begin puberty at an early age and also reach sexual 
maturity 2–3 months earlier, according to the breed; besides, these boars exhibit 
a higher daily sperm production (Johnson et al. 1994; Harder et al. 1995; Rathje 
et al. 1995; Huang and Johnson 1996), superior mating efficiency (Schinckel et 
al. 1983), and a longer reproductive longevity (Flowers 2008). Moreover, a sig-
nificant positive response occurs in ovulation rate from selection for testis weight 
not only in swine (Schinckel et al. 1983, 1984), but also in sheep (Hanrahan 
and Quirke 1977) and mice (Islam et al. 1976). In swine, the genetic correlation 
between testis size and ovulation rate varies from 0.10 (Johnson et al. 1994) to 
0.65 (Schinckel et al. 1983), whereas the genetic correlations between testis size 
and both female traits (Schinckel et al. 1983) and age of gilt puberty (Johnson 
et al. 1994) are negligible. Nevertheless, these findings suggest that it might be 
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possible to base genetic selection for increased fertility in the female on the repro-
ductive characteristics of the male (Johnson et al. 1994).

Recent reports also highlight the relevance of male selection for increased 
testosterone levels as it results in increased estrogen levels of daughters (Walker 
et al. 2004). The heritability of testosterone production is reported to be similar 
to other male reproductive traits (Lubritz et al. 1991). However, at the present 
time, there are technical limitations associated with collecting and using testos-
terone concentrations in selection programs (Flowers 2008). As boars selected 
for increased testis size also have elevated testosterone concentrations, selection 
for testis size might be the best way to enhance sexual behavior in boars (Flowers 
2008). Consequently, there is an economic value for AI studs in producing boars 
with larger testes (Ford and Wise 2011).

Weight of testes at a constant age may be a useful indicator trait to select for 
increasing reproductive efficiency of boars (Harder et al. 1995; Rathje et al. 1995). 
Determination of testicular diameter from three to 5 months of age would provide 
a method to rank boars of a specific genetic line (Ford and Wise 2011). Little data 
exist about the heritability of testis size, nor other characteristics related with boar 
reproductive capacity; estimated heritability ranges from 0.6 to 0.3 (Schinckel et al. 
1983; Young et al. 1986; Johnson et al. 1994). Flowers (2008) stated that the herita-
bility of testis size could be similar to other corporal traits. Estimates of genetic cor-
relations between testis size and body weight range between 0.4 and 0.5, between 
testis size and backfat thickness are of 0.25, and between testicular size and age 
of puberty of 0.16 (Johnson et al. 1994). Daily sperm production of adult boars is 
highly correlated with testicular weight (Ford et al. 2001); correlations between 
0.50 and 0.65 (Schinckel et al. 1983; Young et al. 1986) and even 0.90 (Rathje et al. 
1995) have been reported between testis size and daily sperm production.

Boars selected for large testis size produce 6  ×  109 more spermatozoa per 
ejaculate than control boars (Huang and Jonhson 1996); this represents almost a 
10  % increase in sperm production. Daily sperm production shifts more rapidly 
and reaches its plateau at younger ages in the lines selected for testis size as com-
pared with controls (Rathje et al. 1995; Ford and Wise 2011). Replacement rates 
in terminal sire lines are high, so that swine production companies can take advan-
tage of superior genetics. Consequently, boars that can produce large quantities of 
semen at young ages and maintain them over their productive life are of premium 
value (Flowers 2008). Selection for testis size appears to be a valid approach for 
enhancing spermatogenesis and can be applied to any type of genetics (Flowers 
2008; Ford and Wise 2011).

Very little is known about the impact of the boar on the farrowing rate 
(Robinson and Buhr 2005). In bulls, increasing pregnancy rates after AI were 
reported positive for a fertility-associated antigen (FAA) in semen samples, 
a 31  kDa protein present on the sperm surface (Sprott et al. 2000). In contrast, 
recent data have demonstrated that the identification of FAA-positive and FAA-
negative status is not a successful procedure to select AI bulls (Dalton et al. 2012). 
In mice the activin receptor gene II and estrogen receptor beta (ESR) have been 
directly related to fertility. Knock-out males lacking the activin receptor gene 



1254  Factors Affecting Boar Reproduction, Testis Function, and Sperm Quality

are fertile, although they reach puberty later and with smaller testes than healthy 
males; in contrast, knock-out females are completely infertile (Matzuk and Lamb 
2002). Male mice lacking ESR are phenotypically normal and completely fer-
tile, although their prostates do enlarge in later life, whereas females lacking this 
receptor are subfertile (Krege et al. 1998). These results indicate that an apparently 
normal fertile male can transmit a genetic cause of subfertility to his female off-
spring (Robinson and Buhr 2005). All these studies provide great evidence of male 
genetic influence on pregnancy rate, which warrants further investigations on pigs.

In contrast, evidence exists in pigs for genetic impact on litter size (Robinson 
and Buhr 2005). Certainly, sows can be selected for improved litter size (Bolet et al. 
2001), but males also contribute (Robinson and Buhr 2005). Reciprocal translocation 
occurs when different chromosomes exchange pieces, and subsequent segregation 
during meiosis produces gametes that can be balanced or unbalanced with respect 
to the chromosomes carrying the translocations; the unbalanced gametes carrying 
a chromatid that is either too long or too short (Robinson and Buhr 2005). If such 
a spermatozoon penetrates an egg, the unbalanced spermatid cannot pair properly 
with the female partner chromatid, resulting in early embryonic death and there-
fore smaller litter size (Robinson and Buhr 2005). A number of such translocations 
has been identified in boars; in Finnish York boars these translocations are reported 
to produce a reduction of two pigs per litter as compared with the breed average 
(Makinen et al. 1999). Furthermore, although the offspring that receives the unbal-
anced chromosome dies, half of the living offspring carries the balanced transloca-
tion; thus, a spontaneous translocation can be perpetuated in subsequent generations 
(Robinson and Buhr 2005). AI stations have been strongly recommended to perform 
cytogenetic assays to detect and exclude boars with genetic abnormalities (Makinen 
et al. 1999; Robinson and Buhr 2005).

Recent studies also highlight the importance of boar selection for semen freez-
ability (Safranski 2008; Casas et al. 2010). Although it has been demonstrated that 
genetics is responsible for freezability in boars (Thurston et al. 2002a, b; Roca et al. 
2006) no data exist about the heritability of this semen trait. Whereas ejaculates col-
lected from the same boar tend to maintain freezability (Roca et al. 2006), heritability 
could explain the large differences among breeds and among boars in this parameter 
(Waterhouse et al. 2006; Safranski et al. 2011). In the Pietrain breed, 75–79 % of 
freezability features of ejaculates can be predicted by using different linear combina-
tions of sperm quality parameters in the first steps of the cryopreservation process 
(17o and 5o C) (Casas et al. 2009). This range of percentages emphasizes the weight 
of individual boar genetics on sperm freezability (Casas et al. 2009).

Today, boar selection criteria for sperm freezability are only based on pre-
freeze and post-thaw sperm quality (Casas et al. 2009, 2010). Nevertheless, it 
seems unlikely that conventional measures of sperm quality result in accurate 
prediction of freezability, and therefore the identification of genetic markers for 
freezability might be the most efficient approach (Safranski 2008). In this sense, 
Thurston et al. (2002a) have identified 16 candidate gene markers presumably 
linked to genes associated with sperm freezability. This again suggests the poten-
tial of genetic improvement in sperm chilling resistance (Safranski 2008).
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In conclusion, identifying and enhancing the genetics of sperm production and 
quality will benefit the reproductive performance of AI boars (Safranski 2008).

4.2.2 � Cryptorchidism and Testicular Activity

4.2.2.1 � Testicular Activity

Testicular activity is frequently assessed by measuring the daily sperm production 
per gram of testis or the total number of spermatozoa per ejaculate, both parameters 
being correlated with the age of boars (Kondracki et al. 2005; Huang et al. 2010), 
testicular weight (Ford et al. 2001; Lunstra et al. 2003; Almeida et al. 2006; Ford 
and Wise 2011) and number of Sertoli cells (Lunstra et al. 2003; Caires et al. 2008; 
Ford and Wise 2009). The ratio spermatid-to-Sertoli cell is a measure of the Sertoli 
cell efficiency based on the assumption that relative changes in daily sperm produc-
tion would alter the number of spermatids supported by a stable Sertoli cell popu-
lation (Okwun et al. 1996). Despite its accuracy such a ratio is not routinely used 
due to technical limitations in field conditions, so available data are scarce. Another 
ratio, the germ cell-to-Sertoli cell ratio, is reported to be significantly higher in the 
Meishan breed than in Whitecross and West African breeds (Okwn et al. 1996); 
these results indicate that Meishan boars are more efficient in supporting spermato-
genesis than Whitecross and West African boars, due both to a lower degeneration 
index of germ cells and to the accommodation of more germ cells by an equal pop-
ulation size of Sertoli cells (Okwun et al. 1996).

Despite significant differences in total number of spermatozoa per ejacu-
late and testosterone levels, daily sperm production per gram of testis in adult 
boars is fairly constant within a breed and also among breeds, being approxi-
mately 21.7 × 106 in West African (Okwun et al. 1996), 23.6 × 106 in Yorkshire 
(Swierstra 1970), 24.1  ×  106 in Lacombe (Swierstra 1970), 24.5  ×  106 in 
Meishan (Okwun et al. 1996), 24.8  ×  106 in Whitecross (Okwun et al. 1996), 
25.9 ×  106 in Landrace (Egbunike et al. 1975), and 27.3 ×  106 in Piau breeds 
(França 1992). This indicates that although spermatogenesis requires testosterone, 
there may be a threshold effect whereby further increases do not result in higher 
sperm production once a certain level of testosterone is achieved (Walker et al. 
2004). This could explain the low correlation (r = 0.12) between sperm produc-
tion and testosterone levels in the ejaculate of boars (Peter et al. 1980). As the 
duration of spermatogenesis (Almeida et al. 2006) and the rate of germ cell apop-
tosis during both spermatogonia and spermatocyte stages (De Rooij and Rusell 
2000) do not differ substantially among breeds and genetic lines, variations among 
boars in daily sperm production are related with testicular size, as well as the num-
ber of A spermatogonia and Sertoli cells per testis (Orth et al. 1988; Huang and 
Jonhson 1996; Okwun et al. 1996; Lunstra et al. 2003).

The number of A spermatogonia per testis is highly positively correlated with 
the number of Sertoli cells per testis (r = 0.95) and with the parenchymal mass 
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(r = 0.88), and it also accounts for 77 % of variability in daily sperm production 
among breeds (Okwun et al. 1996). The number of A spermatogonia which initiate 
the spermatogenic cycle depend on: (1) the number of stem cells per testis, (2) the 
process of stem cell renewal, (3) the number of cell divisions from stem cells to 
primary spermatocytes, and (4) the degeneration index of spermatogonial subtypes 
(Okwun et al. 1996). Given that (2), (3) and (4) are similar among breeds, differ-
ences in daily sperm production are partly related with the number of A spermato-
gonia (Okwun et al. 1996).

It has been suggested that Sertoli cells establish a ceiling in the rate of sperm 
production (Johnson 1986; Berndtson et al. 1987). Sertoli cells can place this limit 
in spermatogenic potential by controlling testis size (Kluin et al. 1984), modu-
lating type A spermatogonial populations (Hochereau-de Reviers 1981; Johnson 
1986), and/or limiting the number of germ cells supported (Almeida et al. 2006). 
In boars the number of Sertoli cells correlates with parenchymal mass (r = 0.87), 
number of A spermatogonia (r  =  0.95) and daily sperm production (r  =  0.87) 
(Okwun et al. 1996). Therefore, the number of Sertoli cells is responsible for 76 % 
of variability in daily sperm production among breeds. Breed differences in the 
total number of Sertoli cells and A spermatogonia per testis are manifested in 
divergences in sperm production (Okwun et al. 1996; Almeida et al. 2006).

Although the testicular activity of boars is measured after the onset of puberty, 
the daily sperm production is dependent on changes occurring during the pre-
pubertal period (Caires et al. 2008).

In boars a significant increase in both testis weight and Sertoli cell number 
occurs during the first 3–4  weeks of neonatal life (McCoard et al. 2003; Caires 
et al. 2008; Huang et al. 2011). Throughout this period, Sertoli cells maintain an 
immature appearance and secrete high levels of anti-Mullerian hormone (AMH) 
(Rey et al. 2003; Caires et al. 2008); the germ cell population consists of mitoti-
cally quiescent prespermatogonia, located centrally in the seminiferous tubules, 
among immature Sertoli cells (Caires et al. 2008). Prespermatogonia start to 
migrate towards the basal lamina after 14 days of age and begin to express proges-
terone receptors (Kohler et al. 2007; Caires et al. 2008); the expression of proges-
terone receptors is a key process for further maturation of prespermatogonia into 
spermatogonia and later mitosis (Kohler et al. 2007). In 60-day-old boars, the sem-
iniferous tubules are constituted by immature Sertoli cells and prespermatogonia 
(Rey et al. 2003); 85 % of prespermatogonia that have reached the basal lamina 
express progesterone receptors, whereas only 18 % of preespermatogonia remain-
ing in the center of the seminiferous epithelium express this receptor (Kohler et al. 
2007). The signals inducing the expression of progesterone receptors in the pres-
permatogonia in the way to or upon reaching the basal lamina remain obscure, but 
it might result from a paracrine stimulation of Leydig cells mediated by estrogens 
(Kohler et al. 2007). In sexually mature boars expression of progesterone recep-
tors is maintained in 78 % of A and B spermatogonia, regardless of age and stage 
of spermatogenesis; this expression disappears when spermatogonia enter in the 
developmental stage of primary spermatocytes (Kohler et al. 2007). Therefore, 
progesterone is not just an intermediary in the synthesis of testicular androgens 
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and estrogens by Leydig cells, but it also acts as a paracrine factor involved in the 
control of spermatocytogenesis (Kohler et al. 2007).

It is well known that Sertoli cell numbers established before puberty determine 
adult testis size, spermatogenic activity, and lifetime in boar fertility (Caires et al. 
2008). In the porcine testis, maximum Sertoli cell proliferation occurs during the 
first 2 weeks of life under follicular stimulating hormone (FSH) stimulus, resulting 
in a four-fold increase in Sertoli cell numbers during this period (McCoard et al. 
2001, 2003); nevertheless, porcine Sertoli cells still express markers of proliferating 
cells around 4 months of age (Klobucar et al. 2003). In vivo studies have suggested 
the potential to manipulate the establishment of Sertoli cell populations in rodents 
(Orth et al. 1988), bulls (Madjdic et al. 1998) and boars (Lunstra et al. 2003). In 
order to obtain a notable impact on boar lifetime fertility, manipulations must be 
performed during the first 2 weeks of neonatal life (Caires et al. 2008).

In response to testosterone, Sertoli cells cease proliferation and initiate matu-
ration (Buzzard et al. 2003). The maturation of Sertoli cells starts at about 60 
and 90  days of age, depending on the breed (Ford and Wise 2009; Huang et al. 
2011), and is characterized by the arrest of proliferation (Ahmed et al. 2009), the 
progressive decrease in AMH expression (Rey et al. 2003; Ford and Wise 2009), 
the increase in the diameter of the seminiferous tubules (Rey et al. 2003; França 
et al. 2005; Ford and Wise 2009), the formation of the blood-testis barrier (França 
et al. 2005; Ford and Wise 2009), the secretion of tubular fluids (Ford and Wise 
2009, 2011), and the onset of spermatogenesis in some seminiferous areas (Kohler 
et al. 2007; Ford and Wise 2009). Increased androgen secretion by early pubertal 
testes marks the onset of sexual maturity (Ford and Wise 2009). The development 
of Leydig cells in boar testes follows a different pattern than that of Sertoli cells, 
and it can be divided into three stages (Huang et al. 2011): the first stage occurs 
before the first 35 days of gestation; the second stage begins 3 weeks before par-
turition and continues for approximately 3 weeks postnatally; and the third stage 
starts at approximately 90 days of age throughout puberty. Intratesticular androgens 
act as negative regulators of AMH secretion (Rey et al. 2003). In humans, the lack 
of androgen receptors on Sertoli cells during neonatal development (Chemes et al. 
2008) offers a means whereby Sertoli cells avoid the negative influence of androgen 
on AMH expression (Ford and Wise 2009). Then, at the onset of puberty, acquisi-
tion of androgen receptors within Sertoli cells provides a link for suppressing AMH 
production (Ford and Wise 2009). In neonatal boars, published reports disagree 
regarding the presence of androgen receptors in Sertoli cells (Ramesh et al. 2007; 
Caires et al. 2008), leaving unresolved the role of androgens in the regulation of 
AMH production during early postnatal development.

Differences exist among breeds in the rate of decrease of AMH expression 
in Sertoli cells; in this sense, Ford and Wise (2009) found that AMH expression 
increases from seven to 28  days of age in Meishan and crossbred boars; after 
28 days AMH declines in both genetic lines but at a more rapid rate in Meishan 
than in crossbred boars (Ford and Wise 2009). In Meishan boars, AMH expression 
is nearly absent at 70 days of age, whereas in crossbreds it is absent at 112 days of 
age (Ford and Wise 2009). These findings correlate with an earlier onset of pubertal 
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development in Meishan boars as compared with crossbred boars (Kanematsu et al. 
2006). Longer expression of AMH in crossbred boars reflects a less mature status 
of their Sertoli cells, and a prolonged potential to proliferate (Ford and Wise 2009).

In boars, Sertoli cell maturation begins next to the mediastinum and progresses 
outwardly towards the interior of the testis (Ford and Wise 2009, 2011). This out-
wardly progressing pattern supports the hypothesis of a paracrine regulation of 
Sertoli cell maturation within a given tubule (Ford and Wise 2009). Adjacent sec-
tions of the same seminiferous tubules have a defined sequence of change, with 
AMH production decreasing before much expansion of seminiferous tubules, fol-
lowed by a change in gene expression in Sertoli cells before the formation of a 
distinct lumen and the onset of spermatogenesis (Ford and Wise 2009).

A progressive transformation of spermatogonia into spermatocytes begins at 
approximately 100–115  days of age, which is followed by the transformation of 
spermatocytes into immature spermatids and the differentiation of immature sper-
matids into mature spermatids with advancing age (Kohler et al. 2007). A low 
concentration of spermatozoa can be found in the epididymal cauda at 125  days 
of age (Andersson et al. 1998a, b). The germ cell differentiation is followed by an 
extremely rapid increase in the number of germ cells together with the organiza-
tion of the seminiferous epithelium, which acquires a sexually mature appearance 
at approximately 180 days of age (Andersson et al. 1998a, b). In domestic boars, 
puberty starts at 150  days of age with the completion of the first spermatogenic 
wave (Caires et al. 2008; Ford and Wise 2009), and it involves rapid expansion of 
seminiferous tubules that manifests itself in a marked increase in testicular size 
(França et al. 2005). Thereafter, the quantity and quality of spermatozoa improve 
over time (Malgrem et al. 1996) and reach their maximum at approximately 
24 months of age (Kennedy and Wilkins 1984).

Testicular weight increases significantly from 3 to 10  months of age, 
the monthly progression being of 25  g (3  months), 100  g (4  months), 205  g 
(5 months), 300 g (6 months), 350 g (7 months) and 375 g (10 months) (Ford and 
Wise 2011). The percentage of testicular parenchyma occupied by seminiferous 
tubules increases at 3 months (38 %) and reaches its maximum by 5 months of age 
(68 %); at 10 months of age it decreases slightly to 65 % (Ford and Wise 2011). 
The mean diameter of seminiferous tubules is also greater at 7 months than at 4 
or 5 months of age (Ford and Wise 2011). A high coefficient of correlation exists 
between testis weight and volume, although it decreases progressively with age, 
from 0.95 at 4 months to 0.78 at 7 months of age (Ford and Wise 2011). The cor-
relation coefficients of the mean diameter of seminiferous tubules with testicular 
diameter and weight decrease with advancing age and become non-significant at 
6 months for testicular diameter, and at 7 months for testicular weight; the values 
of both coefficients were 0.71 and 0.63 at 4 months, 0.75 and 0.66 at 5 months, 
0.15 and 0.35 at 6 months, and 0.14 and 0.10 at 7 months (Ford and Wise 2011). 
The coefficient of variation of the mean seminiferous tubule diameter decreases 
from 21.6 % at 3 months and 20.6 % at 4 months to 11.2 % at 5 months, 10.9 % 
at 6 months and 6.6 % at 7 months of age, thus indicating less variation in tes-
ticular diameter as the boar progresses throughout puberty (Ford and Wise 2011). 
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Similarly, the coefficient of variation for testicular diameter decreases from 16.1 % 
at 4 months to 12.6 % at 5 months, 8.1 % at 6 months, and 5.6 % at 7 months of 
age, thus reflecting the significant correlation between seminiferous tubule diam-
eter and testicular diameter in pubertal boars (Ford and Wise 2011).

The stage of pubertal development is determined by the mean diameter of semi-
niferous tubules (Ford and Wise 2011). Due to the high correlation between mean 
diameter of seminiferous tubules and testicular weight and diameter (Ford and 
Wise 2011), it is possible to obtain an accurate estimation of testicular develop-
ment of pubertal males by evaluating the testis size (Clark et al. 2003; Rawlings 
et al. 2008). Ford and Wise (2011) proposed determining the testis size as an esti-
mator of tubular diameter following a two-phase protocol: (1) ranking boars by 
testicular size at 4 months of age, the period of greatest variation in diameter of 
seminiferous tubules, and (2) ranking boars by testicular size at 8 months of age. 
At both evaluations, testicular traits would be adjusted for age and weight of the 
boar within a defined genetic line.

The progressive maturation of the seminiferous epithelium during the pubertal 
period leads to the onset of spermatogenesis between around 5 and 8  months of 
age, with a gradual increase in daily sperm production and also in semen volume 
until boars reach 18 months of age (Kondracki et al. 2005). In a tropical environ-
ment, the progressive maturation of testicular function in Duroc boars occurs from 
nine to 33 months (Suriyasomboon et al. 2005). In general terms, at 18 months of 
age, the total number of spermatozoa per ejaculate ranges between 20 and 80 × 109 
and the seminal volume between 200 and 400 ml depending on the breed (Park and 
Yi 2002); this level of production is maintained until a gradual decline starts at the 
age of 60 months (Park and Yi 2002; Wolf and Smital 2009; Huang et al. 2010). 
Testosterone levels also increase during puberty, reflecting the high activity of ster-
oid synthesis by Leydig cells (Andersson et al. 1998b) and remain fairly constant at 
>2 mg/ml during adult life (Tan and Raeside 1980). There are significant breed dif-
ferences in sperm production and heavy breeds such as Yorkshire and Large White 
generally tend to produce greater semen volume and total number of spermato-
zoa over a period, although it is not clear how weight of boars at maturity affects 
sperm concentration (Park and Yi 2002). The maximum quality of boar semen 
may last for a certain period but the duration has not yet been established (Huang 
et al. 2010). In temperate environments the highest total number of spermatozoa 
per ejaculate has been set at the 32nd month of age (Swierstra 1973), whereas 
the maximum semen volume, sperm concentration and number of seminal doses 
is obtained in 24–28-month-old boars (Kennedy and Wilkins 1984). Nonetheless, 
beyond a certain optimal age semen quality inevitably declines at an unknown rate 
to a level that is no longer acceptable for service. Little data exist about the longev-
ity of a boar’s reproductive performance in terms of acceptable semen quality for 
AI. According to Huang et al. (2010) it ranges between 60 and 70 months of age.

The decrease in semen quality with boar age is due to a reduction in the num-
ber and the impairment of Leydig cell function, and to the narrowing and scleros-
ing of seminiferous tubules. All these alterations result in decreased spermatogenic 
activity and increased degeneration of germ cells (Johnson 1986), as well as in 
increased frequency of spermatozoa with altered chromatin condensation, gene 
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mutations and aneuploidies (Wyrobek et al. 2006). In Duroc boars, semen volume 
declines at a slower rate than sperm parameters (Huang et al. 2010), thus indicating 
that the spermatogenic function is more vulnerable to aging effects than accessory 
glands and chiefly seminal vesicles, since they produce the bulk of semen volume 
(Badia et al. 2006). A different declining rate of testes and accessory gland function 
as a result of aging has also been reported in other mammals (Huang et al. 2010).

4.2.2.2 � Types of Cryptorchidism: Unilateral or Bilateral and Abdominal 
or Inguinal

Cryptorchidism is the most frequent male sexual disorder in mammals, arising 
from a failure in the descent of one testis towards the scrotum (unilateral cryptor-
chidism) or of both testes (bilateral cryptorchidism). The alteration of the testicu-
lar descent can be either total, the ectopic testes remaining in the abdominal cavity 
(abdominal cryptorchidism), or partial, with the ectopic testes lodged at different 
levels of the inguinal canal (inguinal cryptorchidism) (Mieusset et al. 1995, 1997; 
Pinart et al. 2000). The etiology of cryptorchidism is not clear; it can develop as 
a result of genetic defects, disrupted endocrine regulation, or anatomical lesions 
(Demircan et al. 2006; Matuszczak et al. 2011).

Several authors have reported anomalies in the seminiferous tubules, lamina 
propria and interstitial tissue of ectopic testes that become apparent at pre-puberty 
(Paninagua et al. 1990; Regadera et al. 1991; Lee 1993; Antich et al. 1995; Sasagawa 
and Yanagimachi 1997; Matuszczak et al. 2011). In humans, the purpose of early 
treatment of cryptorchidism is to recover testicular activity but it does not always 
restore complete function, leading to decreased semen quality at adulthood (Mieusset 
et al. 1995; Rozanski and Bloom 1995; Foresta et al. 1996; Lee and Coughlin 2001; 
Kvist et al. 2006; Hutson et al. 2010; Thorup et al. 2010; Marchetti et al. 2012). It 
has been established that up to 30 and 54 % of patients treated during childhood of 
unilateral (Thorup et al. 2010) and bilateral (Lee and Coughlin 2001) cryptorchid-
ism, respectively, are subfertile in their adulthood. Subfertile patients with a history of 
pre-pubertal cryptorchidism usually show hyperthermia on the cryptorchid side, so in 
these patients treatment of cryptorchidism does not result in normalization of testicular 
temperature (Mieusset et al. 1995; Hutson et al. 2010). In other cases, treatment does 
not warrant the maintenance of the testes in a scrotal position; these patients exhibit a 
retractile testis (Mieusset et al. 1995, 1997) or an ascended testis (Gracia et al. 1997) 
on the cryptorchid side. A significant relationship exists between spontaneous ascent 
and high localization of the ectopic testis before treatment (Mieusset et al. 1995, 1997). 
Therefore, subfertile cryptorchid men treated at pre-puberty show similar anatomo-
pathological alterations to those of untreated cryptorchid men (Gracia et al. 1997).

Cryptorchid testes also show an increased risk of cancer at adulthood; in 
humans, early successful correction of cryptorchidism does not appear to reduce 
the incidence of malignant transformation of the testes (Mieusset et al. 1995, 
1997; Hutson et al. 2010; Ma et al. 2011). The majority of testicular tumors, usu-
ally originated by malignant transformation of germ cells (Ma et al. 2011), occur 
during adolescence and after puberty (James et al. 2009; Hutson et al. 2010). 
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Malignant degree risk is proportional to the higher position of the testis; in unilat-
eral cryptorchidism, the scrotal testis also shows increased probabilities of devel-
oping cancer (Ma et al. 2011).

Great controversy exists about the severity of testicular lesions in cryptorchid 
testes, not only in humans but also in other mammals (Pinart et al. 1999a). 
Similar abnormalities have been reported in the scrotal testes of unilateral cryp-
torchid males by some authors (Mieusset et al. 1995), but not by others (Nistal 
et al. 1990). Divergences are due to the different conditions in which the study of 
cryptorchidism is performed (Pinart et al. 1999a). This pathology has been studied 
in humans (Mieusset et al. 1995, 1997; Demircan et al. 2006; Matuszczak et al. 
2011) and in rodents under experimentally-induced conditions (Antich et al. 1995; 
Sasagawa and Yanaguimachi 1997). Spontaneous cryptorchidism brings about a 
hormonal imbalance that is not found in the same way or in the same intensity in 
experimental cryptorchidism; this makes both types of cryptorchidism not compa-
rable (Heyns and Hutson 1995; McMahon et al. 1995; Pinart et al. 1998).

Most studies focused on the alterations induced by spontaneous cryptorchid-
ism in mammals do not discriminate between inguinal or abdominal, and unilat-
eral or bilateral, although the effects are different (Paniagua et al. 1990; Lee 1993; 
Mieusset et al. 1995; Pinart et al. 1998, 2000, 2001d). Additionally, in unilateral 
cryptorchidism, significant differences have been described between right- and 
left-sided cryptorchidism (Mieusset et al. 1995). Moreover, the effects of this 
pathology in post-pubertal males are different depending on age; thus, differences 
exist between young adults and elderly males in the alterations of the ectopic tes-
tes (Lee 1993). Likewise, data in humans are not comparable between men with 
cryptorchidism and men with a history of pre-pubertal cryptorchidism (Lee 1993). 
Besides, in men with a history of cryptorchidism the abnormalities correlate to the 
age of the orchidopexy (Lee 1993; Mieusset et al. 1995).

These discrepancies lead us to focus on the study of cryptorchidism using the 
boar as an animal model (Pinart et al. 1998). The main advantages of using this 
species are: (1) spontaneous cryptorchidism in boars has an incidence of 6–10 % 
(McMahon et al. 1995), so there is availability of individuals; (2) cryptorchid con-
ditions both in boars and humans involve similar hormonal disorders and morpho-
functional abnormalities of the ectopic testes (Heyns and Hutson 1995; McMahon 
et al. 1995); (3) parallelism in the time of testicular descent between humans and 
boars, as testicular descent influences semen quality (Heyns and Hutson 1995; 
McMahon et al. 1995); (4) the structural analogy between human and boar sper-
matozoa (Guraya 1987); and (5) the correspondence in the mechanisms of testicu-
lar thermoregulation between humans and boars (Dadoune and Demoulin 1993).

An extensive study was carried out using three groups of post-pubertal boars of 
the same age; one group was composed of three boars with spontaneous unilateral 
abdominal cryptorchidism on the right side, another group was formed by three 
boars with spontaneous bilateral abdominal cryptorchidism, and the third group 
was formed by healthy boars. For each male group we performed an analysis of 
the alterations in the testicular structure (Pinart et al. 1999a, b, 2001d), ultras-
tructure (Pinart et al. 2000, 2001a), lectin histochemistry (Pinart et al. 2001b, c, 
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2002), and of the alterations in semen quality (Bonet et al. 1998; Pinart et al. 1998, 
1999c). It resulted in a thorough description of the effects on spermatogenesis and 
steroidogenesis of unilateral abdominal cryptorchidism on the right side and bilat-
eral abdominal cryptorchidism at post-pubertal age.

4.2.2.3 � Structural and Ultrastructural Alterations of Cryptorchid Testes

Macroscopic Characteristics

Despite the fact that few differences exist in size and weight between the right and 
the left testis in post-pubertal healthy boars, in unilateral boar cryptorchidism on 
the right side, the left (scrotal) testis is two-fold more voluminous and 3.35 times 
heavier than the right (abdominal) testis (Pinart et al. 1999a). Moreover, it is 1.29 
times longer, 1.47 times wider, and 1.24 times heavier than the left testis of healthy 
boars; the right testis of unilateral cryptorchid boars is smaller (×0.73 in length 
and ×0.68 in width) and lighter (×0.38 in weight) than the right testis of healthy 
boars (Pinart et al. 1999a). In bilateral abdominal cryptorchid boars the left tes-
tis is slightly more voluminous (×1.70 in length and ×1.12 in width) and heav-
ier (×1.13 in weight) than the right (abdominal) testis; moreover, the right testis 
has a degenerative appearance. Left and right testes of bilateral abdominal cryp-
torchid boars are smaller and lighter than the left (×0.29 in length, ×0.52 in width, 
and ×0.29 in weight) and right (×0.38 in length, ×0.52 in width, and ×0.26 in 
weight) testes of healthy boars. Differences also exist between unilateral and bilat-
eral cryptorchidism in testicular appearance (Pinart et al. 1999a). The left testis of 
the bilateral abdominal cryptorchid boars is significantly smaller (×0.49 in length 
and ×0.40 in width) and lighter (×0.23 in weight) than the left (scrotal) testis of 
unilateral cryptorchid boars. The right testis of bilateral cryptorchid boars is also 
smaller (×0.52 in length and 0.77 in width) and lighter (×0.68 in weight) than the 
right (abdominal) testis of unilateral cryptorchid boars. These findings are congru-
ent with those found in dogs, in which paired testicular weight is also significantly 
lower in bilateral than in unilateral cryptorchidism (Pathirana et al. 2011).

Therefore, at post-pubertal age unilateral and bilateral cryptorchidism 
induces hypotrophia of the abdominal testes, whereas unilateral cryptorchidism 
results in hypertrophia of the scrotal testes of boars (Pinart et al. 1999a, 2001d). 
Abnormalities in the volume and weight have also been reported in the abdominal 
testes of unilateral and bilateral cryptorchid men (Paniagua et al. 1990; Regadera 
et al. 1991) and in the testes of men with a history of unilateral and bilateral cryp-
torchidism (Mieusset et al. 1995). Supporting the above-mentioned findings some 
authors reported that alterations are more severe in the bilateral disease (Mieusset 
et al. 1995), whereas others do not find differences between unilateral and bilat-
eral cryptorchidism in testicular appearance (Paniagua et al. 1990). Both reduced 
size of abdominal testes and increased size of scrotal testes are early phenomena 
that develop during the pre-pubertal period and become progressively more severe 
with age (Antich et al. 1995; Mieusset et al. 1995; Matuszczak et al. 2011). In the 
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abdominal testes of unilateral and bilateral cryptorchid boars the low testicular 
weight results from the defective development of the seminiferous tubules, whereas 
in the scrotal testis of unilateral cryptorchid boars the increased weight correlates 
with a compensatory hypertrophy (Pinart et al. 1999a). This latter malformation has 
not been described in the scrotal testis of unilateral cryptorchid men. Some authors 
have reported a significant decrease in the volume of the left testis in the case of 
unilateral cryptorchidism on the right side, whereas unilateral cryptorchidism on the 
left side is not believed to alter the volume of the right testis (Mieusset et al. 1995).

Testicular Structure and Histochemistry

Left (scrotal) and right (abdominal) testes of unilateral cryptorchid boars are sur-
rounded by the tunica albuginea, which extends from the large fibrous septa to the 
testicular parenchyma in the right testis. The seminiferous tubules occupy 48  % 
of the testicular parenchyma in the left testis and the 44  % in the right testis, 
the amount of interstitial tissue being, respectively, of 52 and 56 % (Pinart et al. 
1999a). These differences between both testes in the proportion of seminiferous 
tubules and interstitial tissue are not significant; nevertheless, in comparison to 
healthy boars, the left and right testes show a significant reduction in the amount 
of seminiferous tubules in unilateral cryptorchid boars of 10 and 20  %, respec-
tively (Pinart et al. 1999a).

In the left (scrotal) testis of unilateral cryptorchid boars the tubular diameter 
(averaging 515 μm) and the height of the seminiferous epithelium are similar to 
that of healthy boars, whereas the tubular lumen is greater (Pinart et al. 1999a); 
the lamina propria shows the same structural (Pinart et al. 1999a) and ultrastruc-
tural (Pinart et al. 2001c) pattern as in healthy boars. The seminiferous epithelium, 
despite showing a normal structural appearance (Pinart et al. 1999a), is character-
ized by a low density of germ cells (Pinart et al. 1999b) and altered sugar com-
position in the apical compartment of the seminiferous epithelium (Pinart et al. 
2001b). As compared with healthy boars, the apical cytoplasm of Sertoli cells 
displays a decreased content of fucosyl and galactosyl residues; spermatogonia 
have similar sugar residues as in healthy boars, but spermatocytes exhibit higher 
amounts of α-d-glucose. Spermatids present an altered nature of both glucosyl 
and galactosyl residues (Pinart et al. 2001b). On the other hand, although all four 
stages of the seminiferous epithelium cycle are found in the scrotal testis of unilat-
eral cryptorchid boars, stages I and II occur most frequently (Pinart et al. 1999a). 
Increased frequency of stages I and II results in impaired maturation of spermatids 
(Pinart et al. 1999a) and corresponds to the incidence of spermatozoa with pri-
mary abnormalities in the ejaculate (Pinart et al. 1998). The analysis of the meio-
sis indicates that in the scrotal testis of unilateral cryptorchid boars transformation 
from primary to secondary spermatocytes (meiosis I) is low, whereas transforma-
tion from secondary spermatocytes to round spermatids (meiosis II) shows similar 
values to healthy boars (Fig.  4.1a–h) (Pinart et al. 1999b). Moreover, pathologi-
cal germ cells under such conditions correspond to giant-cell forms of primary 
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Fig.  4.1   Appearance of germ cells in the scrotal testis of post-pubertal boars with spontane-
ous unilateral abdominal cryptorchidism on the right side by light microscopy Quick Panoptic 
Method (QCA). a Ap type spermatogonium. b Pachytene prophase stage of a primary spermato-
cyte. c Advanced telophase of a primary spermatocytes. c1 Pathological giant-cell forms of pri-
mary spermatocytes showing a tetranucleated cytoplasm. d Secondary spermatocyte. e Early 
spermatid. f Intermediate spermatid (Golgi phase). f1 Pathological giant-cell forms of intermedi-
ate spermatids, showing a granular cytoplasm. g Elongating spermatid. h Elongated spermatid. 
×500. Reproduced from Pinart et al. (1999b) with permission
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spermatocytes with a tetranuclear cytoplasm (Fig. 4.1c1), and to aberrant interme-
diate spermatids with a granular cytoplasm (Fig. 4.1d1). Impaired meiosis I leads 
to a low production of round spermatids in the scrotal testis of unilateral cryp-
torchid boars, which is 50 % lower than in the left testis and 30 % lower than in 
the right testis of healthy boars (Pinart et al. 1999b).

Taken together, boar unilateral abdominal cryptorchidism on the right side 
affects sperm production of the scrotal testis by inducing a partial arrest of sper-
matogenesis at both the primary spermatocyte stage (Pinart et al. 1999b) and the 
spermatid stage (Pinart et al. 1999a). Mieusset et al. (1995) state that unilateral 
abdominal cryptorchidism affects the spermatogenic potential of the scrotal testis 
more severely in the case of right-sided than of left-sided cryptorchidism.

Partial arrest of spermatogenesis at the primary spermatocyte stage has been 
related to several testicular disorders associated with oligospermia and azoo-
spermia (Gargiulo et al. 1991; Foresta et al. 1996; Jannes et al. 1998). Defective 
transformation of primary spermatocytes could appear as a result of disturbed 
mitosis in spermatogonia, which leads to the formation of spermatocytes with an 
abnormal DNA content (Setchell et al. 1998), or to anomalies in the metabolic 
activity and in the organization of the cytoskeleton of primary spermatocytes 
(Kojima 1991; Jannes et al. 1998). Moreover, defective meiosis can lead to the 
formation of aberrant spermatids that are not capable of achieving the process 
of spermiogenesis, resulting in arrest at the spermatid stage (Pinart et al. 1998, 
1999a), as well as in the presence of degenerative spermatids in the scrotal testis 
of unilateral cryptorchid boars (Pinart et al. 1999b). The degeneration of interme-
diate spermatids correlates with an abnormal activity of both endoplasmic reticu-
lum and Golgi complex that is manifested in an increased granule amount in the 
cytoplasm (Kojima 1991). It has been suggested that these granules have a defec-
tive content of glycoproteins implicated in the formation of the acrosome vesicle 
(Kojima 1991). Multinucleated spermatocytes have also been detected in men with 
severe oligospermia (Hofmann et al. 1992; Miething 1995). These cells are not 
capable of further development, so it has been suggested that they are forms of 
spermatogenic arrest at the spermatocyte and spermatid levels (Miething 1995). 
According to Miething (1995), multinuclearity comes from the confluence of cell 
membranes of neighboring spermatocytes, whereas Hofmann et al. (1992) suggest 
that it appears from disturbed mitosis.

In adult males, FSH and testosterone are required for the maintenance of quan-
titatively and qualitatively normal spermatogenesis (Chemes et al. 2008; Pathirana 
et al. 2011). Receptors for these hormones are present in Sertoli cells but not in 
germ cells (Kohler et al. 2007; Caires et al. 2008); therefore, the effects of both 
hormones are indirect and mediated by Sertoli cells, which secrete factors that 
regulate germ-cell differentiation in a paracrine manner (Ford and Wise 2009). 
In the scrotal testis of unilateral cryptorchid boars defective spermatogenesis cor-
relates with abnormalities in the activity of Sertoli cells (Kojima 1991; Miething 
1995; Pinart et al. 1999a); altered Sertoli cells produce abnormal paracrine signals 
that damage germ-cell differentiation, leading to spermatogenic arrest at different 
stages (Antich et al. 1995; Jannes et al. 1998). Anomalies in Sertoli-cell function 
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could be related to a genetic origin of unilateral cryptorchidism (Lee 1993; Foresta 
et al. 1996) or an underlying endocrinopathy generated by the cryptorchid testis 
(Antich et al. 1995; Rozanski and Bloom 1995).

Altered lectin affinity of the seminiferous epithelium is also an indicator of 
both impaired Sertoli cell function and spermatogenic arrest in scrotal testes of 
unilateral cryptorchid boars (Pinart et al. 2001b). Therefore, the increased content 
of glucosyl conjugates in spermatocytes and spermatids suggests that an abnormal 
ion transport could be implicated in the arrest of spermatogenesis at spermatocyte 
and spermatid steps; according to Santi et al. (1998), adequate ion transport is cru-
cial for normal spermatogenesis. The decrease in galactose residues in sperma-
tids and Sertoli cells is indicative of anomalies in cell-to-cell adhesion; defective 
attachment of germ cells to Sertoli cells has also been reported in subfertile rats 
(Courtens and Ploen 1999). The low galactosyl content of spermatids in case of 
partial arrest agrees with the notion that these sugars are important for spermio-
genesis (Pinart et al. 2001b). In healthy boars, the residues of α-fucose at the api-
cal cytoplasm of Sertoli cells are markers of lysosomal enzymes implicated in the 
degradation of residual bodies formed during spermiation (Ueno et al. 1991; Pinart 
et al. 2001b); in the scrotal testis of unilateral cryptorchid boars, the low amount 
of α-fucose residues in these cells correlates with the partial spermatogenic arrest, 
which results in low numbers of mature spermatids and residual bodies, and there-
fore in low content of lysosomes (Pinart et al. 2001b).

As in healthy boars, the tail region of testicular spermatozoa in the left (scrotal) 
testis of unilateral cryptorchid boars shows a poor lectin affinity. However, differ-
ences exist in the affinity of the acrosome, with a decreased content of galacto-
syl residues and increased content of glucosyl residues (Pinart et al. 2001b). This 
abnormal content of sugar residues may interfere with sperm maturation during 
epididymal transit and also with sperm fertilizing ability (Töpfer-Petersen 1999). 
Both abnormal testicular differentiation and defective epididymal maturation of 
the acrosome correlate with the increased frequency of spermatozoa with acroso-
mal anomalies in the ejaculate of post-pubertal boars affected by unilateral abdom-
inal cryptorchidism (Pinart et al. 1998, 1999a).

The interstitial tissue of the left (scrotal) testis of unilateral cryptorchid boars 
has a normal appearance, with small blood and lymph vessels (Pinart et al. 
1999a) and a similar Leydig cell, fibroblast and mast cell density as in healthy 
boars (Pinart et al. 2001d). Structure and ultrastructure of both Leydig cells and 
fibroblasts are also similar to scrotal testis of healthy boars (Pinart et al. 1999a, 
2001d). Controversies exist about the effects of unilateral cryptorchidism on the 
Leydig cell population of the scrotal testis. Some authors describe anomalies 
either in Leydig cell number or in steroid production (Ezeasor 1985; Sirvent et 
al. 1989), whereas others link an increase in both Leydig cell number and steroi-
dogenic activity to a compensatory mechanism for the low testosterone produc-
tion of the abdominal testis (Jansz and Pomerantz 1986). Besides, some authors 
describe similar, but less severe anomalies than in the ectopic testis, in the scrotal 
testis of unilateral cryptorchid adults (Zakaria et al. 1998). These divergences are 
probably correlated with age; according to Kawakami et al. (1993) the testosterone 
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production of the scrotal testis of unilateral cryptorchid males peaks in the post-
pubertal period, and then decreases progressively in adulthood.

Although structural (Pinart et al. 1999a) and ultrastructural (Pinart et al. 2001d) 
evaluations do not show abnormalities in Leydig cells of scrotal testes of unilat-
eral cryptorchid boars, the histochemical approach reveals anomalies in the sugar 
nature of O-linked glycans (Pinart et al. 2002). Therefore, as compared with 
healthy boars, Leydig cells of scrotal testes of unilateral cryptorchid boars have an 
altered content of glucosyl and galactosyl residues, which are indicative of distur-
bances in the transport of fluid and ions and in membrane permeability, and also 
of defective steroidogenesis (Arenas et al. 1998; Pinart et al. 2002). Alterations in 
substrate transport and in membrane permeability of Leydig cells are described in 
ectopic (either abdominal or inguinal) testes but not in the scrotal testes of unilat-
eral cryptorchid males (Tanigawa et al. 1990). On the other hand, divergent views 
exist about the effects of unilateral cryptorchidism on the steroidogenic activity of 
the scrotal testis; thus, whereas some authors describe unaffected androgen synthe-
sis (Ezeasor 1985; Sirvent et al. 1989; Toppari et al. 2006), others report increased 
(Jansz and Pomerantz 1986) or even decreased (Pinart et al. 2001d, 2002) testos-
terone production. This variability in testosterone production probably reflects the 
different aetiology of cryptorchidism (Kvist et al. 2006). In normal and patho-
logical conditions, Leydig cell function depends on the presence of specific cell 
populations in the seminiferous tubules (Wu and Murono 1996). Pachytene sper-
matocytes and spermatids modulate the secretion of specific paracrine factors by 
Sertoli cells, which are involved in the regulation of Leydig cell activities (Jegou 
and Sharpe 1993; Wu and Murono 1996). In several disturbances, including var-
icocele, X-irradiation, vitamin A deficiency, efferent duct ligation or heat stress, 
damage of spermatogenesis results in impaired testosterone production (Jegou and 
Sharpe 1993). In the scrotal testes of unilateral abdominal cryptorchid boars, alter-
ations in Leydig cells correlate with partial spermatogenic arrest at the spermato-
cyte and spermatid stages (Pinart et al. 1999a, b, 2000).

In the right (abdominal) testis of unilateral cryptorchid boars a signifi-
cant reduction of the diameter of seminiferous tubules has been found (average 
129 μm) (Pinart et al. 1999a). Moreover, spermatogenesis is totally inhibited in all 
seminiferous tubules, as evidenced by the structural appearance of the seminifer-
ous epithelium (Pinart et al. 1999a); therefore, in most tubules, the seminiferous 
epithelium is pseudostratified and constituted by Sertoli cells and few spermato-
gonia (Fig.  4.2a), whereas in others a complete absence of germ cells is shown 
(Fig. 4.2b). The nucleus of Sertoli cells is located in the basal cytoplasm and the 
apical cytoplasm fills the lumen of seminiferous tubules (Pinart et al. 2000). The 
lamina propria displays a variable degree of thickening (from 4.5 to 10 μm) and 
collagenization; this thickness usually being greater in the seminiferous tubules 
exhibiting only Sertoli cells (Pinart et al. 1999a, 2001c). Peritubular cells of inner 
and outer layers of the lamina propria appear as fibroblasts of immature appear-
ance, whereas myoid cells are not observed (Pinart et al. 2001c). The interstitial 
tissue shows a heterogeneous pattern, with three different areas irregularly distrib-
uted: areas with abundant Leydig cells, areas crossed by large fibrous septa, and 
areas with abundant blood vessels and erythrocytes (Pinart et al. 1999a, 2001d). 
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Therefore, unilateral abdominal cryptorchidism provokes an important regres-
sion of the Leydig cell population, which appears in an unpatterned distribution, 
and a great vascularization of the abdominal testis. Under these circumstances, 
Leydig cells can have either a mature but degenerative appearance or an immature 

(a) (b)

(c) (d)

(f)(e)

Fig. 4.2   Structure of the seminiferous tubules in abdominal testes of post-pubertal boars with 
spontaneous unilateral and bilateral cryptorchidism. Mallory’s trichrome stain. a Seminiferous 
tubule with Sertoli cells (S) and spermatogonia (Sg) of the right (abdominal) testis of unilateral 
cryptorchid boars. b Seminiferous tubule with only Sertoli cells (S) of the right (abdominal) tes-
tis of unilateral cryptorchid boars. c, d Seminiferous tubule with Sertoli cells (S) and spermato-
gonia (Sg) of the left (abdominal) testis of bilateral cryptorchid boars; note the height of Sertoli 
cells and the considerable thickening of the lamina propria (LP). e Degenerative seminiferous 
tubule (DT) of the right (abdominal) testis of bilateral cryptorchid boars. f Sclerotic seminiferous 
tubule (ST) of the right (abdominal) testis of bilateral cryptorchid boars. ×170. L, Leydig cells. 
Reproduced from Pinart et al. (1999a) with permission
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appearance (Pinart et al. 2001d). The fibroblast population, constituted by imma-
ture cells, displays a higher density than in healthy boars.

The left and right testes of bilateral abdominal cryptorchid boars are covered 
by a thickened tunica albuginia; the testes show marked abnormalities in the struc-
tural organization of the seminiferous tubules, lamina propria and interstitial tissue. 
In the left testis, seminiferous tubules and interstitial tissue occupy 38 and 62 % 
of the testicular parenchyma, respectively. In the right testis, scattered seminifer-
ous tubules occupy about 6 % of the testicular parenchyma; thus, the amount of 
interstitial tissue is of 94 % (Pinart et al. 1999a). Compared to healthy boars, both 
testes of bilateral cryptorchid boars show a significant reduction in the amount of 
seminiferous tubules that is of 20 % in the left testis and practically complete in the 
right one. In both abdominal testes of bilateral cryptorchid boars, spermatogenesis 
is inhibited. In the left testis, the diameter of seminiferous tubules is 181 μm, sig-
nificantly greater than in the abdominal testis of unilateral cryptorchid boars (Pinart 
et al. 1999a). The seminiferous epithelium, about 50 μm high, is simple cuboidal 
and contains Sertoli cells and few spermatogonia (Fig. 4.2c–d) or only Sertoli cells; 
in this last case the tubules usually display a degenerative pattern. The lamina pro-
pria shows a great thickening, which can double or even triple the thickness of the 
lamina propria of scrotal testes from either healthy or unilateral cryptorchid boars. 
Inner and outer peritubular cell layers of the lamina propria are composed of fibro-
blasts of immature appearance; myoid cells are lacking (Pinart et al. 2001c). The 
right testis contains few seminiferous tubules without germ cells, which can exhibit 
either a degenerative (Fig.  4.2e) or sclerotic (Fig.  4.2f) appearance; the diameter 
of these tubules is 182 μm. The lamina propria is composed of a thickened basal 
lamina (2–3 μm thick) with a high density of collagen fibers and low glycoconju-
gate content; peritubular cells are lacking (Pinart et al. 2001c).

Regadera et al. (1991) have also reported anomalies in the seminiferous tubules 
of ectopic testes from unilaterally cryptorchid men. However, their results are 
quite divergent:

(a)	 10  % of cryptorchid testes contain seminiferous tubules with germ cells, 
mainly spermatogonia, but also some spermatocytes and occasionally 
spermatids,

(b)	 57 % of cryptorchid testes show seminiferous tubules with only Sertoli cells, 
and

(c)	 33 % of cryptorchid testes have sclerotic tubules (Regadera et al. 1991).

These divergent results may be attributed to the different positions (abdominal 
or inguinal) in which the ectopic testes can be found and also to the age of the 
patients at the time of the experiment, which ranged from 16 to 63 years. Probably 
the most severe abnormalities are related to a higher position of ectopic testes and/
or advanced age (Pinart et al. 1999a). The structural alterations of the Sertoli cells 
in cryptorchid testes can be due to either a primary defect or acquired damage pro-
voked by high temperatures (Paniagua et al. 1990; Lee 1993; Antich et al. 1995). 
In any case, abnormalities in Sertoli cells produce the absence of spermatogenesis 
in abdominal testes (Nistal et al. 1990; Paniagua et al. 1990; Pinart et al. 1999a).
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Lectin histochemistry indicates that few differences exist in sugar content 
among non-degenerating, degenerating and degenerated immature Sertoli cells, 
as well as between the basal and apical cytoplasm of immature Sertoli cells, and 
between immature Sertoli cells and spermatogonia. Compared to healthy boars, 
the seminiferous epithelium of abdominal testes displays a decreased content 
of fucosyl residues and an increased content of glucosyl and galactosyl residues. 
A similar sugar composition has been found in the degenerating testes of rodents 
(Vanha-Perttula and Arya 1985). These results indicate that degeneration of the 
seminiferous epithelium may induce increased ion transport and high membrane 
permeability (Pinart et al. 2001b). Some studies report that in abdominal testes the 
degeneration of spermatogonia occurs by apoptosis whereas the degeneration of 
Sertoli cells is necrotic (De Rooij and Russell 2000); contrarily, more recent data 
suggest that abdominal cryptorchidism, both unilateral and bilateral, does not result 
in an increased apoptotic degeneration of spermatogonia as compared with the scro-
tal testes of healthy boars (Bernal-Mañas et al. 2005).

Increased thickness of the lamina propria has also been described in men with 
unilateral and bilateral cryptorchidism (Paniagua et al. 1990; Santamaria et al. 
1990), in men with a history of cryptorchidism (Gotoh et al. 1987), in bulls with 
testicular hypoplasia (Veeramachaneni et al. 1987), and in bulls with azoospermia 
(Gargiulo et al. 1991). The thickening of the lamina propria is due to abnormalities 
in the cooperation between damaged Sertoli cells and peritubular cells that lead to 
both increased synthesis and secretion of extracellular components by peritubular 
cells and decreased turnover of glycoconjugates (Gargiulo et al. 1991; Richardson 
et al. 1995). Besides, the thick lamina propria impairs interactions between tubu-
lar and interstitial compartments, further interfering with testicular functions 
(Gargiulo et al. 1991; Pinart et al. 2001c).

The interstitial tissue of the right (abdominal) testis of unilateral cryptorchid 
boars is composed of mature but degenerative Leydig cells, immature Leydig 
cells and fibroblasts, and few mast cells. In the left testis of bilateral abdomi-
nal cryptorchid boars the interstitial cell population is composed of mature and 
immature Leydig cells, immature fibroblasts and mast cells, but also of lympho-
cytes and erythrocytes and few plasma cells (Pinart et al. 2001d). The numerical 
density of Leydig cells does not differ from the right (abdominal) testis of unilat-
eral cryptorchid boars, whereas fibroblast and mast cell density is higher than in 
unilateral cryptorchid boars. The interstitial tissue of the right testis of bilateral 
abdominal cryptorchid boars exhibits large fibrous connective tissue areas with 
immature fibroblasts and mast cells, and also adipose areas. The Leydig cell popu-
lation shows notable regression with scarce immature cells in advanced pignosis. 
Both fibroblasts and mast cell density are higher than in healthy boars (Pinart et al. 
2001d).

Regression of the Leydig cell population and steroid production is also 
observed in ectopic testes of unilateral and bilateral cryptorchid men (Regadera 
et al. 1991; Sheth et al. 1996) and dogs (Kawakami et al. 1993), in unilateral 
abdominal cryptorchid boars and stallions (Raeside et al. 1988), and in men with 
a history of pre-pubertal cryptorchidism (Mieusset et al. 1995, 1997). Instead, 
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divergences exist regarding the degree of alteration in Leydig cell numbers; in 
cryptorchid testes of post-pubertal men some authors describe Leydig cell hyper-
plasia (Sirvent et al. 1989; Regadera et al. 1991), whereas others report a reduc-
tion in the number of Leydig cells that begins in the first months of life and 
becomes progressively more severe with age (Sasagawa et al. 1994). These diver-
gences reflect different etiologies of cryptorchidism (Pinart et al. 1999a, 2000). 
Leydig cells from adult cryptorchid testes have impaired testosterone production 
(Regadera et al. 1991). The anomalies in Leydig cells are due to defective stimu-
lation during the pre-pubertal period (Rozanski and Bloom 1995) as a result of 
abnormal paracrine influence from altered Sertoli cells (Antich et al. 1995). The 
abnormal differentiation of Leydig cells may be the cause of the marked fibro-
sis in the abdominal testes of unilateral and bilateral cryptorchid boars (Pinart et 
al.1999a).

The presence of adipocytes in the interstitial tissue has also been observed by 
Ezeasor (1985) in abdominal testes of adult goats. Testicular adipocytes develop 
from an abnormal differentiation of mesenquimatic precursors of Leydig cells dur-
ing the pre-pubertal period (Huhtaniemi and Pelliniemi 1992) and/or from imma-
ture fibroblasts (Hill et al. 1999). Both the anomalies in Sertoli cell population 
(Antich et al. 1995) and impaired blood irrigation (Setchell et al. 1995) result in a 
defective differentiation of interstitial cells.

Therefore, in post-pubertal boars the abnormalities in the seminiferous tubules 
and the interstitial tissue of the abdominal testes are more severe in bilateral cryp-
torchidism than in unilateral cryptorchidism, and in the case of bilateral cryptor-
chidism, alterations are more marked in the right than in the left testis (Pinart et al. 
1999a). In young adult men, Paniagua et al. (1990) do not find differences in testicu-
lar alterations between the unilateral and the bilateral disease.

Ultrastructure of the Seminiferous Epithelium

Sertoli cells of the right (abdominal) testis of unilateral cryptorchid boars show an 
oval or roundish nucleus, smaller than in healthy boars (averaging 10  ×  8  μm), 
placed in the basal or medio-apical cytoplasm and forming few small infoldings 
on the nuclear envelope; the long axis lies parallel to the basal lamina (Pinart et al. 
2000). Sertoli cell nuclei contain homogeneously distributed euchromatin with small 
heterochromatic areas and one or two prominent centrally placed nucleoli (Fig. 4.3a). 
Sertoli cells adhere to the basal lamina by numerous but poorly developed hemides-
mosomes. Neighboring Sertoli cells form abundant small desmosomes and a few 
gap and occludens junctions located at different levels of the seminiferous epithe-
lium. The defective establishment of junctional complexes leads to an incomplete 
development of the blood-testis barrier (Pinart et al. 2000). Few junctions also exist 
between Sertoli cells and germ cells, and they are usually small desmosomes. The 
cytoplasm has low organelle content, with perinuclear mitochondria, flat cisternae of 
rough endoplasmic reticulum, and polysomes. Regularly outlined nuclei and apical 
cytoplasm filling the tubular lumen are considered markers of Sertoli cell immaturity 
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(Paniagua et al. 1990; Bruning et al. 1993). These ultrastructural features have also 
been observed in young men with unilateral and bilateral cryptorchidism (Paniagua 
et al. 1990) and in other testicular diseases such as hypogonadotropic hypogonadism 
(Nistal et al. 1990), tubular hypoplasia (Bruning et al. 1993), Klinefelter’s syndrome 
(Regadera et al. 1991), and ovotestis (Bruning et al. 1993). Thus, different etiological 
factors may induce the persistence of immature Sertoli cells in adulthood.

In bilateral cryptorchid boars, Sertoli cells are cuboidal and have an elongated 
basal nucleus, smaller than in healthy boars (averaging 12 × 6 μm); it encloses 
granular euchromatin and one large nucleolus (Fig. 4.3b). The nuclear envelope 
forms abundant deep infoldings that produce nuclear crypts (Pinart et al. 2000). 
The basal cell membrane adheres to the basal lamina by abundant but poorly 
developed hemidesmosomes. Neighboring Sertoli cells form abundant small des-
mosomes, and gap and occludens junctions are scarce; as in unilateral cryptorchid 
boars the development of the blood-testis barrier is defective (Pinart et al. 2000). 
The apical cytoplasm forms lateral processes that are superimposed and attached 
by small desmosomes with lateral processes of adjacent Sertoli cells. The cyto-
plasm contains flat cisternae of endoplasmic reticulum, scattered vesicles and 
polysomes, and abundant mitochondria usually forming perinuclear aggregates 
lying inside the nuclear crypts. Elongated nuclei with deep membrane indenta-
tions and lateral cytoplasmic processes have been identified in the degenerative 
Sertoli cells of pre-pubertal cryptorchid testes of goats (Singh and Ezeasor 1989) 
and humans (Rune et al. 1992), and of post-pubertal cryptorchid testes of humans 
(Nistal et al. 1990). In cryptorchid testes, degeneration of immature Sertoli 
cells involves, in initial stages, the formation of deep infoldings of the nuclear 

Fig.  4.3   Ultrastructural appearance of Sertoli cells in abdominal testes of post-pubertal boars 
with spontaneous unilateral and bilateral cryptorchidism. a Ultrastructure of Sertoli cells in the 
right (abdominal) testis of unilateral cryptorchid boars. The oval nucleus contains one prominent 
and centrally located nucleolus (Nu) and one small infolding on the nuclear surface (arrows). 
b Ultrastructure of Sertoli cells in abdominal testes of bilateral cryptorchid boars. The nuclear 
envelope forms deep infoldings (arrows) giving rise to nuclear crypts; neighboring Sertoli cells 
attach by poorly developed desmosomes (arrowheads). ×10,080. BL basal lamina, ER endoplas-
mic reticulum, M mitochondria, PM plasma membrane. Reproduced from Pinart et al. (2000) 
with permission
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membrane and retraction and convolution of the apical cytoplasm, thus forming 
lateral processes. More advanced degeneration includes dilation of endoplasmic 
reticulum cisternae, increased lipid content, and atrophy of Golgi complex and 
mitochondria (Singh and Ezeasor 1989; Rune et al. 1992).

Spermatocytes and spermatids are not observed in the abdominal testes of uni-
lateral and bilateral cryptorchid boars (Pinart et al. 1999a, 2000). Seminiferous 
tubules contain only scattered spermatogonia with an abnormal appearance. 
Reduction of germ cell number is more severe in bilateral cryptorchidism than in 
unilateral cryptorchidism. In unilateral cryptorchid boars, two different types of 
spermatogonia have been distinguished (Pinart et al. 2000). Some appear as large 
cells (averaging 16 × 15 μm) with pyramidal profiles and partially attached to the 
basal lamina (Fig.  4.4a). The large nuclei (averaging 12 ×  8 μm) usually show 
irregular profiles, with one or two deep infoldings dividing them into separate 
lobes. Nuclei are euchromatic and the cytoplasm contains abundant mitochondria 
aggregated basally, poorly developed endoplasmic reticulum, electrolucent vesi-
cles and polysomes. Other spermatogonia appear as highly electrodense cells, with 
roundish profiles (averaging 10 ×  8 μm) that have practically lost their contact 
with the basal lamina (Fig. 4.4b). The apical oval nucleus (averaging 7 × 5 μm) 
is strongly electrodense and contains granular euchromatin with scattered hetero-
chromatic areas and one or two prominent nucleoli. The cytoplasm has abundant 
mitochondria, scattered cisternae of endoplasmic reticulum and membrane aggre-
gates. In some cases, these spermatogonia have completely lost their attachment 
to the basal lamina and can be found at different levels of the seminiferous epithe-
lium; some detached cells show degenerative patterns.

Spermatogonia with round profiles are also observed in bilateral cryptorchid 
boars; however, the cells are slightly larger (averaging 11  ×  9.5  μm) than in 

Fig. 4.4   Ultrastructural appearance of spermatogonia in abdominal testes of post-pubertal boars 
with spontaneous unilateral cryptorchidism. a Pyramidal spermatogonium; the cell is partially 
attached (arrowheads) to the basal laminal (BL). ×8,000. Ultrastructure of Sertoli cells in the 
right (abdominal) testis of unilateral cryptorchid boars. b Rounded spermatogonium. ×12,800. 
D desmosomes, LP lamina propria, M mitochondria, MA membrane aggregates, N nucleus, Nu 
nucleolus, S Sertoli cell, V vesicles. Reproduced from Pinart et al. (2000) with permission
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unilateral cryptorchid boars. The nucleus contains granular euchromatin with 
abundant heterochromatic areas and one large peripherically placed nucleolus, and 
the cytoplasm encloses few cellular organelles and displays a degenerative appear-
ance (Pinart et al. 2000).

Therefore, abdominal testes of both unilateral and bilateral cryptorchid boars 
at post-pubertal age are likewise constituted by immature Sertoli cells, showing 
degenerative signs in bilateral cryptorchid boars (Pinart et al. 2000). The altera-
tions of Sertoli cells of post-pubertal abdominal testes are attributed to an abnor-
mal differentiation during the pre-pubertal period (Antich et al. 1995). In normal 
testes, proliferation and differentiation of Sertoli cells occur post-natally under 
FSH and testosterone stimulus, respectively (McCoard et al. 2001, 2003; Ford 
and Wise 2009). Differentiated Sertoli cells produce inhibin, which is involved 
in feedback control of FSH levels; as FSH levels decrease, Sertoli cell replica-
tion declines (McCoard et al. 2001, 2003). Testosterone produced by perinatal 
Leydig cells under LH stimulus also prevents enhancement of Sertoli cell pro-
liferation and promotes their differentiation (Buzzard et al. 2003). In abdominal 
testes the hormonal cascade that stimulates Sertoli cell differentiation is blunted 
(Antich et al. 1995; Rozanski and Bloom 1995), leading to the persistence of 
immature Sertoli cells. Divergences between unilateral and bilateral cryptorchid-
ism could be due to different alterations in endocrine and paracrine factors impli-
cated in the regulation of these cells (Mieusset et al. 1995; Pinart et al. 1999a; 
Pinart et al. 2000). It has been reported that endocrine and paracrine disfunctions 
are more severe in the bilateral disease (Mieusset et al. 1995; Foresta et al. 1996; 
Matuszczak et al. 2011).

The degeneration of the seminiferous epithelium in abdominal testes has been 
extensively described in humans, boars, and rams (Rune et al. 1992; Courtens and 
Ploen 1999; Pinart et al. 1999a, 2000). At an initial degeneration stage, the tubules 
exhibit immature Sertoli cells with regularly outlined nuclei and apical cytoplasm 
filling the tubular lumen, and few degenerating spermatogonia placed at different 
levels of the seminiferous epithelium (Pinart et al. 1999a, 2000). More advanced 
degeneration involves nuclear elongation, formation of deep infoldings in the 
nuclear envelope, and retraction and convolution of the apical cytoplasm in imma-
ture Sertoli cells, as well as the disappearance of degenerated spermatogonia, the 
tubules being composed of a cuboidal epithelium (Rune et al. 1992; Courtens and 
Ploen 1999; Pinart et al. 1999a, 2000). Total degeneration includes disappearance 
of the nucleus, atrophy of organelles, and increased lipid content in Sertoli cells 
forming a disorganized nodule (Rune et al. 1992; Pinart et al. 1999a). Therefore, 
the right (abdominal) testis of unilateral cryptorchid boars, and the left and right 
testes of bilateral abdominal cryptorchid boars are representative of these three 
different stages of seminiferous epithelium degeneration (Pinart et al. 2001b).

In cryptorchidism, abnormal development of the blood-testis barrier has 
also been described by several authors (Cinti et al. 1993; Maekawa et al. 1995; 
Rozanski and Bloom 1995). Paniagua et al. (1990) and Nistal et al. (1990) 
reported that the lack of Sertoli cell maturation in abdominal testes of post-puber-
tal men does not hinder the development of junctional specializations, which 
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contradicts with explanations above. Some studies suggest that the establishment 
of the blood-testis barrier requires the complete maturation of Sertoli cells, the 
onset of spermatogenesis, and the development of the tubular lumen (França et 
al. 2005; Ford and Wise 2009, 2011). In unilateral and bilateral cryptorchid boars, 
the basal membrane of immature Sertoli cells forms small hemidesmosomes. 
Anomalies in hemidesmosomes have been correlated with the increased thickness 
of the basal lamina in cases of cryptorchidism (Paniagua et al. 1990; Maekawa et 
al. 1995; Rozanski and Bloom 1995). Such alterations in basal and lateral junc-
tions of Sertoli cells are attributed to an abnormal development of actin and inter-
mediate filaments (Maekawa et al. 1995).

The seminiferous epithelium of abdominal testes from unilateral and bilateral 
cryptorchid boars contains few spermatogonia; the decrease in germ cell number is 
greater in the case of bilateral cryptorchidism (Pinart et al. 2000). Differences also 
exist between the unilateral and bilateral disease in the ultrastructural appearance 
of spermatogonia. In abdominal testes, abnormally differentiated Sertoli cells may 
produce abnormal paracrine signals that damage germ cell differentiation (Antich 
et al. 1995). Alterations in germ cell number are attributed to delayed and defec-
tive maturation of prespermatogonia into spermatogonia, decreased proliferation 
of spermatogonia, and complete failure of the transformation of spermatogonia 
into primary spermatocytes during the perinatal period (Kohler et al. 2007; Caires 
et al. 2008). Untransformed gonocytes and abnormal spermatogonia degenerate 
progressively throughout the pre-pubertal period (Codesal et al. 1993; Rozanski 
and Bloom 1995), resulting in decreased numbers of spermatogonia in the abdom-
inal testes of post-pubertal males with unilateral and bilateral cryptorchidism.

The presence of roundish spermatogonia with electrodense nuclei and large 
nucleoli has also been observed in cryptorchid testes of children and men (Codesal 
et al. 1993). It has been suggested that these cells have abnormal DNA content as 
a result of disturbances in DNA replication at above-scrotal temperatures of 35 °C 
(Codesal et al. 1993; Jannes et al. 1998). Giant pyramidal spermatogonia have 
been described in cryptorchid and retractile testes of children (Cinti et al. 1993; 
Codesal et al. 1993), and in testes of sub-fertile men (Hofmann et al. 1992). Some 
studies state that these cells are multinucleate and develop as a result of complete 
DNA replication but abnormal cell division (Hofmann et al. 1992; Cinti et al. 
1993; Codesal et al. 1993).

In conclusion, the seminiferous epithelium of abdominal testes from unilateral 
and bilateral cryptorchid boars is constituted by immature Sertoli cells and few 
spermatogonia. Differences in the ultrastructural appearance of immature Sertoli 
cells indicate that testicular degeneration is initiated earlier in bilateral cryptor-
chidism than in unilateral cryptorchidism. Sertoli cell degeneration may be the 
cause of the degenerative appearance of germ cells and also of their lower number 
in the abdominal testes of bilateral cryptorchid boars (Pinart et al. 2000). These 
results differ from those reported by Singh and Ezeasor (1989) and Rune et al. 
(1992), who found Sertoli cell degeneration of cryptorchid testes at pre-pubertal 
age. These divergences reflect different etiologies of cryptorchidism. Tubular 
degeneration at pre-pubertal age could be due to an intrinsic defect of Sertoli cells, 



1474  Factors Affecting Boar Reproduction, Testis Function, and Sperm Quality

whereas tubular degeneration at post-pubertal age may be due to the adverse effect 
generated by high temperature (Pinart et al. 2000).

Fig.  4.5   Ultrastructure of mature Leydig cells in initial degeneration stage in abdominal tes-
tes of post-pubertal boars with spontaneous unilateral and bilateral abdominal cryptorchidism. 
×10,080. ER endoplasmic reticulum, Ly lysosomes, M mitochondria, Nu nucleus, PM plasma 
membrane, V vesicles. Reproduced from Pinart et al. (2001b) with permission

Fig.  4.6   Ultrastructure of mature Leydig cells in mid degeneration stage in abdominal tes-
tes of post-pubertal boars with spontaneous unilateral and bilateral abdominal cryptorchidism. 
×10,080. a Appearance of the nucleus (×12,800). b Appearance of the cytoplasm (×20,000). ER 
endoplasmic reticulum, He heterochromatin, Ly lysosomes, M mitochondria, MF myelin figures, 
N nucleus, Nu nucleus, V vesicles. Reproduced from Pinart et al. (2001b) with permission
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Ultrastructure of the Interstitial Tissue

In abdominal testes of unilateral and bilateral cryptorchid boars, mature Leydig 
cells are located in association with blood capillaries and show degenerative signs 
(Figs.  4.5, 4.6, 4.7) (Pinart et al. 2001d). In an initial degeneration stage, these 
cells are characterized by a decreased cellular size (averaging 10  ×  12  μm) as 
compared to mature Leydig cells of scrotal testes, and the presence of a round 
nucleus (averaging 5.5–6.5 μm in diameter) enclosing coarse euchromatin, hetero-
chromatic masses and a prominent nucleolus (Fig.  4.5). The cytoplasm contains 
poorly-developed Golgi complex and smooth endoplasmic reticulum, myelin fig-
ures, few lysosomes and spherical mitochondria (averaging 0.6–0.8 μm in diam-
eter) with tubular cristae. Mid degeneration involves a reduction in nuclear size 
(averaging 4–4.5 μm in diameter) and a greater development of heterochromatic 
areas (Fig.  4.6a); the nucleus can exhibit either a regular or an irregular profile 
(Pinart et al. 2001d). The decrease in cytoplasmic size (averaging 8 × 10.5 μm) 
results in a disorganization of smooth endoplasmic reticulum and increased num-
bers of myelin figures. Mitochondria maintain their size and profile but show 
lower numbers of cristae (Fig.  4.6b). Advanced degeneration leads to a notable 
decrease in cellular diameter (averaging 6 μm) and nuclear diameter (averaging 
3.5  μm), total heterochromatinization of the nucleus, and swelling of the enve-
lope (Fig. 4.7a). In the cytoplasm, myelin figures show great development whereas 
mitochondria (averaging 0.6 μm in diameter) display swelling, scarce cristae and 
low electrodensity (Fig. 4.7b).

Non-degenerating immature Leydig cells of abdominal testes from unilateral 
and bilateral cryptorchid boars lie in contact with seminiferous tubules. They 

Fig. 4.7   Ultrastructure of mature Leydig cells in advanced degeneration stage in abdominal tes-
tes of post-pubertal boars with spontaneous unilateral and bilateral abdominal cryptorchidism. 
×10,080. a Appearance of the nucleus (×20,000). b Appearance of the cytoplasm (×25,000). En 
nuclear envelope, He heterochromatin, M mitochondria, MF myelin figures, PM plasma mem-
brane, V vesicles. Reproduced from Pinart et al. (2001b) with permission
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show an oval profile (averaging 7.5 × 12 μm) and a rounded nucleus (averaging 
3.5–4.5 μm in diameter) constituted by fine euchromatin and one small nucleo-
lus (Pinart et al. 2001d). The cytoplasm is poorly electrodense and encloses a few 
large, oval mitochondria (averaging 0.8 × 1.2 μm), usually arranged in aggregates 
and exhibiting lamellar cristae, poorly developed rough endoplasmic reticulum, 
and some vesicles (Fig.  4.8a). In bilateral cryptorchid boars, picnosis of imma-
ture Leydig cells is initially manifested in a decrease in cellular size (averaging 
4.5  ×  8.5  μm) and a greater development of heterochromatic areas (Fig.  4.8b) 
(Pinart et al. 2001d). The cytoplasm contains abundant polysomes and round mito-
chondria (averaging 0.5 ×  0.6 μm). Advanced degeneration results in decreased 
size (averaging 2 × 2.5 μm), heterochromatinization and swelling of the nucleus, 
with a cytoplasm characterized by polysomes, few lysosomes, and swollen mito-
chondria (averaging 0.7 × 0.8 μm) (Fig. 4.8c).

Differences in the maturation degree between intersticial and intertubu-
lar Leydig cells are also found in men with unilateral and bilateral cryptorchid-
ism (Sirvent et al. 1989; Regadera et al. 1991), in goats with unilateral abdominal 
cryptorchidism (Ezeasor 1985), and in patients with primary testicular disorders 

Fig. 4.8   Ultrastructure of immature Leydig cells in abdominal testes of post-pubertal boars with 
spontaneous unilateral and bilateral abdominal cryptorchidism. a Appearance of non-degenerating 
immature leydig cells in the right (×8,000. b Appearance of immature leydig cells in initial degen-
eration (×16,000). c Appearance of immature Leydig cells in advanced degeneration the nucleus 
(×20,000). ER endoplasmic reticulum, He heterochromatin, Ly lysosomes, M mitochondria, N 
nucleus, PM plasma membrane, V vesicles. Reproduced from Pinart et al. (2001b) with permission
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(Regadera et al. 1991). It has been reported that in both immature and mature tes-
tes of healthy males, interstitial, and intertubular Leydig cells differ in number, 
type, and activity of LH and hCG receptors, so that they respond differently to the 
same hormonal stimulus (Sasagawa et al. 1994; Antich et al. 1995; Setchell et al. 
1995); besides, the morphology and function of intertubular Leydig cells are under 
the control of neighboring Sertoli cells by means of paracrine factors (Antich et 
al. 1995). In cryptorchid testes, the presence of immature Leydig cells in peritubu-
lar localization correlates mainly with the immaturity of Sertoli cells (Pinart et al. 
1999a, 2000), which results in an abnormal paracrine stimulation of neighboring 
Leydig cells (Antich et al. 1995).

Immature Leydig cells are characterized by lack of smooth endoplasmic reticu-
lum and Golgi complex, and by low mitochondrial content; degenerating mature 
Leydig cells display regressive changes in smooth endoplasmic reticulum, Golgi 
complex, and mitochondria (Pinart et al. 2001d). In Leydig cells, the degree of 
development of these organelles is used as a marker of their capacity to synthesize 
steroids (Haider and Servos 1998). Therefore, the ultrastructural study indicates 
that both unilateral and bilateral abdominal cryptorchidism inhibit the steroido-
genesis in the abdominal testes at post-pubertal age (Pinart et al. 2001d). Lack of 
steroidogenesis in abdominal testes results in low testosterone levels in bilateral 
cryptorchid males (Kawakami et al. 1995; Pathirana et al. 2011). In contrast, no 
differences arise in plasma testosterone concentrations between healthy and unilat-
eral cryptorchid dogs (Pathirana et al. 2011).

The degeneration of Leydig cells of abdominal testes from post-pubertal boars 
is more severe in bilateral than in unilateral cryptorchidism. Similar differences 
are found between unilateral and bilateral cryptorchidism in the picnotic degree 
of immature Sertoli cells of post-pubertal abdominal testes (Pinart et al. 1999a, 
2000). These results indicate that the degeneration of abdominal testes is initiated 
earlier in bilateral cryptorchidism than in unilateral cryptorchidism (Pinart et al. 
2000) due to more severe endocrine, paracrine, and vascular alterations in the for-
mer disease (Mieusset et al. 1995). As has been reported in bilateral cryptorchid 
men (Sheth et al. 1996), the anomalies of bilateral cryptorchid boars are more 
severe in the right testis than in the left testis (Pinart et al. 2001d); nevertheless, 
the causes of these differences between the right and left side are still unknown.

In the interstitial tissue of abdominal testes of unilateral and bilateral cryp-
torchid boars, fibroblasts appear as large immature cells (averaging 4.5 × 15 μm) 
containing a fused nucleus (averaging 3.5 ×  13 μm) of either regular or irregu-
lar profile (Pinart et al. 2001d). The nucleoplasm has granular euchromatin, small 
heterochromatic areas, and one prominent nucleolus. The organelle content is 
composed of aggregates of rough endoplasmic reticulum cisternae, mitochondria, 
vesicles and lysosomes.

In scrotal testes of healthy adult males, fibroblasts are characterized by a 
low rate of synthesis and turnover of extracellular matrix components, their 
main function being the regulation of Sertoli cell activities (Schteingart et al. 
1999). Immature fibroblasts with well-developed rough endoplasmic reticulum 
and prominent nucleolus have high secretory activity, which correlates with the 
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collagenization and impaired substrate diffusion of the interstitial tissue in abdom-
inal testes of post-pubertal boars (Pinart et al. 2001d, 2002). In healthy adults, 
mature Sertoli cells secrete paracrine factors implicated in the maintenance of the 
cytologic features of the fibroblast population (Schteingart et al. 1999). In post-
pubertal cryptorchid testes, the alterations in fibroblast number and metabolism 
correlate with Sertoli cell immaturity (Antich et al. 1995; Pinart et al. 2000), mast 
cell proliferation (Jezek et al. 1996; Pinart et al. 2001d), and defective testicular 
perfusion (Setchell et al. 1995; Pinart et al. 2001a).

Unilateral cryptorchidism does not induce abnormalities in the mast cell popu-
lation of either scrotal or abdominal testes (Pinart et al. 2001d). Instead, the inter-
stitial tissue of the left testis of bilateral abdominal cryptorchid boars has been 
reported to increase the number of mast cells, as well as that of lymphocytes and, 
to a lesser degree, the number of plasma cells; the right testis also exhibits fre-
quent mast cells (Pinart et al. 2001d). Abundance of lymphocytes has been found 
in rats with bilateral abdominal cryptorchidism (Kort et al. 1991); this anomaly 
is usually associated with inflammatory and autoimmune diseases (Itoh et al. 
1998). In this species, defective Leydig cell differentiation and Leydig cell deple-
tion result in mast cell proliferation (Meinhardt et al. 1998). In men, idiopathic 
infertility (Yamamoto et al. 1994), seminiferous tubule atrophy (Jezek et al. 1996), 
malignant transformation of germ cells (Arber et al. 1998), and cryptorchidism 
(Montella and Pirino 1990) lead to testicular mastocytosis. In severe disturbances, 
mast cells are implicated in testicular fibrosis by enhancing proliferation and colla-
gen production of fibroblasts, and in chronic inflammation by promoting capillary 
proliferation and lymphocyte infiltration; the presence of abundant mast cells and 
plasma cells is also considered as a sign of testicular regression (Antón et al. 1998; 
Ohtsuka 2000). In abdominal testes of bilateral cryptorchid boars, the mastocy-
tosis correlates with the degeneration of Sertoli cells (Pinart et al. 2000) and of 
Leydig cells (Pinart et al. 2001d).

Despite the great fibrosis of the interstitial tissue (Pinart et al. 1999a, 2001d), 
abdominal testes from unilateral and bilateral cryptorchid boars also exhibit 
increased number of blood capillaries interspersed among interstitial cells (Pinart 
et al. 2001a); at ultrastructural level, interstitial capillaries can display either a 
mature or an angiogenic appearance. Both capillary angiogenesis and capillary 
degeneration are greater in bilateral cryptorchidism than in unilateral cryptor-
chidism. Increased number and altered permeability of capillaries, resulting in a 
reduction of blood flow, are also reported in ectopic testes of children and men 
with unilateral and bilateral cryptorchidism (Setchell et al. 1995). Besides, early 
correction of cryptorchidism at pre-pubertal age does not always improve the tes-
ticular blood flow (Mieusset and Bujan 1995). Abnormal vascular supply results 
in impaired oxygen and nutrient exchange that is manifested in increased fibrosis 
of the interstitial tissue (Setchell et al. 1995). The increased content of erythro-
cytes in the right (abdominal) testis of unilateral cryptorchid boars, and of erythro-
cytes and lymphocytes in the left testis of bilateral abdominal cryptorchid boars is 
also indicative of abnormalities in vascular permeability (Collin and Bergh 1996; 
Haider and Servos 1998).
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As compared with capillaries of scrotal testes, angiogenic capillaries show an 
increased number but a decreased size of endothelial cells, lack of pericytes, and 
decreased thickness and collagen content of the basal lamina (Pinart et al. 2001a). 
These capillaries are usually associated with small migrating cells (Fig. 4.9a1–a2). 
The morphological events in angiogenesis were first described by Korpelainen 
et al. (1998) and Pettersson et al. (2000). New blood capillaries develop from 
preexisting ones by means of degradation of the basal lamina components by 
endothelial cells and detachment of pericytes; the pericyte loss results in prolif-
eration of endothelial cells, which can further migrate to the surrounding tissue, 
and finally, associate to form new capillaries (Pettersson et al. 2000). At post-
puberty, the proliferation of testicular capillaries can be due to the malignancy of 
endothelial cells, but also to abnormal stimulation from neighboring tissue as a 

Fig.  4.9   Ultrastructure of blood capillaries in abdominal testes of post-pubertal boars with 
spontaneous unilateral and bilateral abdominal cryptorchidism. a Appearance of a migrating 
endothelial cell in the right testis of unilateral cryptorchid boars (a1) and in the left testis of bilat-
eral cryptorchid boars (a2) (×15,000). Note the presence of deep invaginations (arrows) on the 
nucleus (N). b Cross section of a degenerative capillary of the left testis of bilateral cryptorchid 
boars (×8,960). A electrodense aggregates, BL basal lamina, E erythrocyte, ED endothelial cell, 
ER endoplasmic reticulum, Fi finger-like processes, Ly lysosomes, M mitochondria, Pe pericytes, 
PM plasma membrane, V vesicles. Reproduced from Pinart et al. (2001a) with permission
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consequence of tumor development (Korpelainen et al. 1998; Feng et al. 2000), 
severe Leydig cell dysfunctions (Collin and Bergh 1996; Ergün et al. 1998), and 
stress conditions generated by hypoxia (Kerbel 2000), oxidative damage (Markey 
et al. 1994), or high temperature (Korpelainen et al. 1998). Tumoral cells (Feng 
et al. 2000; Kerbel 2000) or altered Leydig cells (Collin and Bergh 1996) secrete 
high amounts of vascular endothelial growth factor (VEGF), which stimulate sev-
eral stages of blood vessel formation including endothelial cell proliferation and 
migration, basal lamina degeneration, and tube formation (Korpelainen et al. 
1998). VEGF also acts as a potent pro-survival factor of endothelial cells in newly 
formed vessels (Kerbel 2000; Otani et al. 2000).

Degenerative blood capillaries of abdominal testes exhibit decreased diam-
eter, narrowing of the lumen, pyknotic transformation of the endothelium, thick-
ening and collagenization of the basal lamina and a great increase in pericytes 
(Fig. 4.9b) (Pinart et al. 2001a). Similar alterations are also reported in degen-
erative capillaries of men, rams, bulls and mice with testicular involution caused 
by age, ischemia, varicocele, cryptorchidism and idiopathic infertility (Markey 
et al. 1994; Jezek et al. 1996). The degeneration of intertubular capillaries 
is activated by the thickening and collagenization of the lamina propria of the 
seminiferous tubules (Jezek et al. 1996; Pinart et al. 1999a, 2001c). In advanced 
testicular involution, capillary pyknosis extends towards the interstitial vessels 
(Setchell et al. 1995).

4.2.2.4 � Main Semen Abnormalities of Cryptorchid Boars

Fertility is impaired in adult males with unilateral cryptorchidism, although the 
degree of alteration of semen parameters remains controversial (Mieusset et al. 
1995). Divergent results are due to the different conditions in which the studies 
of cryptorchidism are performed. Thus, the effect of unilateral cryptorchidism in 
semen quality is different depending on whether it is spontaneous or artificially 
induced, abdominal or inguinal, and right- or left-sided (Mieusset et al. 1995; 
Pinart et al. 1999c). Moreover, the sperm quality of unilaterally cryptorchid males 
is different depending on age since significant differences have been reported 
between young adults and elderly males (Lee 1993). The effects of bilateral cryp-
torchidism is different when it is inguinal than when it is abdominal; post-pubertal 
boars with bilateral abdominal cryptorchidism are sterile due to lack of semen pro-
duction (Pinart et al. 1998, 1999a, c, 2000).

An extensive study of seminal quality has been performed with post-puber-
tal boars characterized by unilateral abdominal cryptorchidism on the right side 
(Pinart et al. 1999c). The ejaculate volume of unilateral abdominal cryptorchid 
boars is reported to be between 30 and 60 % lower than in healthy boars, whereas 
the volume of the cell-rich fraction does not differ between both groups of males 
(Pinart et al. 1999c). In humans, Puri and O’Donnell (1990) state that 50  % of 
subfertile men with a history of cryptorchidism have decreased semen volume; in 
these patients, the ejaculate volume can be up to 80 % lower than in healthy men. 
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The decrease in semen volume in unilateral cryptorchid males is due to an abnor-
mal production of seminal fluid by the accessory glands (Pinart et al. 1999c).

Unilateral abdominal cryptorchidism significantly affects sperm concentration 
and sperm production per gram of testicular parenchyma, which are 80 and 75 % 
lower than in healthy boars, respectively (Pinart et al. 1999c). In pubertal dogs 
with unilateral cryptorchidism, sperm concentration is 50 % lower than in normal 
dogs (Kawakami et al. 1995). Oligospermia has also been observed in all sub-
fertile men with a history of unilateral cryptorchidism, with a decrease in sperm 
concentration ranging from 65 to 85 % (Puri and O’Donnell 1990; Mieusset et al. 
1995; Rozanski and Bloom 1995; Foresta et al. 1996). In post-pubertal boars with 
unilateral abdominal cryptorchidism on the right side, the decrease in sperm con-
centration is due to the lack of sperm production of the abdominal testis (Pinart et 
al. 1999a, 2000), and the impaired sperm production of the scrotal testis as a result 
of the partial arrest of spermatogenesis at the meiosis stage (Pinart et al. 1999b) 
and at the spermatid stage (Pinart et al. 1998, 1999a).

Few data exist about the effect of cryptorchidism on DNA integrity of sper-
matozoa and the studies performed are quite dated. In a study using the acridine 
orange test (AO test), it was concluded that this parameter is not significantly 
affected in post-pubertal boars with unilateral abdominal cryptorchidism (Pinart 
et al. 1999c). The AO test is based on determining the denaturalization degree of 
DNA (Evenson and Wixon 2006; Lamb 2010). DNA denaturalization can be origi-
nated by an abnormal protaminization during spermatogenesis and/or by anoma-
lies in the epididymal maturation which result in an impaired formation of S–S 
cross-links between the cysteine-rich protamines (O’Brien and Zini 2005; Evenson 
and Wixon 2006). In a recent review, Lamb (2010) stated that in both fertile and 
subfertile patients DNA damage increases progressively during epididymal mat-
uration, although the molecular basis of this damage is completely unknown. 
According to all these findings, results of Pinart et al. (1999c) seem to indicate 
that unilateral abdominal cryptorchidism on the right side does not result in an 
impairment of DNA integrity in boar spermatozoa, either at the testicular level or 
at the epididymal level. Nevertheless, more studies are required using more robust 
tests of chromatin integrity and DNA fragmentation in order to better establish the 
effect of cryptorchidism on the nuclear damage of spermatozoa.

The sperm motility of post-pubertal boars with unilateral abdominal cryptor-
chidism can be up to 22 % lower than in healthy boars and have non-progressive 
trajectories (Pinart et al. 1999c). Alterations in the progressive movement of sper-
matozoa have been reported in unilateral cryptorchid men (Urry et al. 1994) and 
boars (Bonet et al. 1998), as well as in subfertile men with a history of unilat-
eral cryptorchidism (Puri and O’Donnell 1990; Urry et al. 1994; Mieusset et al. 
1995). The most frequent causes of decreased sperm motility are: (1) abnormal 
spermiogenesis that leads to the formation of spermatozoa with intrinsic defects 
in the tail ultrastructure (Gopalkrishnan et al. 1995); (2) anomalies in the activity 
of the epididymal epithelium, which result in imbalance in the ionic and proteic 
components of epididymal fluid that interferes with the normal development of 
sperm motility along the duct (Pruneda et al. 2005); or (3) impaired activity of the 
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accessory glands, which does not only produce alterations in the ejaculate volume 
but also changes in the osmolality of semen, with further effects on sperm motility 
(Smital et al. 2005). Impaired activity of the epididymides and accessory glands 
is attributed to an underlying endocrinopathy generated by the cryptorchid testis 
(Pinart et al. 1999c).

Sperm morphology, expressed as the percentage of mature, immature and 
aberrant spermatozoa, and the cephalic stability of spermatozoa, expressed as 
the frequency of detached heads, do not differ between unilateral abdominal 
cryptorchid boars and healthy boars (Pinart et al. 1999c). In contrast, oligosper-
mic men with a history of unilateral cryptorchidism usually show a significant 
decrease in the frequency of mature spermatozoa (Urry et al. 1994; Mieusset et 
al. 1995). Aberrant spermatozoa of the ejaculate may be of primary origin if they 
develop in the testis as a result of abnormalities in spermatogenesis and sper-
miogenesis (i.e. testicular origin), or of secondary origin if they develop along 
the epididymal duct as a result of an abnormal maturation of spermatozoa (i.e. 
epididymal origin) (Briz et al. 1995, 1996). The detailed study of sperm abnor-
malities in unilateral abdominal cryptorchid boars shows that although the fre-
quency of aberrant spermatozoa is normal, a significant increase in the frequency 
of primary abnormalities occurs, whereas the frequency of secondary abnormali-
ties maintains low values; moreover, the types of primary and secondary abnor-
malities differ significantly between unilateral abdominal cryptorchid boars and 
healthy boars (Fig. 4.10a–o) (Pinart et al. 1998).

Among the primary abnormalities, unilateral abdominal cryptorchid boars have 
a lower percentage of spermatozoa with anomalies in head size (Fig. 4.10c1–c3) 
and in head shape than healthy boars (Fig. 4.10d1–d2, e1–e2), but a higher propor-
tion of spermatozoa with folded tail (Fig. 4.10 c2–c3, k) and with tail length and/
or thickness anomalies (Pinart et al. 1998). The percentage of spermatozoa with 
one head and multiple tails is similar to healthy boars (Fig. 4.10o1–o3). Moreover, 
some primary sperm abnormalities are specific to unilateral abdominal cryp-
torchid boars: (1) spermatozoa with a nuclear crest, which appears as a transver-
sal ridge on the surface of the spermatozoon head; (2) spermatozoa with crater 
defect, which is commonly manifested at the apex of the sperm head (Fig. 4.10h), 
(3) spermatozoa with knobbed acrosome defect, characterized by the flattening of 
the apex of the acrosome (Fig. 4.10i), (4) spermatozoa with abaxial tail, in which 
the tail attaches eccentrically to the base of the spermatozoon head (Fig. 4.10l, n),  
and (5) spermatozoa with mitochondrial swelling (Fig. 4.10l) (Pinart et al. 1998). 
Spermatozoa with deformed (Fig.  4.10f) or folded (Fig.  4.10g) heads as well as 
spermatozoa with thin tails have only been observed in unilateral cryptorchid 
boars (Pinart et al. 1998). The percentage of spermatozoa with primary abnor-
malities by tail folding is significantly higher in unilateral cryptorchid boars. 
Moreover, healthy boars and cryptorchid boars also differ in the localization of tail 
folding; unilateral cryptorchid boars have a significantly higher frequency of sper-
matozoa with folded tail at the connecting piece (Fig. 4.10c3) and at the midpiece 
(Fig. 4.10c2), and a significantly lower frequency of spermatozoa with folded tail 
at the principal piece (Pinart et al. 1998).



156 E. Pinart and M. Puigmulé

Among the secondary abnormalities, unilateral abdominal cryptorchid boars 
have a lower percentage of spermatozoa with folded tails at the Jensen's ring 
(Fig. 4.10k), whereas the proportion of spermatozoa with multiple heads and sper-
matozoa with coiled tails does not differ from healthy boars (Pinart et al. 1998). In 
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contrast, spermatozoa with vacuolated acrosome (Fig. 4.10j), which show swelling 
of this vesicle, disruption of the plasma and acrosomal membranes in the apical 
region and loss of the acrosomal content, and spermatozoa with tail-to-tail agglu-
tination (Figs.  4.10b1–b4) have only been observed in cryptorchid boars (Pinart  
et al. 1998). Cryptorchid and healthy males do not differ in the percentage of sper-
matozoa with coiled tails, but they differ in the proportion of spermatozoa with 
totally coiled or partially coiled tails (Fig.  4.10m1–m2). Unilateral cryptorchid 
boars have a significantly lower percentage of spermatozoa with totally coiled tails, 
and a significantly higher proportion of spermatozoa with partially coiled tails at 
the midpiece, at the principal piece and at the terminal piece (Pinart et al. 1998).

At ultrastructural level, sperm abnormalities of the ejaculate of unilateral abdomi-
nal cryptorchid boars can be classified as (Pinart et al. 1998): (1) nuclear inclusions, 
mainly located in the postacrosomal region and manifested as large areas without 
chromatin or with non-condensed chromatin (nuclear vacuoles), and with membrane 
aggregates inside them (see Fig. 1.15j, k); (2) myelin figures, which appear between 
the postacrosomal dense lamina and the perinuclear fibrous material and cause a 
slight deformation of the cephalic surface (see Fig.1.15g, i); (3) membrane folding, 
which appears in the equatorial region between the perinuclear fibrous material and 
the acrosomal vesicle and causes a slight deformation of the cephalic surface; (4) 
nuclear crests, originated by the presence of three unequal nuclear arms inclined to 
each other, with membranous material placed between these arms (see Fig.1.15o); 
(5) acrosomal inclusions, characterized by the presence of large numbers of vesicles 
and granules of different sizes immersed in a low electrodense acrosomal matrix, 
leading to an alteration of the acrosome shape (see Fig.1.15e); (6) knobbed acro-
some defect, the prominence being originated in some cases by apical and lateral 

Fig.  4.10   Sperm malformations of the ejaculate of post-pubertal boars with spontaneous uni-
lateral abdominal cryptorchidism on the right side (Quick Panoptic Method of QCA). a Mature 
spermatozoon. b1 Bicephalic spermatozoon with two tails fused from the distal end of the mid-
piece (arrow). b2 Spermatozoon with two elongated heads, and two tails totally fused and folded 
at the midpiece. b3 Spermatozoon with two heads, one of them aberrant (arrow), and two totally 
fused tails. b4 Tricephalic spermatozoon with three totally fused tails. c1 Macrocephalic sper-
matozoon (arrow); note the presence of an elongated head spermatozoon (triangle). c2 Macro-
cephalic spermatozoon with folded tail at the midpiece. c3 Macrocephalic spermatozoon with 
folded tail at the connecting piece. d1 Roundish head spermatozoon. d2 Round head spermato-
zoon; note the corksrew defect affecting the principal piece (arrow). e1, e2 Pointed head sperma-
tozoon. f Deformed head spermatozoon due to a cephalic break (arrow). g Spermatozoon with 
a transversely folded head. h Spermatozoon with crater defect and proximal droplet (arrow).  
i Macrocephalic spermatozoon with knobbed acrosome (arrow). j Spermatozoon with acro-
somal vacuolization (arrow). k Spermatozoon with folded tail at the Jensen’s ring. l Macroce-
phalic spermatozoon with mitochondrial swelling (arrow). m1 Macrocephalic spermatozoon with 
folded tail; note the presence of a spermatozoon with crater defect and abaxial tail (triangle). m2 
Spermatozoon with coiled tail at the terminal and principal pieces (arrow); note the presence of 
a spermatozoon with acrosomal vacuolization (triangle). n Immature spermatozoon with proxi-
mal droplet and abaxial tail (arrow). o1 Spermatozoon with two unfused tails abaxially attached 
(arrow). o2 Spermatozoon with two tails fused from the principal piece (arrow). o3 Macroce-
phalic spermatozoon with vacuolated acrosome (arrow) and two fused tails. ×500. Reproduced 
from Pinart et al. (1998) with permission
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protrusions (see Fig.1.15c–d), which manifest themselves in association with other 
defects like the presence of small vesicles and inclusions in the protrusions (see 
Fig.1.15a) and the lower electrodensity of the acrosome (see Fig.1.15b); in other 
cases, the acrosomal prominence is due to a big vacuole, with variable electroden-
sity, that results in a large deformation of the organelle and the non-uniform thick-
ness of the spermatozoon head; (7) festooned acrosome, with an irregular outline, 
lateral, and apical protrusions and a slightly electrodense matrix (see Fig.1.15f); (8) 
tail folding, which can be located at the connecting piece, the midpiece, the Jensen’s 
ring (see Fig. 1.14a) or the principal piece; in tail foldings at the principal piece the 
absence of peripheral microtubular doublets has also been observed; (9) tail coiling, 
exhibiting axonemal disarrangements (see Fig. 1.14b); (10) two fused tails, with two 
axonemal structures correctly formed, (11) additional mitochondria, with extra mito-
chondria placed at the proximal region of the midpiece between the mitochondrial 
sheath and the plasma membrane and causing a local thickening of the midpiece; 
and (12) mitochondrial swelling, characterized by the presence of mitochondria 
without cristae and an electrolucent matrix on the mitochondrial sheath.

The types of sperm malformations observed at both structural and ultrastructural 
level indicate that unilateral abdominal cryptorchidism affects the spermiogenesis of 
the scrotal testes by inducing disturbances in the late stages of nuclear and acrosomal 
differentiation, as well as in the late stages of flagellum remodeling (Pinart et al. 1998). 
The low percentage of immature spermatozoa suggests that unilateral abdominal cryp-
torchidism does not alter the migration of the cytoplasmic droplet along the epididy-
mal duct (Briz et al. 1995) and its detachment during ejaculation (Pruneda et al. 2005).

4.3 � Extrinsic Environmental Factors

Sperm quality characteristics show clear seasonal changes. The causes of seasonal 
fluctuations in semen quality are not fully understood but may be mediated by hor-
monal mechanisms controlled by the photoperiod (Ciereszko et al. 2000). In temper-
ate climates wild pigs are seasonal breeders and do not mate during the summer and 
fall months (Almeida et al. 2006). Similarly, the lowest reproductive performance of 
commercial swine is observed in summer. Ancient seasonal mechanisms still influence 
semen characteristics of boars, especially the semen volume and the number of sper-
matozoa per ejaculate, the levels of both parameters being the highest during fall and 
winter (Ciereszko et al. 2000; Huang et al. 2010). On the other hand, many factors may 
modify semen characteristics of the boar, including high ambient temperature leading 
to heat stress, frequency of semen collection, age, social environment, and nutrition.

4.3.1 � Temperature

Ambient temperature is considered the most important environmental parameter 
affecting semen quality. Low ambient temperature does not seem to influence 
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semen composition whereas excessive warm (up to 29 °C) does not only decrease 
testicular function, leading to a fall of up to 35  % in sperm concentration, but 
also induces disturbances in the spermatogenic process (Sonderman and Luebbe 
2008; Wolf and Smital 2009) that manifests itself in an impairment of sperm 
motility along with a rise in the frequency of abnormal spermatozoa in the ejacu-
late (Joseph et al. 2005). The decrease in steroidogenesis results in low testos-
terone levels and, therefore, in reduced libido (Hemsworth and Tilbrook 2007; 
Huang et al. 2010); nevertheless, the adverse effect of high temperatures on sex-
ual behavior is generally only temporary (Hemsworth and Tilbrook 2007). On the 
other hand, pregnancy rates and embryo survival are dramatically reduced in gilts 
inseminated with semen from heat-stressed boars (Trudeau and Sanford 1986). 
To ensure constant and high semen quality, boars must be kept at a temperature 
below 22 ° C (Huang et al. 2010).

Despite the importance of this factor few reliable data correlating high tempera-
ture values with specific alterations on semen parameters are available. Most stud-
ies on the effects of temperature are focused on the comparative analysis of semen 
quality among seasons. Semen quality of reproductive boars differs throughout the 
year but significant breed-by-season interactions have been reported, especially in 
sperm production. For instance, North European breeds have lower tolerance to 
heat stress than breeds developed along the Equator (Sonderman and Luebbe 2008).

Comparisons among breeds of semen quality throughout the year show that 
while the total number of spermatozoa in Meishan boars is the highest in winter, 
in Duroc boars it is higher during autumn and spring than in the other seasons; in 
contrast, in Fengjing and Min zhu breeds the total number of spermatozoa is not 
affected by the season (Borg et al. 1993). In temperate climates, decreased sperm 
production during summer months occurs concomitantly with a decrease in testic-
ular size (Trudeau and Sanford 1986). Differences also exist among genetic lines 
in their sensitivity to ambient temperatures; thus some lines experience a modest 
decrease in sperm production during summer months whereas others recover more 
quickly, thus indicating that a genetic component may exist governing the homeo-
static mechanism of heat stress adaptation (Flowers 2008). In some genetic lines, 
sperm production is not impacted significantly after exposure to elevated ambi-
ent temperatures; exploitation of these genetic lines could conceivably lead to the 
development of “heat tolerant” AI boars (Flowers 2008). In cattle, genetics defi-
nitely affects heat tolerance (Hammond et al. 1996), so it is reasonable to assume 
the same mechanism in swine (Flowers 2008).

Seasonality has no effect on sperm concentration of Yorkshire and Duroc 
breeds (Park and Yi 2002); in contrast, in Large White and Pietrain breeds sperm 
concentration peaks in spring and maintains consistently lower values during 
autumn and winter (Ciereszko et al. 2000).

Differences in sperm morphology throughout the year have been reported by 
some authors but not by others. Thus, in temperate climates minimum and maxi-
mum percentages of aberrant spermatozoa have been noted in September and 
March, respectively, and correlate with changes in the rate of spermatozoa with 
folded tails (Trudeau and Sanford 1986). In contrast, Wolf and Smital (2009) have 
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reported that seasonal differences in the percentage of abnormal spermatozoa are 
less than 1 %, and Park and Yi (2002) state that the effects of seasons on sperm 
morphological traits cannot be considered biologically important. Despite the lack 
of significant differences in sperm morphology throughout the year, some authors 
have reported changes in sperm functionality due to disturbances in acrosin activ-
ity (Ciereszko et al. 2000) and in membrane integrity (Trudeau and Sanford 1986). 
Acrosin activity peaks in summer and falls in autumn, probably as a result of dis-
turbances in spermatogenesis caused by high temperatures during summer, which 
could provoke either or both decreased acrosin concentration and/or poor quality 
of acrosomal membranes (Ciereszko et al. 2000). According to the former Trudeau 
and Sanford (1986) have found that membrane integrity of boar spermatozoa is 
affected by seasonality, with a significant decrease in summer and autumn. Other 
reports describe an increased frequency of spermatozoa with nuclear vacuoles 
(Malmgrem and Larsson 1984) and of spermatozoa with knobbed acrosome defect 
(Sánchez et al. 1989) as a result of heat stress.

The effect of seasonality on sperm membrane integrity has scarcely been 
studied; in Yorkshire and Duroc breeds the maximum percentages of membrane 
intact spermatozoa have been recorded in fall (Park and Yi 2002). The effects 
of season on sperm motility are controversial. Sperm motility is not affected 
by season in Duroc (Borg et al. 1993; Park and Yi 2002), Min zhu (Borg et al. 
1993), and Yorkshire (Park and Yi 2002) breeds, whereas Meishan and Fengjing 
breeds have lower sperm motility in the autumn than in the subsequent seasons 
(Borg et al. 1993). Other authors have noticed that despite this apparent lack of 
seasonality effect on sperm motility the type of sperm movement varies consid-
erably throughout the year, with a greater frequency of progressive motile sper-
matozoa from October to March (Trudeau and Sanford 1986). This variability 
throughout the year in the type of sperm movement has been attributed to quali-
tative changes in sperm metabolism and/or in flagellum activity (Trudeau and 
Sandford 1986).

Semen volume is not affected by season in Meishan (Borg et al. 1993), Duroc 
(Borg et al. 1993; Park and Yi 2002), and Yorkshire breeds (Park and Yi 2002). 
In contrast, in Large White and Pietrain breeds, as well as in Pietrain  × Duroc 
crossbreds, ejaculate volume peaks in autumn and falls in spring (Ciereszko et 
al. 2000); in Fengjing and Min zhu breeds, the ejaculate volume is the lowest 
in autumn (Borg et al. 1993). Semen pH varies with the season, the values tend-
ing to be lower in winter and higher in spring and early summer (Trudeau and 
Sanford 1986). Seasonal changes in pH correlate not only with temperature but 
also with daylight (Trudeau and Sandford 1986). Protein content (Murase et 
al. 2007, 2010) and acid citric content (Trudeau and Sanford 1986) in seminal 
plasma exhibit similar seasonal variations, being lower in summer months; con-
versely, alkaline phosphatase activity does not change appreciably throughout the 
year (Trudeau and Sanford 1986). These results reflect variations in the behavior 
of vesicular glands according to the season (Trudeau and Sanford 1986). Since in 
boars the vesicular gland function is supported by the synergistic action of testos-
terone and estrogens, seasonal changes in seminal plasma components probably 
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reflect alterations in testicular steroid levels (Trudeau and Sanford 1986) that ulti-
mately result in sperm DNA instability (Strzezek et al. 1995).

In Duroc and Yorkshire boars, testosterone concentration in serum is signifi-
cantly higher in spring (3.06 and 5.11  ng/ml, respectively) (Park and Yi 2002), 
whereas in Meishan, Fengjing, and Min zhu boars, testosterone levels are mark-
edly elevated in autumn (2.8, 5.0 and 4.0 ng/ml, respectively) (Borg et al. 1993). 
In Yorkshire boars, testosterone levels maintain constant throughout summer, 
autumn, and winter (2.57 ng/ml) (Park and Yi 2002), as well as in Fengjing (1.0–
1.2  ng/ml) (Borg et al. 1993), Meishan (1.2–1.4  ng/ml) (Borg et al. 1993) and 
Min zhu (0.8–1.6 ng/ml) (Borg et al. 1993), whereas in Duroc boars a dramatic 
fall in testosterone levels occurs in summer (0.73 ng/ml), followed by a moderate 
increase in autumn and winter (1.31–1.36 ng/ml) (Park and Yi 2002).

Ambient temperature also affects refrigerability (Murase et al. 2010) and freez-
ability (Park and Yi 2002) of seminal doses, which are significantly lower in sum-
mer. During summer, the significantly reduced farrowing rate of refrigerated doses 
is associated to a higher rate of acrosome reactions as compared to other periods 
(Murase et al. 2007, 2010). This fast induction of the acrosome reaction in refrig-
erated doses correlates with the low protein content of seminal plasma during 
summer (Murase et al. 2007, 2010), as well as with alterations in sperm and acro-
somal membrane integrity (Trudeau and Sanford 1986; Ciereszko et al. 2000). In 
frozen-thawed doses of Yorkshire and Duroc boars, Park and Yi (2002) detected 
a higher number of motile and aberrant spermatozoa in the spring season than in 
summer, autumn and winter. Nevertheless, more studies are needed in order to bet-
ter correlate semen freezability and seasonality.

Results obtained by different authors regarding seasonal effects on sperm qual-
ity are somewhat discrepant, and the divergences cannot only be attributed to the 
breed but also to latitude, age of the animals, and frequency of semen collection. 
Moreover, most studies are performed without taking into account that the seasons 
do not only differ in temperature but also in photoperiod; besides, these studies do 
not provide detailed information about changes in temperature during the experi-
mental period. All the above-mentioned trials have been carried out including few 
individuals, which leads to unreliable results, and/or throughout only 1  year, so 
it is not possible to conclude whether the changes in semen quality are specific 
of a particular year or are general across years. Therefore, to fully characterize 
the repeatability of seasonal changes in semen quality traits, further trials should 
include a large number of samples and should be carried out for multiple years.

In order to correlate the behavior of sperm parameters with the ambient temper-
ature, a comprehensive study has been performed on the effect of mean tempera-
ture on semen quality in Pietrain, Large-White and Duroc breeds over a 20-week 
period comprised between February and July (Yeste et al. 2010). Throughout this 
period, mean temperature ranged from 8 to 15° C during the first 10 weeks, but it 
increased suddenly to 18 °C degrees at week 11 and progressively to 21 °C from 
week 12 to 20 (Yeste et al. 2010).

Data obtained by Yeste et al. (2010) show that semen volume is affected by 
mean temperature, being inversely correlated in all three breeds. From this study, 
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Pietrain boars, but not Large-White and Duroc boars, suffer a progressive reduc-
tion of sperm concentration from May (week 12) to July (week 20) as a result of 
the increased temperature. Mean temperature affects sperm viability, measured 
as the percentage of spermatozoa with intact plasma membrane, intact acrosome 
and intact mitochondrial sheath, in Pietrain and Large-White breeds, but not in 
the Duroc breed (91 %); in Pietrain boars sperm viability decreases from 92 % 
in February to 86 % in July, whereas in Large-White boars the decrease is from 
90 to 85 %. Sperm motility is also affected by ambient temperature in Pietrain 
(88 % at week 0 and 82 % at week 20) and Large-White boars (87 % at week 
0 and 81 % at week 20), but not in Duroc boars (89 %). The study of kinematic 
parameters of sperm movement shows that the percentage of fast spermatozoa is 
inversely correlated with temperature in Pietrain and Duroc breeds. Therefore, 
in Pietrain boars the frequency of fast spermatozoa falls from 59 % at week 0 
to 53 % at week 20, and in Duroc boars from 64 to 59 %. In Large-White boars 
the frequency of fast spermatozoa (53 %) is not affected by mean temperature, 
although a significant decrease in the rate of progressive motile spermatozoa has 
been observed from week 0 (58 %) to week 20 (52 %). Increased temperature 
also results in a decrease in the percentage of mature spermatozoa in Large-
White boars and in Pietrain boars from week 12 (May), but not in Duroc boars; 
in Pietrain boars the decrease in the proportion of mature spermatozoa is mani-
fested in association with an increase in the percentage of immature spermato-
zoa, whereas in Large-White boars it is linked to an increase in the frequency 
of aberrant spermatozoa. In Pietrain, Large-White and Duroc breeds the osmotic 
resistance of spermatozoa does not correlate with mean temperature (Yeste et al. 
2010).

In a comprehensive 3-year study, Sonderman and Luebbe (2008) compared the 
percentage of discarded (trashed) ejaculates among three purebred maternal lines 
and two crossbred terminal lines. They concluded that during cold months trash 
rates are higher in purebreds Yorshire (14 %), Landrace (12 %) and Duroc (10 %) 
than in both crossbreds Duroc × Hampshire (F1) and ¾ Duroc × ¼ Hampshire 
(5  %). Moreover, the three maternal purebred lines appear to be more sensitive 
to seasonal infertility than the crossbred terminal lines, which results in an 18 % 
increase in trash rate during warm months in Yorkshire and Landrace breeds, and a 
16 % increase in Duroc breeds; in crossbreds the frequency of discarded ejaculates 
averages 7–9 % (Sonderman and Luebbe 2008).

There is an interaction of season with age that has been reported to involve 
changes in the thermoregulatory ability of boars during aging (Huang et al. 2010). 
Age influences the susceptibility of pigs to heat stress through either physical or 
physiological functions and, in consequence, affects semen quality (Huang et al. 
2010). A better ability in thermoregulation of boars aged 10 months than those of 
full maturity (36 months) correlates with higher body surface area (cm2) and lesser 
subcutaneous fat content, which facilitate heat loss (Huang et al. 2010). A com-
parative study of the semen quality of purebred Duroc boars from 10 to 80 months 
of age during cold and hot seasons shows that the decrease in semen quality dur-
ing the hot season is less significant in young boars (from 10 to 30 months) than 
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in adult boars (>35 months) (Huang et al. 2010). The average semen volume in 
10 month old boars is similar during hot and cold seasons (about 185 ml). From 
this starting point, a progressive increase in semen volume is found with age; in 
the cold season semen volume reaches a maximal point of 242 ml at 46.2 months 
of age, while in the hot season the maximum semen volume is of 218  ml at 
36.0  months of age. Afterwards, semen volume declines in both hot and cold 
seasons but at different rates, thus resulting in different reproductive longevities; 
therefore, in the cold season the semen volume drops to 180 ml at 81.0 months, 
whereas in the hot season it occurs at 62.8 months of age. The correlation between 
semen volume and age is r = 0.45 in the cold season and r = 0.49 in the hot sea-
son (Huang et al. 2010).

A similar pattern of variation has also been found for the total number of sper-
matozoa per ejaculate and for the number of motile spermatozoa per ejaculate. 
Despite the lack of differences in the total number of spermatozoa per ejaculate 
in 10  month old boars between hot and cold seasons, the highest total number 
of spermatozoa per ejaculate (84.3  ×  109) during the cold season is reached at 
38.7 months of age, whereas in the hot season the highest value (70.0 × 109 sper-
matozoa per ejaculate) is reached at 34.5  months (Huang et al. 2010). Again, a 
progressive decline in the total number of spermatozoa per ejaculate occurs from 
this maximum; in this study, the lower threshold for this parameter has been 
established in 56.0 ×  109 spermatozoa per ejaculate and it has been reached at 
69.6 months in the cold season and at 60.5 months of age in the hot season (Huang 
et al. 2010). A significant correlation exists between total number of spermatozoa 
per ejaculate and age in the cold season (r = 0.66) and in the hot season (r = 0.76) 
(Huang et al. 2010).

Similarly, the total number of motile spermatozoa per ejaculate reaches its 
maximum at 37.8 months in the cold season and at 32.1 months of age in the hot 
season, the values being 66.0  ×  109 and 54.8  ×  109 spermatozoa, respectively 
(Huang et al. 2010). From this highest point, the number of motile spermatozoa 
per ejaculate starts to decrease; the lowest threshold for this parameter has been 
established in 44.9 × 109 spermatozoa and it has been recorded at 72.3 months of 
age in the cold season and at 55.7 months in the hot season. Correlation between 
the number of motile spermatozoa and age is 0.60 in the cold season and 0.77 in 
the hot season (Huang et al. 2010).

Taken together, these results provide compelling evidence that the hot sea-
son does not only decrease the sperm quality of ejaculates but also accelerates 
aging in reproductive biology (Huang et al. 2010). Therefore, Duroc boars sub-
mitted to heat stress have reproductive longevity extended until 51  months of 
age, but if summer heat stress is avoided it may extend to 70  months (Huang  
et al. 2010).

Decrease of sperm production associated with high temperatures is an universal 
problem for the swine industry (Flowers 2008). Development of genetic lines of 
“heat tolerant” boars based on the phenotypic variation that seems to be present 
in modern terminal sire lines would substantially enhance reproductive efficiency 
(Flowers 2008).
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4.3.2 � Photoperiod

Wild boars are short-day breeders whose entire breeding activity takes place in 
winter and early spring (Almeida et al. 2006). In contrast, the domestic boar has 
traditionally been considered a non-seasonal breeder even though sperm quality and 
libido are not constant throughout the year (Andersson et al. 1998a). Controversies 
exist on the effects of photoperiod on the sperm quality of boars. Autumn photo-
period with short or decreasing day length stimulates the reproductive capacity of 
boars, which manifests itself in an increase of seminal volume and sperm concen-
tration. It is not clear if photoperiods with long or increasing day length alter the 
reproductive capacity of boars; the decrease in sperm quality during summer is due 
to temperature increase and not to hours of light (Huang et al. 2010).

The effects of photoperiod in semen quality and fertility of selected AI boars 
have been extensively studied in different field experiences. Landrace boars 
housed under controlled temperature and humidity have been tested for different 
natural (Sancho et al. 2004) or artificial (Sancho et al. 2006) regime light condi-
tions during 2.5 and 3  months, respectively. The effects of increasing daylight 
and of long daylight natural photoperiods have been assayed as well on Pietrain, 
Large-White and Duroc boars (Yeste et al. 2010).

The seminal volume of Landrace boars does not differ between increasing and 
decreasing natural photoperiods (Sancho et al. 2004). In Pietrain, Large-White 
and Duroc boars semen volume is neither affected by natural increasing of day-
length, but it decreases significantly during a long-day natural photoperiod (Yeste 
et al. 2010). The sperm concentration is significantly higher in Landrace boars 
exposed to increasing day length as compared with those exposed to decreasing 
daylength (Sancho et al. 2004). In Large-White and Duroc, sperm concentration 
does not differ between increasing day length and long-day natural photoperi-
ods; nevertheless, in Pietrain boars a progressive decrease in sperm concentration 
has been reported throughout the long-day photoperiod (Yeste et al. 2010). These 
observations indicate that the effect of photoperiod on sperm concentration 
is dependent on the breed. In a previous experiment, Claus and Weiler (1985) 
showed that penning of boars in an artificial photoperiod of long days results in 
increased sperm production. This increased sperm production has been attributed 
to a rise in the blood levels of testosterone (Minton et al. 1985) and follicle-stim-
ulating hormone (FSH) (Lee et al. 1987) when boars receive supplemented light.

Increasing and decreasing natural photoperiods have no effect on sperm motil-
ity, sperm viability (estimated as the frequency of membrane intact spermato-
zoa), and sperm morphology of the Landrace breed (Sancho et al. 2004) or those 
of the crossbreds Large White × Pietrain and Duroc × Landrace × Large White 
(Rivera et al. 2005). The detailed analysis of sperm morphology indicates that the 
frequency of immature spermatozoa with proximal droplet is higher in Landrace 
boars exposed to decreasing photoperiods, and that the frequency of immature 
spermatozoa with distal droplet is higher in boars exposed to increasing photoper-
iods (Sancho et al. 2004). These results lead to conclude that in Landrace boars 
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decreasing photoperiod promotes epididymal deficiencies that alter the migration 
process of the cytoplasmic droplet and that the increasing photoperiod results in 
anomalies in the shedding process of the distal droplet during ejaculation (Sancho 
et al. 2004). In the Duroc breed, sperm motility, sperm viability (estimated as the 
frequency of spermatozoa with intact plasma membrane, intact acrosome and mito-
chondrial sheath integrity), and sperm morphology do not differ between increas-
ing photoperiod length and long-day photoperiod (Yeste et al. 2010). In contrast, 
in Pietrain and Large White breeds, sperm motility, viability and morphology are 
significantly lower in long-day than in increasing day length (Yeste et al. 2010). 
The osmotic resistance of spermatozoa is affected by the natural photoperiod in 
Pietrain, Large White and Duroc boars, being significantly lower in long-day than 
in increasing day-length (Yeste et al. 2010).

In crossbred boars (Large White × Pietrain and Duroc × Landrace × Large 
White), no differences have been found between natural increasing and decreasing 
photoperiods on the sperm quality of both fresh semen and refrigerated doses for 
72 h (Rivera et al. 2005). Taken together, these results indicate that significant dif-
ferences exist among breeds in their response to natural light regimes.

Trudeau and Sanford (1986) reported a negative correlation between tes-
tis length and width and daylength (r  =  −0.62). Seasonal variations in testicu-
lar size may be mediated in part by photoperiod-induced endocrine mechanisms 
since testosterone concentrations are also negatively correlated with daylength 
(Trudeau and Sanford 1986; Andersson et al. 1998b). Thus, testosterone is neces-
sary to maintain spermatogenesis, especially by regulating meiosis, and although 
FSH is necessary to initiate meiosis, further development of spermatocytes is only 
reached through maintenance of appropriate testosterone signaling (Zirkin 1998). 
Likewise, testosterone seems to be an important survival factor that protects germ 
cells from apoptosis during spermatogenesis; in this sense, a positive correlation 
between the number of spermatozoa in the testes and testosterone levels of the 
seminiferous tubule fluid has been reported (Zirkin 1998). Furthermore, testoster-
one plays an important role in sperm maturation throughout the epididymal duct 
(Lan et al. 1998). Therefore, it seems that light-induced fluctuations in testosterone 
levels may promote changes in both the spermatogenic process and the epididymal 
maturation (Andersson et al. 1998b). Drastic alterations in photoperiod can induce 
an unparallel synthesis of androgens and estrogens in Leydig cells of both peri-
pubertal (Claus and Weiler 1985) and adult (Andersson et al. 1998a) boars.

Extreme artificial photoperiods affect the semen quality of healthy boars 
selected for AI, the response being more severe in the boar group kept in absolute 
darkness (0  h of artificial light per day) than in continuous light (24  h of artifi-
cial light per day) (Sancho et al. 2006). As compared with boars exposed to 12 h 
of artificial light per day, boars kept in continuous light exhibit lower sperm con-
centration, whereas sperm membrane integrity and sperm motility maintain nor-
mal values. Boars kept in absolute darkness show reduced sperm motility and 
membrane integrity as well as decreased percentages of spermatozoa with intact 
acrosomes, but they do not differ in sperm concentration from boars exposed to 
12 h of artificial light per day (Sancho et al. 2006).
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Continuing with the previous approach, semen volume has been observed to 
decrease in boars housed in continuous light conditions (24 h light), whereas it is 
not affected in boars housed in absolute darkness (0 h light). Seminal plasma com-
position determined from glucose, fructose, and sorbitol contents, as well as from 
total protein levels and their pattern, does not differ among the three artificial light 
regimens, although glucose contents are lower in both 24 and 0  h artificial light 
groups (Sancho et al. 2006). The lack of effect of darkness on semen volume is 
supported by observations by Strzezek et al. (1999). Brandt and Diekman (1985) 
hold that photophase length does not affect the total semen volume of the ejaculate; 
in the study by Sancho et al. (2006) artificial daylength is described as affecting 
seminal plasma in a quantitative, more than in a qualitative way. Lack of qualita-
tive alterations is an interesting finding since the change in the protein composition 
of seminal plasma is frequently associated with reduced sperm viability and ferti-
lizing ability due to anomalies in the capacitating process (Pérez-Pe et al. 2001). 
Seminal plasma sugars are the main energy source of ejaculated spermatozoa and 
necessary for sperm movement (Marin et al. 2003). In both extreme artificial light 
conditions sperm motility maintains high values, thus indicating that despite the 
decrease in glucose levels the overall sugar content is not dramatically affected by 
photoperiod (Sancho et al. 2006).

Results described by Sancho et al. (2006) are in disagreement with a previous 
study by Trudeau and Sanford (1986), who reported that protein and citric acid 
content of seminal plasma are highly correlated (r =  0.98) and inversely corre-
lated with changes in daylength (r = −0.80). Protein and citric acid content are 
both indicators of the seminal gland function, which is under control of testoster-
one and estrogens; therefore, photoperiodic changes in glandular activity reflect 
changes in circulating testicular steroid levels (Trudeau and Sanford 1986). Total 
protein content in seminal plasma may influence transmembrane cation move-
ment, whereas variations in citric acid levels could indicate changes in the osmotic 
pressure of seminal plasma (Trudeau and Sanford 1986). Seasonal changes in pH 
are also correlated with changes in daylength (r = 0.64) and total protein content 
of seminal plasma (r = 0.64) (Trudeau and Sanford 1986).

Acrosome integrity of spermatozoa diminishes in boars exposed to extreme 
artificial photoperiods, especially in those of absolute darkness (Sancho et al. 
2006). Trudeau and Sandford (1986) reinforce the previous finding by reporting 
that the functional status and composition of sperm membranes vary with photo-
period. Indeed, the stability of plasma and acrosome membranes of spermatozoa 
mainly depends on the rate at which proteins and lipids become incorporated dur-
ing spermiogenesis and epididymal maturation, as well as on the adsorption of 
proteins secreted by seminal vesicles during ejaculation (Ciereszko et al. 2000). 
Since no changes are detected in the total protein content of seminal plasma, 
anomalies in the acrosome membrane probably develop during spermiogenesis 
and/or epididymal maturation (Sancho et al. 2006).

An artificial light regime also affects reproductive performance. In boars exposed 
to continuous light (24 h light) or to absolute darkness (0 h light) both farrowing rate 
and libido scores are reduced by 30 %; however, the total number of piglets born is 
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unaffected (Sancho et al. 2006). In boars exposed to 12 h of artificial light, the far-
rowing rate also decreases at the end of the treatment, whereas the number of piglets 
born and the boar’s libido remain constant (Sancho et al. 2006). To our knowledge, 
this is the only report correlating artificial photoperiod with boar libido, fertility, and 
prolificacy. Lack of clear correlation between semen traits and male fertility is in 
agreement with other reports stating that indicators of semen quality are not useful 
for predicting boar fertility (Gadea 2005; Sancho et al. 2006; Wolf 2010; Yeste et al. 
2011). Extreme artificial photoperiods of constant light and absolute darkness may 
induce subtle defects on spermatozoa that cannot be detected using classical sperm 
parameters, but that result in decreased fertility and prolificacy rates.

In boars, increased blood and seminal plasma steroid levels are reported during 
artificial photoperiods of short daylength (Claus and Weiler 1985), whereas FSH 
blood levels increase when boars have supplemental lighting (Lee et al. 1987). 
Other studies have suggested that artificial photoperiods can influence prolactin 
levels in domestic pigs (Andersson et al. 1998a). Nevertheless, more studies are 
needed in order to better understand the effect of photoperiod on the hormone lev-
els and reproductive performance of boars.

Results obtained in the three trials mentioned above (Sancho et al. 2004, 2006; 
Yeste et al. 2010) also suggest that the effect of photoperiod differ when boars 
are exposed to natural or artificial light, or to constant or variable daylength. 
Nevertheless, further research is needed to better determine the consequences of 
light exposition regimes on the reproductive performance of boars.

4.4 � Extrinsic Husbandry Factors

Management of AI boars plays an important role in efficient semen production 
(Colenbrander et al. 1993; Flowers 1997). Several husbandry factors, such as 
nutrition, herd health, routine animal care, semen collection rhythm, and physi-
cal environment (in terms of housing, ventilation systems and collection pens) are 
reported to be essential for the maintenance of high semen quality and high field 
fertility (Kunavongkrit et al. 2005; Flowers 2008). A goal of large swine compa-
nies is to standardize management conditions across farms so that production is 
uniform throughout the entire system (Flowers 2008).

4.4.1 � Frequency of Semen Collection

Frequency of semen collection is considered as one of the main husbandry fac-
tors significantly affecting both semen quality and fertility of boars (Pruneda 
et al. 2005; Smital 2009). Studies on the effect of collection frequency on boar 
semen quality have yielded variable results. While few authors have determined 
that boars submitted to a high collection rhythm produce semen with similar 
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progressive motility and sperm morphology (Audet et al. 2009), other authors 
have reported that boars under a high semen collection frequency have poor semen 
quality as a result of the forced passage of sperm cells from caput to cauda of the 
epididymis (Bonet et al. 1991; Strzezek et al. 1995; Pruneda et al. 2005). These 
divergent results indicate that consequences of the semen collection rhythm on 
sperm quality depend not only on the intensity of collection, but also on breed and 
age, as well as on ambient factors (Pruneda et al. 2005).

Regarding the intensity of semen collection, after a single extraction 60 % of 
the sperm cells stored in the epididymal cauda is emptied, and when three to four 
ejaculates have been collected at intervals of 12 h the epididymal cauda is almost 
completely depleted (Pruneda et al. 2005). Moreover, this high semen collec-
tion rhythm forces the passage of sperm cells through the epididymis and leads 
to defective sperm maturation (Briz et al. 1995, 1996) that results in a decreased 
percentage of motile spermatozoa and a rise in immature spermatozoa with proxi-
mal droplet (Bonet et al. 1991; Pruneda et al. 2005). Different semen parameters 
such as semen volume and sperm concentration are also altered (Bonet et al. 1991; 
Pruneda et al. 2005).

Other results demonstrate that the breed also modulates the effects of the col-
lection rhythm. When submitting one-year-old boars characterized by high semi-
nal quality to a rhythm of three collections per week during 2  months, sperm 
concentration in the Landrace breed is reduced by 43 % and sperm motility drops 
to only 35 % (Bonet et al. 1991), whereas in Landrace-Large White boars, sperm 
motility remains at 72  % (Huang and Johnson 1996). The analysis of sperm 
morphology of stressed Landrace boars also shows a significant decrease in the 
percentage of mature spermatozoa as a result of a significant increase in the pro-
portion of immature spermatozoa with proximal droplet, which reaches 61 %, and 
in the percentage of aberrant spermatozoa, of about 6.5  % (Bonet et al. 1991). 
Aberrant spermatozoa are characterized by disturbances in the acrosome and/or 
the mitochondrial sheath (Bonet et al. 1991). In Duroc boars submitted to a collec-
tion of three ejaculates per week, Audet et al. (2009) found a significant decrease 
in sperm concentration and total sperm production, of 24 and 30 %, respectively, 
and a decrease of 11 % in semen volume; however, the percentages of total motile 
spermatozoa, progressive motile spermatozoa and normal spermatozoa were not 
affected.

Another approach was used on Pietrain boars submitted to two daily semen 
collections during 2  days (Pruneda et al. 2005). In these animals, the decrease 
in semen volume and sperm concentration was of 50 and 95 %, respectively, as 
compared with control males; the total number of spermatozoa per ejaculate was 
calculated to be 33.30 ± 1.16 × 109 in control boars, whereas in stressed boars 
it was only 1.40 ± 0.35 × 109 spermatozoa per ejaculate (Pruneda et al. 2005). 
Although sperm membrane integrity was not affected (85 % of spermatozoa with 
intact membrane) sperm motility dropped to 20 %. Other studies, including boars 
submitted to daily ejaculations during 10 days, corroborate that sperm membrane 
integrity decreases (Strzezek et al. 1995). The analysis of sperm morphology in 
the study by Pruneda et al. (2005) reveals increased percentages of immature 
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spermatozoa with proximal droplet (around 50  %) and of aberrant spermatozoa 
(around 6.5 %). Stressed boars, as compared with control boars, show an increased 
percentage of spermatozoa with abnormal head and tail shape and of spermatozoa 
with head and tail number abnormalities. In a similar trial performed on Duroc 
boars submitted to daily collections during 14 days, Audet et al. (2009) found a 
decrease of 19 % in semen volume, of 50 % in sperm concentration, and of 55 % 
in sperm production; nevertheless, these authors do not report alterations in sperm 
motility and sperm morphology.

The study performed by Pruneda et al. (2005) was not restricted to the analy-
sis of semen quality on stressed boars, but it also focused on the effects of semen 
collection rhythm in the pattern of absorption and secretion of the epididy-
mal epithelium, and in the maturation process of spermatozoa throughout the 
epididymal duct. To our knowledge this is the only study assessing the effects of 
increased semen collection on epididymal cell function and sperm maturation. 
Results obtained highlight that intensive sexual exploitation of Pietrain boars has 
a significant effect on the pattern of absorption and secretion of the epididymal 
fluid, decreasing the resorption in the proximal caput and altering the dynamics 
of resorption and secretion from the distal caput to the distal cauda (Pruneda et 
al. 2005). This change in the pattern of epididymal fluid resorption and secretion 
also results in significant alterations in intraluminal sperm concentration through-
out the epididymal duct. An increase in sperm concentration associated to epididy-
mal fluid resorption is observed from the proximal to distal caput of stressed 
boars, as in control boars; nevertheless, both intraluminal sperm concentration 
and percentage of fluid resorbed are significantly lower than in control boars. In 
stressed boars, intraluminal sperm concentration and percentage of fluid resorbed 
in the caput are 99 and 80  % lower respectively than in control boars (Pruneda 
et al. 2005). In control males a significant decrease in luminal sperm concentra-
tion is found throughout the proximal corpus due to intense fluid secretion; in 
stressed boars, intraluminal sperm concentration is maintained due to lack of fluid 
secretion (Pruneda et al. 2005). Intraluminal sperm concentration increases pro-
gressively from distal corpus to distal cauda of control boars as a result of fluid 
resorption; the distal corpus of stressed boars also exhibits a clear resorption activ-
ity, but throughout the proximal and distal cauda there is a decrease in intraluminal 
sperm concentration as a result of fluid secretion (Pruneda et al. 2005).

Therefore, high semen collection frequency brings about an altered resorption 
and secretion pattern of the epididymal fluid, which results in defective sperm 
maturation and abnormal development of sperm motility (Pruneda et al. 2005). 
Corroborating these outcomes, Strzezek et al. (1995) demonstrated that increased 
semen collection frequency induces changes in the biochemical properties of the 
sperm cells.

The comparative analysis of sperm quality throughout the epididymal duct 
between stressed and control boars also reveals significant differences. Sperm 
membrane integrity, used as an estimation of sperm viability, has been set at about 
85 % along the entire epididymal duct in control boars; in stressed boars sperm 
membrane integrity has been of 65 % in the proximal caput, and of 85 % from 
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distal caput to distal cauda (Pruneda et al. 2005). This decrease in sperm mem-
brane integrity only in the proximal caput has been correlated with the short dura-
tion of the stress period, of only 4  days; bearing in mind that stress caused by 
the semen collection rhythm results in an altered activity of epididymal cells, it 
is reasonable to suppose that longer stress situations may result in a progressive 
decrease in sperm membrane integrity throughout the epididymal duct. In control 
boars, the percentage of total motile spermatozoa increases progressively from 
12 % in the proximal caput to 82 % in the distal cauda, achieving maximum val-
ues in the ejaculate (90 %); in contrast, in stressed boars the percentage of total 
motile spermatozoa increases steadily along the epididymis, and reaches only 
20 % in the ejaculate. These results indicate that the decrease in sperm motility 
observed in boars submitted to stress by semen collection frequency is due to the 
shortened time that spermatozoa spend in the epididymal duct, in addition to the 
alteration in secretion-absorption flows at the epididymal epithelium (Pruneda et 
al. 2005).

Moreover, it has been concluded that the incidence of spermatozoa with proxi-
mal, intermediate or distal cytoplasmic droplet in control boars varies along the 
length of the epididymis. Most of the spermatozoa found in the proximal caput 
retain a proximal droplet (90  %) and only 0.5–1  % have intermediate droplets; 
spermatozoa with distal droplets have not been found. The percentage of sper-
matozoa with proximal droplet decreases to 18  % in the distal caput, whereas 
for spermatozoa with intermediate and distal droplet the percentages increase to 
50 and 20  %, respectively. In the proximal corpus of control boars there is no 
presence of spermatozoa with proximal and intermediate droplets, while the fre-
quency of spermatozoa with distal droplets reaches 75  %. The rate of sperma-
tozoa with distal droplets does not change throughout the distal corpus and the 
proximal and distal cauda, but it decreases to 5  % in the ejaculate. In stressed 
boars, the pattern of migration of the cytoplasmic droplet throughout the epididy-
mal duct is similar to that of control boars; nevertheless, the percentage of sper-
matozoa with proximal droplets is significantly higher than in control boars 
(Pruneda et al. 2005). Therefore, it can be concluded that a high semen collec-
tion rhythm results in anomalies in the migration of proximal droplets. As stated 
above for sperm motility, anomalies in cytoplasmic droplet migration correlate 
to both the shortened time spermatozoa spend in the epididymal duct and to the 
altered absorption-secretion pattern of the epididymal fluid (Pruneda et al. 2005). 
These latter changes probably cause alterations in the balance of proteins and ions 
of the epididymal fluid that interfere with the sperm maturation process (Briz et 
al. 1996).

The detailed study of sperm abnormalities shows in healthy boars that the per-
centages of spermatozoa with head and tail shape anomalies remain constant at 
around 10 % along the epididymal duct, while the proportion of spermatozoa with 
abnormalities in the head size, tail shape, and head and tail number are close to 
0 % (Pruneda et al. 2005). In all the epididymal regions of stressed boars, the per-
centage of aberrant spermatozoa with abnormal head and tail shape is greater than 
in control boars; moreover, in the stressed boars the frequency of both anomalies 
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is significantly higher in the caput than in the cauda of epididymis. The frequency 
of spermatozoa with abnormalities in head size does not differ significantly 
between healthy and stressed boars throughout the caput and corpus, but it is sig-
nificantly higher in the epididymal cauda of stressed boars (Pruneda et al. 2005). 
As stressed boars in this study were submitted to high semen collection frequency 
for only 4 days, and taking into account that spermatogenesis lasts 30 days, all the 
anomalies observed in the epididymis and ejaculate of these stressed boars are of 
epididymal origin. Throughout epididymal maturation, abnormalities in the shape 
and the size of the sperm head develop as a result of anomalies in the maturation 
of the nucleus and acrosome, whereas spermatozoa with abnormal tail shape are 
the result of tail coiling or bending along the epididymal duct (Briz et al. 1996). 
Anomalies in the number of heads and tails are the result of sperm agglutination 
throughout the epididymis (Briz et al. 1996).

The interval between semen collections has also a great effect on sperm con-
centration. Therefore, a progressive boost in sperm concentration occurs when 
dilating the interval between collections, reaching a plateau at 10  days (Wolf 
and Smital 2009). A slight gain in semen volume is observed when the elapsed 
time between collection intervals goes from two to 7 days; for longer intervals, 
the values do not change markedly (Wolf and Smital 2009). Motility tends to 
slow down, and the percentage of aberrant spermatozoa tends to increase when 
lengthening the interval between collections, but these changes are not significant 
(Wolf and Smital 2009). The optimum collection interval to magnify the number 
of sperm cells per ejaculate and the total sperm output ranges from 2 to 5 days 
(Smital 2009).

4.4.2 � Nutrition

A positive correlation also exists between nutrition and semen quality. 
Supplemented diets with vitamins, antioxidants, or PUFA have been developed as 
a potential strategy for enhancing boar fertility (Audet et al. 2004; Strzezek et al. 
2004; Castellano et al. 2010a, b; Yeste et al. 2010, 2011). Despite the large number 
of studies performed, several controversies still arise about the benefits generated 
by a specific substance.

To illustrate this controversy we will analyze the effects of the addition of 
PUFA to the diet of reproductive boars of different breeds on sperm quality. PUFA 
have more than one double bond within their molecular structure; depending on 
the position of the first double bond regarding the methyl end of the molecule we 
obtain omega-3 (ω-3), omega-6 (ω-6) or omega-9 (ω-9) PUFA (Howe et al. 2002). 
Two long chain ω-3 PUFA, eicosapentaenoic (EPA; 20:5, ω-3) and docosahexae-
noic (DHA; 22:6, ω-3) acids, are especially abundant in natural sources as fish oils 
(Howe et al. 2002). PUFA influence the physical nature of cell membranes and are 
involved in membrane protein-mediated responses, lipid-mediator generation, cell 
signaling, and gene expression in many different cell types (Calder and Yaqoob 
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2009). High content in ω-3 PUFA is involved in plasma membrane fluidity and 
integrity, both being crucial for sperm fertility (Conquer et al. 2000). DHA has 
been detected as the main PUFA in the spermatozoa of human and other mam-
malian species (Tavilani et al. 2006) and it binds to phospholipids, which play a 
major role in the fluidity of the sperm plasma membrane (Ollero et al. 2000).

Supplementing the boar diet with PUFA has been used up to now as a strat-
egy to improve the quality of seminal doses (Strzezek et al. 2004), and could 
also be used to improve the freezability of sperm samples (Safranski 2008). 
The effects of feeding boars with ω-3 PUFA differ depending on the breed; in 
Yorkshire ×  Landrace boars, supplementing the feed with ω-3 PUFA results in 
an increased number of sperm cells in the ejaculate but has an impact on their sex-
ual behavior (Estienne et al. 2008); it improves sperm motility in Pietrain boars 
(Mitre et al. 2004). Different effects have been reported on sperm in the ejacu-
late of Large-White boars: increased percentage of progressive motility (Rooke 
et al. 2001; Mitre et al. 2004), increased percentage of intact plasma membranes 
and osmotic resistance (Strzezek et al. 2004), and decreased frequency of aberrant 
spermatozoa (Rooke et al. 2001). In contrast, Castellano et al. (2010a) reported 
that in Duroc boars, although supplementing their diet with ω-3 PUFA modifies 
the fatty acid composition of the sperm plasma membrane, it does not affect sperm 
production and quality. Divergences are probably related to the low number of ani-
mals used in most of these different approaches.

In order to obtain robust and reliable data about the effects of dietary sup-
plementing with ω-3 PUFA on boar sperm quality, our group performed a com-
parative study among three different breeds including large numbers of animals: 
48 Duroc boars, 48 Large-White boars, and 48 Pietrain boars (Yeste et al. 2011). 
The evaluation period lasted 26 weeks; at the beginning of the experiment, the 
age of the boars ranged between 12 and 14  months. Within each breed, boars 
were randomly separated into two groups; one group was fed with a diet supple-
mented with ω-3, and the other group was fed with a control diet. Throughout 
the experiment, the boars were housed in climate-controlled conditions and sub-
mitted to a semen collection rhythm of once per week (Yeste et al. 2011).

The results obtained indicate that supplementing boars’ diet with ω-3 PUFA 
does not affect semen volume, sperm concentration, sperm functionality (estimated 
from the analysis of the integrity of the plasma membrane, the acrosome and the 
mitochondrial sheath), and sperm motility of Duroc, Large White, and Pietrain 
boars. Nevertheless, a significant increase in the percentage of mature spermato-
zoa is observed in Large-White and Pietrain breeds, but not in Duroc breeds, from 
week 10 until the end of the treatment (Yeste et al. 2011). In Large-White boars 
the increase in the percentage of mature spermatozoa manifests itself in associa-
tion with a decrease in the frequency of immature spermatozoa from week nine 
until the end of the experimental period; in Pietrain boars, the increased propor-
tion of mature spermatozoa is associated with a decrease in both the percentage 
of immature spermatozoa from week nine and of aberrant spermatozoa from week 
12 (Yeste et al. 2011). The osmotic resistance of spermatozoa is not affected by 
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ω-3 PUFA supplementing in Large-White and Duroc boars, but it is significantly 
increased in Pietrain boars from week 11 to the end of the trial. Improved sperm 
morphology has also been reported in Large-White boars fed with a ω-3 PUFA 
supplemented diet (Rooke et al. 2001), but not in Yorkshire  ×  Landrace boars 
(Estienne et al. 2008). In agreement with the results obtained by Yeste et al. (2011) 
concerning the osmotic resistance of spermatozoa, Rooke et al. (2001) reported 
an increase in the percentage of spermatozoa with intact acrosomes. Despite lack 
of abnormalities in osmotic resistance, Wathes et al. (2007) notice that ω-3 PUFA 
make spermatozoa vulnerable to reactive oxygen species.

The effects of ω-3 PUFA supplementing on sperm morphology and osmotic 
resistance of spermatozoa in both Pietrain and Large-White boars became statis-
tically significant by weeks 9–12 (Yeste et al. 2011); in other studies, the effects 
of ω-3 PUFA (Estienne et al. 2008), as well as other diet supplements based on 
herbal preparations (Frydrychová et al. 2011), were also manifested 8 weeks after 
the experiment began. This may be related to spermatogenesis and sperm transit 
within the epididymis, which lasts 49–52  days (França et al. 2005). Differences 
among breeds regarding the effects of ω-3 PUFA supplementing could be related 
to the different composition of sperm plasma membrane, and to different influ-
ences of these fatty acids on spermatogenesis (Yeste et al. 2011). Further research 
is needed to determine how plasma membrane structure influences sperm mor-
phology parameters.

Feeding ω-3 PUFA has also been considered a potential strategy to improve 
the storage of semen both in refrigeration and in cryopreservation (Castellano 
et al. 2010b), but no success has been achieved in cryopreservation and incon-
sistent responses have been obtained after long-term liquid storage. The results 
of PUFA supplementing on boar fertility in terms of farrowing rate and litter 
size have not yet been investigated.

Such disparity in outcomes indicates that the addition of a dietary supplement 
does not have a direct effect on sperm quality in itself, and that the effects depend 
on other physiological, genetic, and ambiental factors. Another study was set-up 
in order to show this interrelation among factors. It consisted of the evaluation of 
L-carnitine as a dietary supplement in boars of different breeds housed in vari-
able ambient conditions (Yeste et al. 2010). L-carnitine (β-hydroxy-γ-trimethyl 
ammonium butyrate) is a vitamin-like compound synthesized in the liver, kid-
ney, and brain through the conversion of two essential amino acids, lysine, and 
methionine (Krajcovicova-Kudlackova et al. 2000; Hoppel 2003). It plays an 
essential role in the cellular energetic metabolism because it functions as a car-
rier of fatty acids across the inner mitochondrial membrane, thereby facilitating 
β-oxidation and enhancing cell energy production (Hoppel 2003). L-carnitine is 
also known to fulfill important roles in mammalian sperm maturation and metab-
olism throughout the epididymis (Yakushiji et al. 2006), although its exact mech-
anism of action is unknown. An antiapoptotic effect of L-carnitine on different 
cells, including neurons, myocytes, hepatocytes, and lymphocytes has also been 
reported (Ng et al. 2004).
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The first contact of spermatozoa with L-carnitine occurs within the lumen of 
the epididymis. In boars, the levels of L-carnitine in epididymal plasma vary from 
24.0 ± 5.7 nmol/mg of protein in the proximal caput to 442.9 ± 39.1 nmol/mg of 
protein in the distal cauda (Pruneda et al. 2007). In humans, L-carnitine supple-
mentation results in increased sperm concentration (Vitali et al. 1995). In boars, 
the addition of 500 mg/day of L-carnitine in the diet increases the semen volume 
and sperm concentration, thereby augmenting the number of AI doses produced 
per ejaculate (Baumgartner 1998). Nevertheless, Kozink et al. (2004) pointed out 
that the addition of 500  mg/day L-carnitine is only worthwhile when boars are 
submitted to an intensive collection period.

In the study of L-carnitine, Yeste et al. (2010) evaluated a total of 120 boars 
of Pietrain, Duroc, and Large-White breeds, with 40 boars equally sampled per 
breed. Boars in each breed were separated into two experimental groups, one 
group being fed with a control diet and the other group with a supplemented diet 
(625 mg/day L-carnitine) over a 20-week period to account for fluctuations in tem-
perature and photoperiod (from February to July). All boars were aged between 10 
and 15-months old at the beginning of the experiment.

Results obtained indicate no effect of L-carnitine supplementation on semen 
volume, sperm concentration, sperm viability, sperm motility, and osmotic 
resistance of spermatozoa in Pietrain, Duroc, and Large White boars, but a sig-
nificant effect on sperm morphology in Pietrain boars (Yeste et al. 2010). Lack 
of effect of L-carnitine supplementation on semen volume and sperm concen-
tration supports the hypothesis that L-carnitine has a key role in the epididymis 
by influencing sperm survivability, but it does not act directly upon spermato-
genesis and accessory glands (Kozink et al. 2004; Jacyno et al. 2007). In asthe-
nozoospermic patients, treatment with L-carnitine results in increased sperm 
motility (Ng et al. 2004); these results lead to speculate that high concentra-
tion of L-carnitine in the epididymal fluid, or even within the spermatozoa, pro-
duces energy for sperm motility (Yeste et al. 2010). Such an effect has not been 
observed, although this sperm parameter is negatively affected by high tempera-
ture and long-day photoperiod in Pietrain and Large White breeds (Yeste et al. 
2010).

The main effects of feeding L-carnitine are observed in the sperm morphology 
of Pietrain boars after 13  weeks of treatment, whereas no remarkable effects on 
Duroc and Large-White breeds in terms of sperm morphology have been found 
(Yeste et al. 2010). In Pietrain boars, sperm morphology is negatively affected by 
high temperature and long-day photoperiods, resulting in a decrease in the percent-
age of mature spermatozoa associated to an increase in the frequency of immature 
spermatozoa with proximal and medial cytoplasmic droplet (Yeste et al. 2010). 
However, feeding L-carnitine may have a compensatory effect in terms of percent-
age of mature spermatozoa during summer weeks, because it prevents the increase 
in the frequency of immature spermatozoa (Yeste et al. 2010). These results are in 
agreement with the potential role of L-carnitine in sperm maturation. Jacyno et al. 
(2007) also describe a positive effect of L-carnitine on the sperm morphology of 
Pietrain boars after 1 week of administration.
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It has been reported that epididymal spermatozoa accumulate both free 
L-carnitine and acetylated L-carnitine; L-carnitine acts as a transporter of fatty 
acids to the mitochondria, which are the main energy source for epididymal 
spermatozoa (Jeulin and Lewin 1996). Moreover, L-carnitine possesses anti-
oxidant properties, plays an important role in cellular detoxification, and pro-
tects cell membranes against oxidative damage (Kalaiselvi and Panneerselvam 
1998). L-carnitine enters spermatozoa by passive diffusion in the proximal 
cauda (Jeulin and Lewin 1996). According to this fact, Yeste et al. (2010) 
hypothesize that in Pietrain boars the levels of L-carnitine in the epididymal 
fluid are reduced during long-day photoperiods and high temperatures, and that 
feeding them with a dietary L-carnitine supplement may compensate for this 
reduction.

The effects of other supplements on the diet are poorly studied and the results 
are somewhat controversial. Prolonged selenium (Se) deficiency in boars mani-
fests itself in low sperm concentration and sperm motility, and increased frequency 
of immature spermatozoa (Liu et al. 1982); however, the addition of inorganic Se 
to the diet of non-deficient boars does not improve sperm quality (Henson et al. 
1983) or their reproductive performance (Marin-Guzman et al. 1997). Dietary Se 
in growing boars results in increased numbers of Sertoli cells and germ cells in the 
immature testes, thus leading to increased sperm production in adulthood (Marin-
Guzman et al. 2000).

Dietary supplementation with fat-soluble and water-soluble vitamins also 
leads to increased semen production (Yousef et al. 2003) even in boars sub-
mitted to intensive semen collection (Audet et al. 2004). In Duroc boars, fat-
soluble and water-soluble vitamin supplementation does not influence sperm 
production or sperm quality regardless of collection frequency (Audet et al. 
2009). Vitamin E deficiencies cause testicular degeneration which results 
in a decreased number of germ cells and, therefore, in low sperm produc-
tion (Cooper et al. 1987). Marin-Guzman et al. (1997) found a positive effect 
of vitamin E supplementation on sperm motility and the percentage of mature 
spermatozoa, which manifests itself in an increased fertility rate. Nevertheless, 
their results overlapped with environmental temperature and semen collection 
rhythm, so they could not infer a clear effect of vitamin E supplementation on 
boar reproductive performance. In a previous report, Brzezinska-Slebodzinska 
et al. (1995) found increased sperm concentration in the semen of boars supple-
mented with vitamin E.

The combined results indicate that the effects of supplemented diets are vari-
able depending on the breed but also on ambient factors (Yeste et al. 2010, 2011). 
Others studies have also highlighted the importance of taking into account physi-
ological factors such age or illness, genetic factors such as breed, and husbandry 
factors such as semen collection rhythm, when using dietary supplements (Marin-
Guzman et al. 1997; Audet et al. 2004, 2009). It is also important to note that inad-
equate dietary supplementing could result in a lack of effect (Marin-Guzman et al. 
1997) or even in an adverse effect (Frydrychová et al. 2011) on the reproductive 
performance of boars.
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4.4.3 � Social Factors

Social factors on the sexual behavior of boars can be profound since they can exert 
a long-term, and perhaps even permanent, effect. Nevertheless, few studies have 
been performed to determine the effects of social contact during rearing. Boars 
reared from three to 30 weeks of age without visual or physical contact with pigs 
achieve fewer copulations and display less courting behavior than boars reared in 
either all-male or mixed sex groups (Hemsworth and Tilbrook 2007). Since mat-
ing dexterity of socially restricted boars appears satisfactory, it is likely that sexual 
motivation is affected by social restriction during rearing. Subsequent research 
indicates that the lack of physical contact per se is predominantly responsible for 
depression in sexual behavior caused by rearing in social restriction (Hemsworth 
and Tilbrook 2007). Furthermore, the age at which social restriction is imposed 
affects the extent of depression in sexual behavior: boars reared in social restric-
tion from 3 weeks of age have lower testicular size (Trudeau and Sanford 1986) 
and lower levels of sexual activity (Hemsworth and Tilbrook 2007) than boars 
reared in social restriction from 12 weeks. Moreover, boars reared in groups dis-
play a fully coordinated mating response at an earlier age than boars reared indi-
vidually (Thomas et al. 1979).

The social environment around puberty and after puberty may also affect the 
sexual behavior of boars. Isolation of mature boars from sows depresses their 
sexual behavior; however, this effect is not permanent since rehousing isolated 
boars near females restores their sexual behavior within 4  weeks (Hemsworth 
and Tilbrook 2007). Housing in isolation of females does not affect testosterone 
concentrations. Interestingly, the oestrus status does not influence the effective-
ness of females in maintaining the sexual behavior of mature boars (Hemsworth 
and Tilbrook 2007). Isolation from sows of young post-pubertal boars from 6 to 
9 months of age reduces their subsequent sexual behavior at 26–40 months of age, 
even though they are housed near females when tested; in adult boars, short-term 
isolation from females does not affect semen quality, but it is associated with a 
reversible depression in copulatory performance (Hemsworth and Tilbrook 2007). 
The effects on sexual behavior of young boars of housing near mature boars or 
near a semen collection area, in which olfactory, visual, and auditory stimulations 
are provided, are unknown (Hemsworth and Tilbrook 2007). However, the interest 
in using exogenous hormones such as PGF2α to expedite the training of young, 
sexually inexperienced boars for semen collection suggests the need to improve 
understanding in this area (Kozink et al. 2002). The benefits of social contact have 
clear implications for boars used in natural mating but might also have implica-
tions for boars used for semen collection, although sexual motivation may be 
less critical because of the moderate collection frequency generally required 
(Hemsworth and Tilbrook 2007).

Sexual stimulation, like observation of other animals mating, can increase 
short-term levels of sexual behavior in males but the presence of dominant males, 
even when physically separated, is proven to inhibit sexual behavior in rams and 



1774  Factors Affecting Boar Reproduction, Testis Function, and Sperm Quality

bulls (Price 1987). Allowing boars to observe other pigs mating immediately prior 
to semen collection has been shown to increase the number of spermatozoa in the 
ejaculate (Thiengtham 1992). This form of sexual stimulation has been demon-
strated in a number of studies to produce acute increases in plasma cortisol and 
testosterone concentration in boars (Jongman 1993). Other attempts, such as sex-
ually stimulating boars by briefly delaying collection after mounting, have been 
unsuccessful in increasing sperm output (Arkins et al. 1988). Kuciel et al. (1983) 
reported a significant correlation between duration of ejaculation and volume of 
the ejaculate (r =  0.58), number of spermatozoa per ejaculation (r =  0.30) and 
sperm motility (r = 0.29).

In a study performed in Landrace boars from a temperate climate, Trudeau 
and Sanford (1986) demonstrated that semen volume for socially non-restricted 
boars (boars penned adjacent to each other and allowed minimal physical contact 
with gilts) is maximal during autumn and winter, declines in spring, and gradu-
ally increases again during late spring and summer. In contrast, socially-restricted 
boars have consistently lower volumes than socially non-restricted boars, and the 
seasonal variation is less pronounced (Trudeau and Sanford 1986). Differences in 
semen quality between socially non-restricted and restricted boars are more obvi-
ous in autumn and winter, although the increase in semen volume during spring 
and summer is also noted in socially-restricted boars (Trudeau and Sanford 1986). 
The social environment does not appear to have a major effect on seminal pH, 
sperm concentration, total number of spermatozoa per ejaculate, sperm motility 
or sperm morphology; the protein content per ejaculate is significantly lower in 
socially-restricted than in non-restricted boars (Trudeau and Sanford 1986). The 
reasons for the dramatic differences in semen volume between socially-restricted 
and non-restricted boars are unclear, but they could be related to differences in 
ejaculatory capability (Hemsworth and Tilbrook 2007) and in gonadal steroid pro-
duction (Joshi and Raeside 1973).

Flowers (2006) performed a study in which boars were fostered at birth to be 
reared in litters of six or more than eight individuals. When trained for semen col-
lection and mated with sows under controlled conditions, boars reared in litters of 
six were found to mount the dummy earlier, have higher sperm output between 39 
and 54 weeks of age, and sire more piglets in inseminations with pooled semen 
from different males than boars in litters of more than eight. Therefore, adequate 
handling of individuals at early stages in life can have a profound influence on 
their productivity, although more research is needed in order to better establish the 
effects of social environment on boar fertility.

4.4.4 � Sperm Handling

During semen processing (see Parts 3 and 4), spermatozoa are exposed to light and 
oxygen and subjected to several diluents, temperatures, pH gradients, and mechan-
ical forces that can potentially alter the structure and function of the plasma 
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membrane (Leahy and Gadella 2011a). Prolonged exposure of cells to light and 
oxygen can create an oxidative environment that will trigger detrimental peroxida-
tive processes (Browners et al. 2005).

Sperm handling procedures such as centrifugation and resuspension (Matás 
et al. 2011), density gradients (Berger and Parker 1989; Matás et al. 2003; 
Suzuki and Nagai 2003; Morrell et al. 2009), filtration (Bussalleu et al. 2009; 
Ramió-Lluch et al. 2009), refrigeration (Waterhouse et al. 2004; Gogol et al. 
2009) and cryopreservation (Leahy and Gadella 2011a, b) induce plasma mem-
brane (Bailey et al. 2008; Kim et al. 2011) and DNA alterations (Love et al. 
2002; Fraser and Strzezek 2004), increase the susceptibility to oxidative dam-
age (Neild et al. 2005; Leahy et al. 2010a), and/or activate capacitation-like pro-
cesses and acrosome reaction (Leahy and Gadella 2011b). Maternal line breeds 
are reported to be more sensitive to sub-optimal semen handling than terminal 
line breeds (Sonderman and Luebbe 2008).

The majority of procedures which involve washing and pelleting cause a par-
tial stripping of loosely associated extracellular coating material in ejaculated 
spermatozoa (Caballero et al. 2009), and also remove decapacitation factors and 
other proteins from seminal plasma (Leahy and Gadella 2011a). Density gradi-
ent washings, as well as filtration procedures (see Chap. 10), lead to the separa-
tion of immotile spermatozoa and debris from progressively motile spermatozoa, 
thus providing a sub-population of spermatozoa with signs of superior maturation, 
higher chromatin condensation and removal of cytoplasmic droplets (Bussalleu et 
al. 2009; Leahy and Gadella 2011a). These selection mechanisms are an analogy 
of sperm surface decoating during transport in the female tract and of competitive 
selection of mature spermatozoa mediated by the cervix and the oviductal isth-
mus (Holt and Fazeli 2010), and are also common practice for in vitro fertiliza-
tion (Mortimer 2000). Selected spermatozoa are very sensitive to additives in the 
extenders, especially to the presence of capacitative agents such as bicarbonate, 
bovine serum albumin (BSA), and calcium ions (Leahy and Gadella 2011a, b; 
Puigmulé et al. 2011).

On the other hand, most handling procedures are performed below the physi-
ological temperature of 37 °C. It must be taken into account that boar spermatozoa 
are very susceptible to cooling below 15 °C, the sperm plasma membrane being 
the primary site of cold-induced damage (Watson 2000; Bailey et al. 2008). It is 
likely that this damage is related to lipidic phase changes and the altered func-
tional status of the plasma membrane (Watson 2000). The major phase change 
occurs during cooling from 15 to 5 °C (Drobnis et al. 1993), this being the most 
sensitive temperature range for temperature-dependent injury (Kim et al. 2011). 
Therefore, as temperature declines there is an inevitable reduction in the propor-
tion of spermatozoa that maintains membrane integrity, ultrastructure and bio-
chemical components, which is manifested in decreased sperm viability and sperm 
motility (Johnson et al. 2000; Casas et al. 2010), and increased acrosome altera-
tions (Flores et al. 2008).

Capacitation-like processes have been extensively studied throughout the 
cryopreservation procedure (see Chap. 11). Boar spermatozoa undergo “cryo 
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capacitation” or capacitation-like changes when submitted to frozen-thawed pro-
tocols (Watson 2000; Bravo et al. 2005). In physiological or real capacitation, 
increased Ca2+ uptake due to cholesterol removal in the oviducts promotes a 
cascade of phosphorylations, which lead to changes in enzymatic activity and to 
hyperactivation of boar sperm motility (Guthrie and Welch 2005; Fàbrega et al. 
2011; Puigmulé et al. 2011). Similar modifications have also been observed dur-
ing cryo capacitation, which result in diminished lifespan of spermatozoa (Green 
and Watson 2001) and activation of apoptosis (Yoshimoto et al. 2008). Thus, cryo 
capacitation could be described as a premature capacitation in which most of the 
features of the physiological process are only partially accomplished (Green and 
Watson 2001).

Synthetic freezing diluents commonly contain tris(hydroxymethyl)aminometh-
ane (TRIS) or citrate to provide an isotonic environment and pH buffering, glucose 
or fructose as an energy source, and non-penetrating, sand penetrating factors to 
protect spermatozoa from freezing-thawing damage, such as egg yolk and glyc-
erol. It is accepted that egg yolk minimizes cold shock damage but its mechanism 
of action is still debated (Leahy and Gadella 2011b). Direct associations between 
lipids of egg yolk and lipids of the sperm membrane have been reported, mini-
mizing lateral phase separations involved in cold shock deterioration (Ricker et al. 
2006). Glycerol and other penetrating cryoprotectants are used to protect the cell 
content and prevent intracellular ice formation; however, inclusion of such agents 
must be carefully managed to reduce potentially detrimental osmotic effects (Kim 
et al. 2011; Leahy and Gadella 2011b).

In spite of considerable improvement in the last decades, cryopreservation 
remains highly damaging, resulting in significant lethal and sub-lethal effects on 
boar spermatozoa (Sancho et al. 2007; Casas et al. 2009, 2010; Kim et al. 2011). 
Regarding sperm surface, cryopreservation has three major effects: (1) decoating 
of extracellular matrix components and concomitant coating of proteins and lipids 
from the cryoprotective diluents (milk, albumin or egg yolk) (Ricker et al. 2006), 
(2) lateral phase separation of lipids and thus a lateral reordering of membrane 
components (Drobnis et al. 1993) and (3) the permeability of the sperm surface to 
water, ions, and cryoprotectants is altered (Leahy and Gadella 2011a). The extent 
of these changes determines whether or not spermatozoa from certain ejaculates 
(good freezers vs. poor freezers) can be used for cryopreservation (Hagiwara et 
al. 2009; Casas et al. 2009, 2010; Oldenhof et al. 2010). Compared to bovine and 
human spermatozoa, cryopreservation of boar spermatozoa is more critical due to 
the relatively low levels of cholesterol (Rath et al. 2009) and to the high content of 
PUFA (Cerolini et al. 2000) in the plasma membrane.

Temperature fluctuations and cell dehydration during cooling and freezing 
procedures induce lateral phase separation of lipids and, therefore, reordering of 
membrane components (Drobnis et al. 1993) and loss of PUFA and cholesterol 
(Chakrabarty et al. 2007). This alters the permeability of the sperm surface to 
water, ions and cryoprotectants (Oldenhof et al. 2010), and leads to cell weaken-
ing, reducing its ability to withstand future stresses (Leahy and Gadella 2011b). 
Proteins and lipids of cryoprotective diluents provide a partial protection from 
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these deleterious effects of freezing (Ricker et al. 2006). Rewarming of cryopre-
served spermatozoa evidences the capacitating-like changes occurred during freez-
ing, which follow a different pathway than true capacitation (Green and Watson 
2001). These capacitating-like changes are activated by both temperature changes 
and osmotic stress, and they correlate with the poor fertility of frozen-thawed boar 
spermatozoa following AI (Guthrie and Welch 2005; Leahy and Gadella 2011b). 
Lateral phase separation of lipids in frozen-thawed spermatozoa is not completely 
restored upon thawing, inhabilitating the specific lateral rearrangements of the 
sperm surface lipids and proteins that spermatozoa undergo during true capacita-
tion (Leahy and Gadella 2011a), which result in alterations to semen quality and 
fertility (Flores et al. 2008; Casas et al. 2009, 2010).

Due to the decapacitation effects of seminal plasma outlined above and its par-
tial or complete removal during freezing, several researchers have investigated the 
protective effect of the addition of seminal plasma during sperm cryopreservation. 
Incubation of frozen-thawed boar spermatozoa with 50  % (v/v) crude seminal 
plasma improved motility and viability (Garcia et al. 2010), although the effect of 
seminal plasma varies according to the boar (Hernández et al. 2007), the ejaculate 
portion (Garcia et al. 2009) and the seasonality (Leahy et al. 2010b), as well as the 
previous processing of seminal plasma (i.e. fractionation) (Ollero et al. 1997) or 
sperm samples (i.e. washing) (Pérez-Pe et al. 2001). Finally, protocol variations 
such as time of addition (i.e. pre-freeze vs. post-freeze) and protein concentration 
also affect the response of spermatozoa to seminal plasma (Leahy et al. 2010b). 
These variants contribute to the controversial effects of seminal plasma on field 
fertility (Leahy and Gadella 2011b).

Besides stabilization of the sperm plasma membrane, inclusion of the entire 
seminal plasma during the freezing process holds the sperm sample in a non-
capacitated state (Leahy and Gadella 2011b). Other studies report that supple-
mentation with 10 % of crude seminal plasma to a capacitation medium prevents 
induced capacitation-like changes during liquid storage, but it is unable to prevent 
them during freezing (Vadnais and Roberts 2010). On the other hand, supplemen-
tation of 10 % seminal plasma to frozen-thawed spermatozoa is reported to have 
no effect on the farrowing rate (Abad et al. 2007a) but in other cases it is observed 
to improve it (Okazaki et al. 2009). Likewise, thawing boar spermatozoa in 50 % 
of seminal plasma is reported to increase litter size (Garcia et al. 2010), but post-
thaw supplementation with 10 % of seminal plasma has no effect on this param-
eter (Abad et al. 2007a) or on the establishment of an oviductal sperm reservoir 
(Abad et al. 2007b).

Despite being poorly studied, freeze–thawing procedures also induce an 
impairment of DNA integrity, which could explain the low fertilizing ability of 
thawed samples despite showing reasonably good results in other sperm quality 
parameters, such as sperm viability, sperm motility, and acrosome integrity (Flores 
et al. 2008). Both the cooling phase and thawing process do not seem to result in 
DNA fragmentation in spermatozoa, but they do induce significant alterations in 
protamine-1-DNA complexes (Flores et al. 2008) and disrupt the disulfide bonds 
between cysteine residues in sperm head proteins (Flores et al. 2011). Alterations 
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in these complexes lead to the loss of DNA compactness, which manifests itself in 
a slight increase in the nuclear volume of spermatozoa. Moreover, boar ejaculates 
with poor survival after freeze–thawing show less homogeneous sperm chromatin 
than those with good freezing characteristics (Flores et al. 2008). Both the altera-
tion in protamine-1-DNA structure and the disruption of disulfide bonds between 
cysteines could be induced by the oxidative damage of spermatozoa during the 
cooling process and by osmotic and mechanical stress during the thawing process 
(Flores et al. 2008).

Significant differences among animals have been reported in the ability of their 
spermatozoa to withstand freeze-thawing damage (Roca et al. 2006; Casas et al. 
2009, 2010). In swine, this is the main factor affecting cryosurvival (Roca et al. 
2006). The reasons for this significant male-to-male variation are not well under-
stood but they could be related to differences among boars in the regulation of 
sperm volume (Chaveiro et al. 2006), to genetic factors (Thurston et al. 2002a, b), 
to the expression of housekeeping proteins (Casas et al. 2009, 2010), and to the 
content of seminal plasma proteins (Jobim et al. 2004).

In refrigerated AI seminal doses, oxidative damage of spermatozoa has been 
widely reported (Guthrie and Welch 2006; Awda et al. 2009). An extense range of 
commercial diluents have been developed for optimal preservation of boar semen 
at 15–17 °C during three or more days post-collection (Gadea et al. 2004); accord-
ing to their conservative capacities, commercial extenders are classified as short-
term (3–4 days), medium-term (5–6 days), long-term (7–8 days), and extra-long 
term (9 or more days) extenders (see Chap. 10). Not only do long term extend-
ers enhance the longevity of sperm cells but they also preserve sperm motility 
and the structural integrity of the plasma membrane and the acrosome through-
out the claimed period (Waterhouse et al. 2004; Estienne et al. 2007). The exact 
composition of commercial extenders is unknown but they contain an energy 
source (usually glucose) that allows the spermatozoa to maintain basal function, 
protecting substrates against thermal shock (usually BSA), buffer salts to avoid the 
negative effects of pH fluctuations [sodium bicarbonate, sodium citrate, TRIS, or 
N-2-hydroxyethylpiperzaine-N'-2-ethanesulphone acid (HEPES)], basic salts to 
ensure a proper osmotic balance (NaCl, KCl, and/or sodium citrate), and antibiot-
ics to inhibit bacterial growth (Gadea et al. 2004; Gogol et al. 2009).

Semen dilution with an extender reduces the concentration of proteins present in 
seminal plasma, thus increasing the risk of functional and structural damage during 
storage, even for a short period (Waterhouse et al. 2004; Estienne et al. 2007; Gogol 
et al. 2009; Pérez-Llano et al. 2009). The plasma membrane is a dynamic structure 
that plays a crucial role in maintaining sperm viability by keeping the intracellular 
ambient intact, but also in the control of sperm function prior and during the fer-
tilization process (Eddy and O’Brian 1994; Flesch and Gadella 2000). Therefore, 
the preservation of the ultrastructural characteristics of the sperm membrane is 
important for maintaining the fertilizing ability of spermatozoa during prolonged 
storage (Waterhouse et al. 2004). Semen dilution results in decreased fluidity of 
sperm membranes when using short-term extenders, but in increased fluidity when 
using long-term extenders (Dubé et al. 2004; Waterhouse et al. 2004; Gogol et al. 

http://dx.doi.org/10.1007/978-3-642-35049-8_10


182 E. Pinart and M. Puigmulé

2009). This different effect correlates with the specific composition of short- and 
long-term extenders; therefore, several long-term extenders contain BSA, which 
favours the efflux of membrane cholesterol (Dubé et al. 2004; Matás et al. 2010), 
and HEPES, a zwitterionic organic buffer that is known to capture heavy metals 
and to control the pH (Johnson et al. 2000; Dubé et al. 2004). Increased membrane 
permeability leads to a rise in the intracellular calcium content that induces a capac-
itation-like destabilization in the membrane during storage, which results in a pre-
mature acrosome reaction and, subsequently, in the loss of the fertilizing ability of 
refrigerated doses (Waterhosue et al. 2004; Oh et al. 2010).

A subtle decrease in membrane fluidity in stored spermatozoa with short-
term extenders is due to peroxidative damage; peroxidative damage occurs as a 
result of aging in stored spermatozoa with long-term extenders (Awda et al. 2009; 
Leahy et al. 2010a; Pérez-Llano et al. 2010). Peroxidative damage develops as 
a result of the reduced activity of antioxidant enzymes in spermatozoa (Neild et 
al. 2005; Leahy et al. 2010a; Pérez-Llano et al. 2010), and because of metabolic 
changes, which lead to an enhanced production of free oxygen radicals during 
storage (Hammerstedt 1993). PUFA of the plasma membrane are the preferred 
substrates of free radicals, resulting in the generation of reactive oxygen species 
(ROS) (Cerolini et al. 2000; Browners et al. 2005) and the irreversible reduction 
of the fluidity of the plasma membrane (Gogol et al. 2009). Decreased membrane 
permeability leads to anomalies in the activity of several proteins and enzymes, 
such as membrane ATPases, which finally results in altered levels of intracellular 
ions (Gogol et al. 2009). One intracellular source of ROS may be the leakage of 
electrons from the mitochondrial transport chain and the impairment of enzymes 
such as the NADPH-oxidase, synthesizing the superoxide anion (Baker and Aitken 
2005; Guthrie and Welch 2006). The presence of ROS also leads to the forma-
tion of substances having cytotoxic properties (Aitken et al. 1998), which inhibit 
numerous cellular enzymes and metabolic processes including anaerobic glycoly-
sis, further impairing ATP generation (Gogol et al. 2009) and protein phosphoryla-
tion (De Lamirande and Gagnon 1992). Altered content of ATP and intracellular 
ions (Gogol et al. 2009) and decreased phosphorylation of axonemal proteins (De 
Lamirande and Gagnon 1992) manifest themselves in reduced sperm motility.

Sperm motility has been used as an indicator of active metabolism and mem-
brane integrity, and of the fertilizing capacity of spermatozoa diluted in commer-
cial extenders (Estienne et al. 2007; Oh et al. 2010). Some authors have reported 
a significant boar effect with regard to the preservation of sperm motility (Gogol 
et al. 2009) and sperm viability (Pérez-Llano et al. 2009) during the conservation 
period, whereas others have pointed out the importance of identifying the most 
successful extenders in maintaining sperm quality during storage (Estienne et al. 
2007). The addition of bicarbonate (Holt and Harrison (2002) and caffeine (Yeste 
et al. 2008) in short-term extenders has been correlated with increased sperm 
motility of semen doses, but also with an increased percentage of capacitated sper-
matozoa and acrosome-reacted spermatozoa.

Regardless of the type of extender, prolonged liquid storage results in the 
aging of spermatozoa due to increased DNA instability, mainly as a result of DNA 
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fragmentation (Love et al. 2002; Fraser and Strzezek 2004; Pérez-Llano et al. 2009, 
2010; Kim et al. 2011). The increase in DNA fragmentation has been reported to 
be coincident with the progressive decrease in sperm motility during liquid storage 
(Pérez-Llano et al. 2010). Significant differences exist among boars in the percent-
age of spermatozoa with altered DNA during liquid storage (Fraser and Strzezek 
2004), each boar showing a different critical time for DNA fragmentation (Pérez-
Llano et al. 2010). Individual variation in the rate of DNA damage could be related 
to the inherent chromatin packaging of the spermatozoa (Love et al. 2002), and the 
time of storage before insemination is also a key factor to reduce the incidence of 
this alteration (Pérez-Llano et al. 2010). Storage temperature has a significant effect 
on the rate of DNA fragmentation, being significantly higher and earlier as tempera-
ture increases from 15 to 37  °C (Pérez-Llano et al. 2010). Therefore, DNA frag-
mentation begins at day two or three during sperm storage at 37  °C for 10 days, 
depending on the boar; it is detected in over 80 % of spermatozoa at day seven and 
nearly in 100 % of the sperm population at day 10; in contrast, during sperm stor-
age at 15° for 15 days, DNA fragmentation begins at day seven or eight, and at day 
15 it ranges between 5 and 43 % depending on the male (Pérez-Llano et al. 2010). 
Not only the temperature but also the extender type affects DNA status (Love et al. 
2002); thus, extenders containing lipoprotein fractions result in lower levels of DNA 
damage, indicating that these fractions help to slow down sperm aging changes 
associated with genome alterations during storage (Fraser and Strzezek 2004).

DNA damage as a result of the aging of refrigerated spermatozoa is associated 
with oxidative damage (Aitken et al. 1998; Zini and Libman 2006; Kim et al. 2011), 
which produces single-stranded DNA breaks (Sundaram and Panneerselvam 2006); 
ROS are particularly efficient at producing 8-oxyguanosine residues ubiquitously 
distributed along single DNA strands (Oger et al. 2003). DNA damage during liquid 
storage can also be related to the increased activity of acrosomal enzymes released 
to the extracellular medium from non-viable spermatozoa; these enzymes could 
trigger a cascade of detrimental effects on viable spermatozoa, as a consequence of 
side-by-side cell death (Pérez-Llano et al. 2010). This hypothesis agrees with the 
decline in sperm quality parameters before observing any defects on DNA.

Antioxidant supplementation has been shown to increase the oxidative resist-
ance of liquid-stored spermatozoa (Johnson et al. 2000; Aurich 2008) and of fro-
zen-thawed spermatozoa (Kalthur et al. 2011). Such optimization techniques have 
resulted in increased fertility rates, particularly in liquid-stored semen (Leahy and 
Gadella 2011b).

4.5 � Conclusions

Purebreds differ in sperm production, but not in sperm quality. The coefficient of 
variation among breeds is estimated at 30–40  % for semen volume, total num-
ber of spermatozoa and sperm concentration, whereas the coefficient of variation 
for sperm motility, sperm viability and sperm morphology is below 10  %. The 
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heritability of semen traits ranges depending on the breed from 0.14 to 0.28 for 
semen volume, from 0.13 to 0.20 for sperm concentration, and from 0.10 to 0.18 
for total number of spermatozoa. Sperm motility, sperm viability, and sperm mor-
phology have a low heritability, usually below 0.10; for this reason, they are fre-
quently considered as variable parameters, not heritable seminal traits.

The selection of boars consistently producing high quality ejaculates which are 
resistant to refrigeration and cryopreservation procedures are key events in AI. In 
order to ensure high fertility rates, threshold values for seminal parameters have 
been established. However, the poor relationship between seminal parameters and 
fertility limits the sensitivity and specificity of such a cut-off. In order to improve 
the efficiency of AI procedures in terms of fertility and prolificacy, boar selection 
must be performed according to testis size at pre-pubertal age. In boars, testis size 
is positively correlated with daily sperm production, testosterone levels, libido, 
and reproductive longevity. Genetic defects in testicular size and structure, such 
as in cases of cryptorchidism, result in partial or total arrest of spermatogenesis at 
post-pubertal age.

The reproductive performance of AI boars in terms of sperm quality, fertility, 
and sexual behavior show clear seasonal changes. High ambient temperatures 
do not only decrease testicular function, but also induce transient disturbances 
in spermatogenesis and a decrease in steroidogenesis. Differences exist among 
breeds in their tolerance to heat stress, breeds from northern Europe being less 
tolerant than those from along the Equator. Divergences exist regarding the effect 
of photoperiod in the reproductive efficiency of AI boars. While some authors 
state that autumn photoperiods with decreasing day length stimulate the repro-
ductive capacity of boars as compared with photoperiods of increasing daylength, 
others report significant differences among breeds in their response to light 
regimes.

Management of AI boars plays an important role in efficient semen production. 
One of the main husbandry factors affecting sperm quality and fertility of males is 
the frequency of semen collection. The optimal collection interval ranges between 
2 and 5  days, and the reduction in this interval manifests itself in a decrease in 
semen volume, sperm concentration, and sperm motility, and in an increase in the 
frequency of immature spermatozoa with proximal droplet. Such disturbances in 
sperm quality are the result of both the forced passage of spermatozoa throughout 
the epididymis and the altered pattern of absorption-secretion of epididymal cells. 
The alteration degree of sperm quality is dependent on the breed, semen collection 
rhythm, and extent of stress.

A positive correlation exists between nutrition and semen quality. In order to 
enhance the reproductive performance of AI boars, different supplemented diets 
with vitamins, antioxidants, or PUFA have been tested. Nevertheless, contro-
versies still arise about the benefits generated by a specific substrate, due to the 
fact that effects of supplementation are variable depending on the breed and the 
physiological status of males, as well as on environmental and husbandry factors. 
Moreover, inadequate dietary supplementing could result in lack of effect or even 
in an adverse effect on the reproductive performance of boars.
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Social factors can exert profound and long-term effects on the reproductive 
efficiency of AI boars, and an adequate handling of boars during early stages of 
life can have great influence on their productivity. In this sense, social restriction 
results in reduced levels of sexual activity, the extent of depression inversely cor-
related with the age at which social restriction is imposed. Despite these results, 
further research is needed in order to better establish the effects of social environ-
ment on boar reproductive efficiency.

In AI practice, semen processing results in the exposition of spermatozoa to 
light and oxygen, and to several diluents, temperatures, pH gradients, and mechan-
ical forces, which alter the structure and function of the plasma membrane and 
trigger detrimental peroxidative processes. Procedures which involve washing 
and pelleting cause the stripping of loosely associated extracellular coating mate-
rial in ejaculated spermatozoa, and also remove decapacitating factors. Therefore, 
these washed and pelleted spermatozoa become very sensitive to certain addi-
tives in the extenders, especially to capacitative agents. Changes in temperature 
alter both membrane integrity and composition, which is manifested in decreased 
sperm viability and motility. Freeze-thawing protocols also induce both the “cryo 
capacitation” or capacitation-like changes in spermatozoa, as a result of lateral 
phase separation of membrane lipids, and the impairment of DNA integrity due 
to the loss of DNA compactness. Nevertheless, significant differences exist among 
boars in the ability of their spermatozoa to withstand freeze-thawing damage. 
Refrigeration of seminal doses results in the oxidative damage of spermatozoa 
and altered membrane permeability; prolonged liquid storage leads to the aging of 
spermatozoa which manifests itself in increased DNA fragmentation. Again differ-
ences exist among boars in the rate of DNA damage during liquid storage.
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