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ABSTRACT
This study investigated the effects of semen extender constituents and cryopreservation
on bovine spermatozoal mitochondrial function. Three yearling Holstein bulls were used. Two
ejaculates per bull were collected and pooled on a weekly basis for five weeks and extended in
four treatments: 1) sodium citrate egg yolk extender with antibiotics (lincomycin, spectinomycin,
gentamicin and tylosin); 2) “1” with glycerol; 3) “2” without antibiotics; and 4) “1” without
antibiotics. Each was divided into portions for analyses before freezing and after
cryopreservation. The pre-freeze and thawed semen were transferred to a 37°C water bath, the
same assays were performed. In assay 1, resazurin reduction (RD) was measured
spectrophotometrically at sequential 25 minute intervals for 125 minutes. In assay 2, specific
activities of cytochrome c oxidase (CytoCox) and citrate synthase (CS) were measured
spectrophotometrically immediately post-thaw and after 125 minutes of incubation. In assay 3,
ATP was measured using luciferin-luciferase assay simultaneously with RD. Total and
progressive motilities (TM and PM), progressive (PV), curvilinear (VCL) and pathway (VAP)
velocities were measured simultaneously with RD, ATP content and CytoCox and CS using
computer assisted semen analysis system (CASA). In assay 4, the NADH dehydrogenase (ND1)
gene of mtDNA was sequenced before and after cryopreservation using PCR. Data were
analyzed by least square methods; mean differences were delineated by Tukey’s test.
In assay 1, RD differed among treatments (P<0.05). Cryopreservation decreased (P<0.05)
RD, TM, PM, PV, VAP and VCL. Resazurin reduction correlated with PM (r=0.45, P<0.05) and
TM (r=0.2, P<0.05). In assay 2, incubation time and incubation with Triton X100 were sources
of variation in CytoCox and CS specific activities (P>0.05). Only CS from spermatozoa
incubated with Triton X100 correlated with RD (r=0.22, P<0.05). CytoCox and CS did not

xii

correlate with motility parameters. In assay 3, spermatozoal ATP was not different (P>0.05)
among treatments. However, cryopreservation decreased (P<0.05) ATP. Spermatozoal ATP
correlated with motility parameters (r≥0.65) and RD (r=-0.30) (P<0.05). In assay 4, the
frequency of amino acid change was higher (P<0.05) post-thaw in the treatment containing only
antibiotics. Cryopreservation, more than extender constituents impacted mitochondrial function
of bovine spermatozoa.

xiii

CHAPTER 1
GENERAL INTRODUCTION
Sperm mitochondria, which are located in the midpiece (Bahr and Engler, 1970;
Alcivar et al, 1989), must produce ample energy in the form of ATP to power the flagellar
motion that propels the sperm to the site of fertilization. Spermatozoal ATP production
occurs via the oxidative phosphorylation (OXPHOS) process in the respiratory chain within
the mitochondria (Lamirande and Gagnon, 1992; Manfredi et al, 1997). This ATP
produced must diffuse or be transported down the axoneme to the dynein ATPases, which
produce motive force and subsequently sliding of doublet microtubules is translated to
flagellar beating or sperm motility (Summers, 1974).
Mitochondria and the mitochondrial genome are maternally inherited and paternal
mitochondria are eliminated after fertilization and prior to the 4-cell embryo stage is
formed (Kaneda et al, 1995) by a mechanism involving ubiquitination of sperm
mitochondria (Sutovski et al, 1999). The respiratory chain within the inner mitochondrial
membrane is under the control of two separate genomes: mitochondrial DNA (mtDNA)
and nuclear DNA (nDNA). The mtDNA encodes for 7 subunits of complex I, complex III,
subunits I, II and III of complex IV and subunits 6 and 8 of the ATPase (Anderson et al,
1981). In human spermatozoa, it has been shown that mitochondrial enzymatic activities
are correlated with spermatozoal motility (Ruiz-Pesini et al, 1998; Ruiz-Pesini et al,
2000a; Ruiz-Pesini et al, 2001). Mitochondrial DNA mutations caused defects in the
OXPHOS system within the mitochondria and resulted in various clinical symptoms
ranging from single organ involvement to multisystem disease (Wallace, 1992; Barroso et
al, 1993; Leonard and Schapira, 2000; Sue and Schon, 2000; Fosslien, 2001). Several
reports from human infertility clinics found an association between mtDNA point
1

mutations and male infertility (Kao et al, 1998; Kao et al, 2004). In previous studies, it has
been shown that patients with primary mitochondrial disorders had reduced sperm motility
evidenced by ultrastructural abnormalities in spermatozoal mitochondria (Folgero et al,
1993).
Within the mitochondrial matrix, the citrate synthase enzyme regulates the citric
acid cycle which serves both in catabolism and anabolism as cycle intermediates can be
drawn off and used as starting materials for a variety of biosynthetic products (Semeitink et
al, 2004; Nelson and Cox, 2005). Also the citric acid cycle provides the respiratory chain
with reducing equivalents or electron donor products (Ruiz-Pesini et al, 2000a).
The development of artificial insemination (AI) techniques has allowed the rapid
dissemination of genetic material from a small number of superior sires to a large number
of females (Salisbury et al, 1978). For all livestock species, semen traditionally has been
stored either in the liquid form or in a cryopreserved state (Shannon, 1978; Johnson et al,
1981; Foote, 1982; Maxwell and Watson, 1996). Semen extenders were developed to
provide an acceptable buffering capacity, osmolality, energy source, minimizing the
capability of bacterial growth and provide protection due to the decrease in temperature
(Salisbury et al, 1978). The widespread application of AI and realization of its full potential
depends largely on the use of frozen semen. However, fertility from AI is lower than that
resulting from the use of fresh semen in most species due to lower post-thaw spermatozoal
survival and was reported to be 30 to 40% in the bull (Liu and Foote, 1998; Watson,
2000).
Major steps of cryopreservation, such as cooling and freezing/thawing, exert
physical as well as chemical stresses on the sperm membrane (Chatterjee et al, 2001).
Cryopreservation of spermatozoa is associated with an oxidative stress (Mazur et al, 2000).
2

The activity of superoxide dismutase, a scavenger of the destructive superoxide radical, is
decreased in frozen/thawed spermatozoa (Chatterjee et al, 2001). Ultrastructural
studieshave shown altered spermatozoal mitochondria in the mouse (Nishizono et al, 2004),
human (Woolley and Richardson, 1978) as well as in the bull by using fluorescent
techniques (Thomas et al, 1998). Glycerol is the most commonly used cryoprotectant for
use with bull semen and semen from other livestock species, it has been shown to adversely
affect cells. This occurred via its osmotic effects and direct interaction with the plasma
membrane proteins (Anchordoguy et al, 1987).
During the infancy of the AI industry, antibiotics in bull semen extenders were used
to control both pathogenic and common contaminating microorganisms (Almquist, 1948).
Most of the antibiotics used were found to be harmless to bovine spermatozoa (within
ranges of concentrations) (Lein, 1986; Lorton, 1986; Shin, 1986; Ahmad et al, 1987).
Improvements in fertility were obvious, as treating semen from infected bulls increased
conception rates in cows (Salisbury et al, 1978). Overall, the antibiotics that the AI industry
adopted and is currently used target bacterial ribosomes. All the antibiotics targeted
bacteria, however some showed higher toxic effects on mitochondria than others (Ahmad
et al, 1987).
As sperm motility depends on ATP production by the mitochondria (Zamboni,
1982), studying mitochondrial metabolic activity of spermatozoa provides valuable
information about the metabolic activity of spermatozoa and semen quality. If
cryopreservation is the only factor affecting spermatozoal metabolic activity reflected as
lowered spermatozoal motility and therefore fertility, then why do certain populations of
frozen spermatozoa survive the freeze-thaw processes? It is likely that other factors might
affect spermatozoa during the freeze-thaw processes. The overall hypothesis for this study
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was that mitochondrial function in bull spermatozoa would be influenced by the
cryopreservation process and by extender constituents. To address these concerns, four
assays were conducted. The first assay evaluated spermatozoal mitochondrial Complex 1
(NADH dehydrogenase) enzyme activity by using the reducible dye resazurin. The second
assay evaluated spermatozoal mitochondrial Complex IV (cytochrome c oxidase) and
citrate synthase enzyme specific activities. In addition, these activities were used to
evaluate of the integrity of the outer and inner mitochondrial membranes of spermatozoa.
The third assay evaluated the ATP production of spermatozoa using the luciferin-luciferase
assay. The final assay sequenced the NADH dehydrogenase (ND1) gene of spermatozoal
mitochondrial DNA using the polymerase chain reaction method.
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CHAPTER 2
REVIEW OF LITERATURE
2.1 Mitochondria
2.1.1 Definition
Mitochondria are membrane-enclosed organelles distributed through the cytosol
of eukaryotic cells. Their main function is the conversion of energy from food resources
into ATP (Terada, 1990; Sue and Schon, 2000; Wakabayshi, 2002; Diez-Sanchez et al,
2003; Alberts et al, 2004; Nelson and Cox, 2005).
2.1.2 Ultrastructure
Mitochondria, like gram negative bacteria, have an outer and inner membrane
(Margulis, 1970). The outer membrane encloses the entire mitochondria and is readily
permeable to small molecules (Alberts et al, 2004; Nelson and Cox, 2005). It contains
many complexes of integral membrane proteins that form channels through which a
variety of molecules and ions move in and out of the mitochondrion. The inner
membrane is elaborately folded with shelf-like cristae or invaginations projecting into the
matrix. It is impermeable to most small molecules and ions, including protons (H+). The
only molecules that cross this membrane do so through specific transporters (Alberts et
al, 2004; Nelson and Cox, 2005). The inner membrane bears the components of the
respiratory chain and ATP synthase. Mitochondria also have a matrix, enclosed by the
inner membrane, that contains the pyruvate dehydrogenase complex and the enzymes of
the citric acid cycle, the fatty acid B-oxidation pathway, and the pathways for amino acid
oxidation (Alberts et al, 2004; Nelson and Cox, 2005). Thus, it has all the pathways for
fuel oxidation except for glycolysis which takes place in the cytosol. Also within the
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matrix is the mitochondrial genome, composed of circular double stranded DNA and
ribosomes (Alberts et al, 2004; Nelson and Cox, 2005).
2.2 Mitochondria of Mammalian Spermatozoa
Mitochondria, located within the sperm midpiece (Bahr and Engler, 1970; Alcivar
et al, 1989), are energy generators that have been described as the combustion engine of
the spermatozoa (Kao et al, 1998). Mammalian sperm flagella have a basic axoneme
composed of a cylinder of nine parallel doublet microtubules (outer doublets)
surrounding a central pair of single microtubules (Fawcett, 1970). These nine outer
doublets microtubules are held together by various structures including nexin, radial
spokes, and pairs of arms, which contain the ATPase protein dynein (Fawcett, 1970).
Each of the outer doublets mictotubules is composed of two subunits of tubules, one is
designated as subunit A, and the other is subunit B (Fawcett, 1970). Subunit A is
composed of 13 protofilaments while subunit B is composed of 10 protofilaments.
Subunit A of a doublet interacts through the dynein arms with subunit B of a neighboring
doublet, inducing the sliding activity of the these microtubules which is being translated
to coordinated beating of the flagellum (Summers, 1974). The basic axoneme is
supplemented by nine dense fibers (outer dense fibers) which lie parallel and adjacent to
the nine doublet microtubules forming a second cylindrical layer in the flagellar structure
(Fawcett, 1970; Summers, 1974; Setchell, 1978; Barth and Oko, 1989). The outer dense
fibers are much larger than the doublet tubules near the head of the sperm cell and taper
gradually until they disappear near the tip of the flagellum (Fawcett, 1970). The functions
of the outer dense fibers are not defined, but it has been suggested that they are involved
in the maintenance of elastic structures and the elastic recoil of sperm tails (Baltz et al,
1990). The microtubules and dense fibers are enclosed by a third cylindrical layer
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consisting of a mitochondrial sheath near the sperm head and a fibrous sheath along the
rest of the length of the flagellum (Summers, 1974; Setchell, 1978; Barth and Oko,
1989).
Several reports have shown that mitochondria of germ cells modify their
morphological organization, number, and location during spermatogenesis. The
morphological, histochemical and biochemical events of mitochondrial differentiation
during rat spermatogenesis have been described (Fawcett, 1970; Domenech et al, 1972;
Martino and Stefanini, 1974; Kaya and Harrison, 1976; Alcivar et al, 1989; Hecht,
1993). In the A-spermatogonial stage, mitochondria are ovoid in shape containing
lamellar cristae and an electron translucent matrix. In some B-spermatogonia and more
prominently during the transition to leptotene primary spermatocytes, the intracristal
space begins to dilate (Martino and Stefanini, 1974; Martino et al, 1979). In the zygotene
and early pachytene spermatocytes the mitochondria elongate and are located in close
proximity to the outer nuclear membrane with their number increasing steadily (Martino
and Stefanini, 1974; Martino et al, 1979). This is an indication of an active functional
state of mitochondria during this phase of development (Martino et al, 1979).
Mitochondria form clusters in mid and late pachytene spermatocytes with an electron
dense material, the nugae, between them (Fawcett, 1970; Russel and Frank, 1978). The
mitochondria are round-shaped and relatively small with the an electron dense matrix
flattened to the outer part of the organelle during this phase of meiosis (Martino and
Stefanini, 1974; Martino et al, 1979). The intracristal space is clearly dilated and the
functional status of condensed mitochondria is unclear (Martino and Stefanini, 1974;
Martino et al, 1979).
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In diplotene and secondary spermatocytes, the mitochondria are small, roundshaped and condensed but are not arranged in clusters (Martino and Stefanini, 1974;
Martino et al, 1979). With the differentiation of germ cells to spermatids, a translocation
of mitochondria beneath the plasma membrane is apparent, possibly due to a high energy
demand and intense exchange of metabolites with the neighboring Sertoli cells (Martino
et al, 1979). However, a group of elongating and dividing organelles is still visible inside
the cell. From step 8 of spermiogenesis and onward, the condensed mitochondria develop
crescent-shaped cristae and the matrix is less condensed. This is defined as the
intermediate organelle form (intermediate spermatid) (Martino et al, 1979). Some of them
show a tendency to move in the direction of the developing flagellum, whereas the
remaining mitochondria progressively group together (Martino et al, 1979). These
mitochondria leave the developing spermatozoa in the residual bodies and are probably
phagocytosed by the Sertoli cells (Martino et al, 1979). Utilizing DNA analysis
technologies, it has been found that mtDNA content is reduced to about a tenth of its
initial value during the transition from the rounded spermatids to elongated spermatids
(Hecht et al, 1984). In later stages of development, the expanded intracristal spaces of the
flagellar mitochondria reduce their size, and the cristae distend themselves into the
interior of the organelles (Martino et al, 1979). Simultaneously these mitochondria begin
to elongate and fuse to a chain-like and twisted structure around the flagellum. In
spermatozoa the cristae develop gradually forming a packed concentric system of
membrane and matrix (Martino et al, 1979). In this manner, the middle piece
mitochondria lose the morphological appearance typical for the condensed form of
mitochondria. At this stage of sperm maturation, the mitochondria reach maximal
elongation and assume a close relationship with the outer dense fibers of the middle piece
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(Martino et al, 1979). Finally the mitochondria are arranged in a helix of 11-13 gyri, with
two mitochondria per gyrus, and deliver ATP to the axoneme for flagellar propulsions
(Martino et al, 1979).
Spermatozoal motility is dependent on an adequate supply of ATP produced by
the oxidative phosphorylation process within the mitochondria (Zamboni, 1982). This
ATP produced must diffuse or be transported down the axoneme to the dynein ATPases,
which produce motive force (Schoff et al, 1989). Therefore, ATP-induced sliding of
doublet microtubules is translated to flagellar beating or sperm motility (Summers, 1974).
The mammalian spermatozoon contains approximately 72-80 mitochondria (72/bovine
spermatozoa) in the mitochondrial sheath of the midpiece (Bahr and Engler, 1970;
Alcivar et al, 1989).
2.3 Mitochondrial Genome
Mitochondria , along with the mitochondrial genome are maternally inherited, and
each mitochondrion carries its own multicopy genome, which is a circular doublestranded DNA molecule with 16.5 kilobases in humans (Giles et al, 1980; Anderson et
al, 1981) and 16.338 kilobases in bovine (Anderson et al, 1982). Mitochondrial DNA
(mtDNA) contains genes coding for 2 ribosomal RNAs and 22 transfer RNAs. The
mitochondrial genome encodes for 13 essential subunits (structural proteins) out of the 67
subunits of the respiratory chain complexes (Wallace, 1992).
The function of the respiratory chain is unique in that it is under the control of two
separate genomes: mtDNA and nDNA. The mtDNA encodes for 7 subunits of Complex
I, one subunit of Complex III, subunits I, II and III of Complex IV and subunits 6 and 8
of the ATPase (Anderson et al, 1981). Paternal mitochondria are eliminated after
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fertilization and prior to the formation of 4-cell embryo (Kaneda et al, 1995) by a
mechanism involving ubiquitination of sperm mitochondria (Sutovski et al, 1999).
Somatic cells of mammals contain several thousand mitochondria, each of them
having 1 to 10 copies of mtDNA. According to Cummins (1998), oocytes contain 1 ×105
to 2 ×105 mitochondrial genomes. The mouse oocyte mitochondrial content was the first
to be estimated using electron microscopy, and an average of 92 500 mitochondria per
mouse pronucleate oocyte were found (Piko and Matsumoto, 1976). Using dot blot
techniques, Piko and Taylor (1987) found an average of 119 000 mtDNA copies per cell
in mature pooled mouse oocytes. In pooled bovine oocytes, Michaels et al (1982)
determined that bovine oocytes contain an average of 26 000 mtDNA copies per cell
utilizing hybridization techniques. Utilizing the polymerase chain reaction , many
researchers found that mtDNA content is variable in oocytes and found that it is variable
even in oocytes collected from the same individual (Reynier et al, 2001). On average,
mature mammalian spermatozoa contain 22 to 75 mitochondria (Bahr and Engler, 1970).
Using the semiquantitative southern blot method, Hecht et al (1984) found 50 to 75
mtDNA copies per mouse spermatozoon, and Manfredi et al (1997) found about 1 500
molecules of mtDNA per human spermatozoon.
Each mitochondrion contains several copies of mtDNA and each cell has many
mitochondria. There are hundreds of copies of mtDNA in one cell (polyplasmy)
compared to two copies of nuclear DNA (nDNA). Mitochondrial DNA coding sequences
do not have introns as in nDNA, and mtDNA depends on nuclear genes for its enzymes
for replication, translation, and repair (Taanman, 1999). Another difference between
mtDNA and nDNA is that, at least in humans, mtDNA has a mutation rate 10 to 20 times
over that of nDNA. This is attributed to the lack of proof-reading by mtDNA polymerase
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(Leonard and Schapira, 2000). Normally, all mtDNA of an individual is identical
(homoplasmy) but occasionally there is a sequence variation which creates a population
of wild type and mutant mtDNA (heteroplasmy). Although heteroplasmy implies
potentially harmful mutant type mtDNA, benign heteroplasmic polymorphisms can
sometimes occur (Hauswirth and Laipis, 1982).
Mitochondrial DNA mutations include point mutations and rearrangements
(deletions and duplications), and because there are no introns, there are no splice-site
mutations (Leonard and Schapira, 2000). Mitochondrial DNA mutations of the
pathogenic type are responsible for certain known diseases in humans, which depend not
only on the site of mutation in the mtDNA but also on the proportion of the mutant to
wild type molecules within cells and within mitochondria (Leonard and Schapira, 2000).
Examples are diseases of brain and muscles, where these tissues are highly dependent on
oxidative phosphorylation (OXPHOS), where neurological pathologies and myopathies
are common features of mtDNA mutations (Wallace, 1992; Leonard and Schapira, 2000;
Sue and Schon, 2000). Mitochondrial DNA mutations cause defects in the OXPHOS
system within the mitochondria and result in various clinical symptoms depending on the
organ involved. The striking feature of mtDNA mutations or disorders is their clinical
heterogeneity, ranging from single organ involvement to multisystem disease (Wallace,
1992; Barroso et al, 1993; Leonard and Schapira, 2000; Sue and Schon, 2000;
Fosslien, 2001). Leigh syndrome (multisystem disease: vomiting, seizures, respiratory
failure, tendon problems and encephalomyopathies) is due to Complex I deficiency in
infants and is caused by mtDNA mutations. While Leigh syndrome occurs during
infancy, neuromuscular disorders like Alzheimer and Parkinson diseases result from
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defective OXPHOS due to reduced Complex I activity with aging (Wallace, 1992;
Leonard and Schapira, 2000; Sue and Schon, 2000).
Spermatozoal motility is required for the normal fertilization process and is one of
the major determinants of male fertility (Hartman, 1965). Sperm motility is dependent on
an adequate supply of ATP produced by the oxidative phosphorylation process within the
mitochondria. Several reports from human infertility clinics have found an association
between mtDNA point mutations and asthenospermia (reduced motility of spermatozoa),
oligospermia (reduction in the number of spermatozoa), oligoasthnozoospermia (reduced
number and absence of motility) and primary infertility in patients attending those
infertility clinics (Kao et al, 1998; Kao et al, 2004).
2.4 Mitochondrial Activity (Oxidative Phosphorylation and Electron Transfer
Chain)
Oxidative phosphorylation begins with entry of electrons into the respiratory
chain. Most of these electrons arise from the action of dehydrogenases that collect
electrons from catabolic pathways and funnel them into universal electron acceptorsnicotinamide nucleotides (NAD+ or NADP+) or flavin nucleotides (FMN or FAD)
(Wallace, 1992; Vishwanath and Shannon, 1997; Nelson and Cox, 2005).
The mitochondrial respiratory chain consists of a series of sequentially acting
electron carriers, most of which are integral proteins with a prosthetic group capable of
accepting and donating either one or two electrons (Leonard and Schapira, 2000; Alberts
et al, 2004; Semeitink et al, 2004; Nelson and Cox, 2005). In addition to NAD and
flavoproteins, three other types of electron-carrying molecules function in the respiratory
chain: ubiquinone (coenzyme Q), cytochromes, and iron-sulfur proteins (Alberts et al,
2004; Nelson and Cox, 2005).
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The electron carriers of the respiratory chain are organized into membraneembedded supramolecular complexes designated as Complex I (NADH: ubiquinone
oxidoreductase or NADH dehydrogenase), II (succinate dehydrogenase), III (cytochrome
bc1 complex or ubiquinone cytochrome c oxidoreductase) and Complex IV (cytochrome
oxidase). Complexes I and II catalyze electron transfer to ubiquinone from two different
electron donors NADH (Complex I) and succinate (Complex II). Complex III carries
electrons from reduced ubiquinone to cytochrome c, and Complex IV completes the
sequence by transferring electrons from cytochrome c to molecular oxygen (Jin and
Bethke, 2002; Semeitink et al, 2004).
Other substrates for mitochondrial dehydrogenases pass electrons into the
respiratory chain at the level of ubiquinone, but not through Complex II (Alberts et al,
2004; Nelson and Cox, 2005). The first step in the beta oxidation of fatty acetyl
coenzyme A (acyl-CoA), catalyzed by the flavoprotein Acyl-CoA dehydrogenase,
involves transfer of electrons from the substrate to the FAD of the dehydrogenase, then to
electron transferring flavoprotein (ETF), which in turn passes electrons to ETF:
ubiquinone oxidoreductase (Alberts et al, 2004; Nelson and Cox, 2005). This enzyme
transfers electrons into the respiratory chain by reducing ubiquinone. Glycerol-3phosphate formed either from glycerol released by triacylglycerol breakdown or by the
reduction of dihydrooxyacetone phosphate from glycolysis, is oxidized by glycerol-3phosphate dehydrogenase (Jin and Bethke, 2002; Alberts et al, 2004; Nelson and Cox,
2005). This enzyme is a flavoprotein located on the outer face of the inner mitochondrial
membrane, and like succinate dehydrogenase and acyl-CoA dehydrogenase it channels
electrons into the respiratory chain by reducing ubiquinone. So glycerol-3-phosphate
dehydrogenase has an important role in shuttling reducing equivalents from cytosolic
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NADH into the mitochondrial matrix. The effect of each of these electron-transferring
enzymes is to contribute to the pool of reduced ubiquinone which is then deoxidized by
Complex III (Jin and Bethke, 2002; Semeitink et al, 2004; Nelson and Cox, 2005).
The energy of electron transfer is efficiently conserved in a proton gradient. Much
of this energy is used to pump protons out of the mitochondrial matrix. For each pair of
electrons transferred to molecular oxygen, four protons are pumped out by Complex I,
four by Complex III, and two by Complex IV (Jain, 1988; Alberts et al, 2004). The
electrochemical energy inherent in this difference in proton concentration and separation
of charge represents a temporary conservation of much of the energy of electron transfer.
The energy stored in such a gradient is termed the proton-motive force. This force has
two components: the chemical potential energy due to the difference in concentration of a
chemical species (H+) in the two regions separated by the membrane, and the electrical
potential energy that results from the separation of charge when a proton moves across
the membrane without a counterion (Mitchell, 1961; Mitchell, 1966; Mitchell, 1968;
Mitchell and Moyle, 1969; Jain, 1988; Leonard and Schapira, 2000; Jin and Bethke,
2002; Alberts et al, 2004; Nelson and Cox, 2005). When protons flow spontaneously
down their electrochemical gradient, energy drives the synthesis of ATP and therefore is
made available to do work (Mitchell, 1961; Jain, 1988; Jin and Bethke, 2002;
Semeitink et al, 2004; Nelson and Cox, 2005).
In human spermatozoa, mitochondrial enzymatic activities were shown to be
correlated with spermatozoal motility (Ruiz-Pesini et al, 1998; Ruiz-Pesini et al, 2000a;
Ruiz-Pesini et al, 2001). In previous studies, it has been shown that patients with primary
mitochondrial disorders had reduced sperm motility evidenced by ultrastructural
abnormalities in spermatozoal mitochondria (Folgero et al, 1993). However, in patients
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with Parkinsons disease, no correlation has been found between the occurrence of this
disease and activity of spermatozoal Complex I (Molina et al, 1999). In human patients
with asthenozoospermia compared to normal individuals, it was shown using the
polymerase chain reaction (PCR) method that spermatozoal mtDNA had a high incidence
of deletions (Kao et al, 1995).
2.4.1 Adenosine Triphosphate (ATP) Synthesis
Mitochondrial ATP synthase is a large enzyme complex across the inner
mitochondrial membrane that catalyzes the formation of ATP from ADP and Pi,
accompanied by the flow of protons from outside the matrix to inside. ATP synthase, also
called Complex V, has two distinct components: F1, a peripheral membrane protein, and
Fo (denoting oligomycin sensitive), which is integral to the membrane. This makes ATP
synthase carry out rotational catalysis, in which the flow of protons through Fo causes
each of three nucleotide binding sites in F1 to cycle from (ADP+Pi)-bound to ATP-bound
to empty conformations (Jain, 1988; Gottilieb et al, 1991; Jin and Bethke, 2002; Nelson
and Cox, 2005).
Although ATP synthase equilibrates ATP with ADP and Pi, in the absence of a
proton gradient the newly synthesized ATP does not leave the surface of the enzyme. It is
the proton gradient that causes the enzyme to release the ATP formed on its surface (it
pushes ATP from its binding site on the synthase enzyme). For the continued synthesis of
ATP, the enzyme must cycle between a form that binds ATP very tightly and a form that
releases ATP (Nelson and Cox, 2005).
The summary of ATP synthesis involves the flow of electrons through Complexes
I, III and IV which results in pumping of protons across the inner mitochondrial
membrane making the matrix alkaline relative to the intermembrane space. This proton
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gradient provides the energy (in the form of the proton-motive force) for ATP synthesis
from ADP and Pi by ATP synthase (FoF1 complex) in the inner membrane (Mitchell,
1966; Mitchell, 1968; Jin and Bethke, 2002; Nelson and Cox, 2005).
2.4.2 The Citric Acid Cycle
The citric acid cycle serves both in catabolism and anabolism as cycle
intermediates can be drawn off and used as the starting material for a variety of
biosynthetic products (Semeitink et al, 2004; Nelson and Cox, 2005).
Eukaryotic cells and many bacteria which live under aerobic conditions oxidize
their organic fuels to carbon dioxide and water. Glycolysis is the first stage in the
complete oxidation of glucose to pyruvate and can proceed anaerobically. The aerobic
phase of catabolism is called respiration (cellular respiration) (Margulis, 1970; Jain,
1988; Matsuno-Yagi and Hatefi, 1993).
Cellular respiration occurs in three major stages. In the first stage, organic fuel
molecules like glucose, fatty acids and some amino acids in the cytosol are oxidized to
yield two-carbon fragments in the form of Acetyl-coenzyme A (Acetyl-CoA). In the
second stage, the acetyl groups are fed into the citric acid cycle within the mitochondria,
which enzymatically oxidizes them to carbon dioxide, and energy released is conserved
in the reduced electron carriers NADH and FADH2. In the third stage of respiration,
these reduced coenzymes are themselves oxidized, giving up protons (H+) and electrons.
2.5 Spermatozoal Motility
Spermatozoal motility is considered to be one of the most important
characteristics for evaluating the fertility potential of ejaculated spermatozoa (Liu et al,
1991). The propulsive efficacy of spermatozoa is dependent on mitochondrial function
(Auger et al, 1989). The mitochondria deliver the required energy in the form of ATP for
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the generation and propagation of the flagellar wave (Auger et al, 1989). Male infertility
can result from a significant decrease in the number of motile forms and/or from
movement quality disorders (Auger et al, 1989). Visual estimation of the percentage of
motile spermatozoa is the most common laboratory test of sperm quality (Budworth et al,
1988). However, it is subjective (Budworth et al, 1988) and differs among individuals
and laboratories, and from 30 to 60% variation has been reported (Deibel et al, 1976).
Subjectivity and human bias are undesirable, rendering visual estimation of spermatozoal
motility a poor predictor of fertility (Saacke and White, 1972; Linford et al, 1976).
Objective methods of evaluating spermatozoal motility gave a better prediction of
fertility than visual estimates (Saacke, 1982). Photographic or computer assisted sperm
analysis (CASA) systems have reduced the human bias in estimating the percentage of
motile spermatozoa, but estimates from these procedures are time-consuming and usually
evaluate fewer spermatozoa per sample than can be evaluated visually (Graham, 1994).
Neither the visual estimation of spermatozoal motility (Graham et al, 1980) nor CASA
(Budworth et al, 1988) were correlated with fertility in bulls. In addition to total and
progressive motilities, CASA evaluations can also measure the velocity or motion
parameters of motile spermatozoa. Velocity parameters of spermatozoa that CASA can
evaluate include: curvilinear velocity (VCL), which is the average velocity measured
over the actual point-to-point track followed by the cell (µm/sec); progressive velocity
(PV); velocity according to the straight path (VSL, µm/sec); velocity according to the
average smoothed pathway (VAP, µm/sec); linearity (Lin, %); straightness (STR, %);
amplitude of the lateral displacement of the sperm head (ALH, µm) and the frequency of
the flagellar beat (BCF, Hz) (Verstegen et al, 2002). Januskauskas et al (2003) found a
significant correlation between CASA assessed spermatozoal motility and field fertility.
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Similarly, Zhang et al (1998) found a correlation between postthaw spermatozoal linear
motility and field fertility. However, in one study (Januskauskas et al, 2001), it was
shown that spermatozoal velocity parameters obtained by CASA were not correlated to
field fertility. In another recent study (Garcia-Macias et al, 2007), spermatozoal total and
progressive motilities and velocity parameters were not correlated with fertility.
However, the author noticed that velocity parameters were highest in the high-fertility
group (Garcia-Macias et al, 2007). In a study where CASA motility and standard
laboratory tests of semen quality were compared to fertility based on 66-day non-return
rate, neither CASA nor any of the standard laboratory tests were significantly correlated
with fertility (O'Connor et al, 1981). High CASA measurements of the velocity
parameters VAP, VSL and VCl as well as low linearity have been reported to be
associated with spermatozoal hyperactivation during the capacitation process (Verstegen
et al, 2002). Using CASA, it has been shown that VCL and straightness were correlated
with spermatozoal maturation within the epididymis in rats (Syntin and Robaire, 2001)
2.6 Mitochondrial Function Tests
2.6.1 Adenosine Triphosphate Production
The ATP generated by the oxidative phosphorylation process within the inner
mitochondrial membrane is transferred to the microtubules to drive sperm motility
(Zamboni, 1982). Therefore, the amount of ATP produced would reflect the metabolic
status of mitochondria and subsequently the motility of spermatozoa. Reiger (1997) used
a commercial luciferin-luciferase kit and scintillation counter to measure sperm ATP
content in a semen sample to determine the metabolic activity of spermatozoa
mitochondria. The technique involves ATP extraction from spermatozoa and mixing it
with the luciferin-luciferase assay mixture.
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The production of chemiluminescence by the firefly luciferin-luciferase reaction
consists of an initial flash period, lasting a few seconds, followed by a gradual decay over
an extended period which is proportional to the ATP content of cells. A luminometer is
used to detect light emitted during the flash period and consequently each sample must be
counted immediately after mixing the assay components. This assay is sensitive enough
to measure the ATP content of a single oocyte, blastocyst, or approximately 1000 sperm
(Reiger, 1997). However, this assay required several steps of addition of reagents which
made the assay tedious, labor-intensive and time-consuming. With the advancement of
technology, luminescent kits have been introduced which make the ATP assay simple,
quick, and accurate. Currently, ATP kits employ only one reagent followed by a short
period of sample incubation (15 minutes). Measurement of ATP is then performed using
a luminometer (Orlando et al, 1982; Comhaire et al, 1989; Gottilieb et al, 1991;
Orlando et al, 1994; Marin-Guzman et al, 2000).
Spermatozoal ATP content has been measured from a wide variety of species
including the bull (Januskauskas and Rodriguez-Martinez, 1995; Reiger, 1997), boar
(Johnson et al, 1981), domestic poultry (Wishart, 1982; Froman and Feltmann, 1998) ,
rabbit (Minelli et al, 1999), carp (Perchec et al, 1995) and human (Levin et al, 1981;
Calamera et al, 1982; Orlando et al, 1982; Comhaire et al, 1983; Irvine and Aitken,
1985; Pousette et al, 1986; Chan and Wang, 1987; Comhaire et al, 1987; Comhaire et
al, 1989; Mieusset et al, 1989; Gottilieb et al, 1991; Bosman et al, 1994; Mahmoud et
al, 1994; Orlando et al, 1994).
2.6.2 Resazurin Reduction Test
Resazurin is a redox dye traditionally used for examining bacterial and yeast
contamination of milk (Zhang et al, 2004), as well as for assessing semen quality in
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mammals (Fuse et al, 1993; Dart et al, 1994; Rahman and Kula, 1997; Reddy et al,
1997; Carter et al, 1998; Wang et al, 1998; Reddy and Bordekar, 1999; Zrimesk et al,
2004). Resazurin is non-toxic to cells and does not necessitate killing the cells to obtain
measurements that allows cell to be reused for further investigations (O'Brien et al,
2000). Resazurin is blue in color in the oxidized state, and reduced to resorufurin (pink)
and then to hydroresurufin (colorless) by metabolically active cells (Rahman and Kula,
1997; Zhang et al, 2004).
The mechanism of resazurin reduction has been postulated to be due to oxygen
consumption through metabolism or mitochondrial enzymes (oxidoreductases) (O'Brien
et al, 2000; Zhang et al, 2004). Therefore, measurement of resazurin reduction is an
indication of mitochondrial function. Resazurin reduction can be measured by visual
color changes (Fuse et al, 1993; Dart et al, 1994; Carter et al, 1998), or by using
spectrophotometry (Rahman and Kula, 1997; Reddy et al, 1997; Wang et al, 1998;
Reddy and Bordekar, 1999; Zrimesk et al, 2004). Initially, resazurin reduction was
measured visually and the time required for reduction to pink, the first endpoint, and
reduction further to white was recorded (Erb and Ehlers, 1950). Time required for
reduction of resazurin is dependent on the quality of semen (concentration and percentage
of actively motile spermatozoa) and was highly correlated with the pink endpoint (Erb
and Ehlers, 1950). In another study, the reduction of resazurin from blue to pink (≤3.5
minutes) allowed identification of 88% of low and 94% of high fertility potential samples
(Dart et al, 1994). In order to avoid the possibility of human error in assessing the quality
of semen samples based on visual comparison of the colors due to resazurin reduction,
spectrophotometry has been used. In this method, absorption spectra for resazurin and
resurufin are scanned and wavelengths are selected (Rahman and Kula, 1997; Wang et
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al, 1998; Reddy and Bordekar, 1999; Zrimesk et al, 2004). The use of resazurin dye has
been shown to be accurate in the evaluation of human (Glass et al, 1991; Fuse et al,
1993; Rahman and Kula, 1997; Reddy et al, 1997; Reddy and Bordekar, 1999), bovine
(Erb and Ehlers, 1950; Erb and Ehlers, 1952; Dart et al, 1994), ovine (Wang et al,
1998), equine (Carter et al, 1998) and porcine (Mesta et al, 1995; Zrimesk et al, 2004)
semen.
2.7 Cryopreservation of Bull Semen
The development of AI techniques has allowed the rapid dissemination of genetic
material from a small number of superior sires to a large number of females. For all
livestock species, semen traditionally has been stored either in the liquid form or in a
cryopreserved state (Shannon, 1978; Johnson et al, 1981; Maxwell and Watson, 1996).
In normal, freshly ejaculated bull semen, the concentration of spermatozoa is high.
Therefore, dilution is necessary to provide a convenient inseminate volume that will
contain enough cells to ensure maximum fertilization rates without wasting spermatozoa.
At the beginning of the bovine AI industry, semen was diluted in physiological media, split
and used almost immediately for insemination (Coulter, 1992). This required that all
females that had to be bred must be in close proximity to one another and to the donor bull,
limiting the dissemination of superior germ plasm (Coulter, 1992). The development of
liquid storage of semen permitted the use of collected bull semen for a short period of time
and permitted the transportation of semen over moderate distances which allowed for a
wider distribution of superior germ plasm. Spermatozoa progressively lose viability when
stored in a supportive medium at ambient temperature (Shannon, 1978), so reducing
storage temperature from body or ambient temperature to 5°C has been the primary means
of slowing down chemical reactions and prolonging spermatozoal viability. However, after
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rewarming to 37°C, the percentage of progressively motile cells decreases during storage.
Furthermore, metabolism continues at a reduced rate at 5°C and fertility begins to decrease
before day four of storage (Clamohoy and Foote, 1963).
2.8 Characteristics of Semen Extenders
Semen extenders were developed to provide an acceptable buffering capacity,
osmolality, energy in the form of metabolizable substrates, and to minimize bacterial
growth and to provide protection due to decreases in temperature (Phillips, 1939; Phillips
and Lardy, 1940; Salisbury et al, 1941; Foote and Berndtson, 1976; Salisbury et al, 1978;
Shannon, 1978; Vishwanath et al, 1996; Vishwanath and Shannon, 1997).
2.8.1 Buffering Capacity
Spermatozoa require protection from metabolic by-products, primarily lactic acid,
especially when they are stored without refrigeration. Buffering solutions protect sperm
cells from even minute changes in pH due to lactic acid formation. Phosphate buffer was
included in the first semen extender, and satisfactory fertility resulted from its use (Phillips,
1939). However, phosphate buffer is seldom used because it produces an opaque mixture
when added to egg yolk, thereby resulting in poor sperm visibility under the microscope.
Two years later, citrate buffer solution replaced the phosphate buffer in semen extenders
(Salisbury et al, 1941). Zwitter-ion buffers development led to their use for buffering egg
yolk as extenders for bull semen. Those buffers were found to provide excellent buffering
capacity over a suitable pH range. Bull spermatozoal survival at 5°C in Tris-buffered
extenders was equal or superior to citrate-buffered extenders (Davis et al, 1963a; Davis et
al, 1963b).
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2.8.2 Energy Source
Spermatozoa, requiring energy for motility, are capable of both aerobic and
anaerobic metabolism (Ford, 2006). Semen extenders should supply a simple energy source
such as glucose or fructose inorder to protect the intracellular reserves of spermatozoa as
well as cell components. Fructose is available in seminal plasma, while egg yolk contains
some glucose and other compounds utilizable by bull spermatozoa (Salisbury et al, 1978).
2.8.3 Protection of Spermatozoa Against Cold Shock and Freezing
Cold shock injury is damage to cell structure and function resulting from a sudden
reduction in temperature. Spermatozoa incorrectly cooled to 5°C are subject to cold shock,
which results in structural and biochemical damage. In particular, membranes lose their
selective permeability with the result that many cellular components are released including
lipids, proteins and ions(Salisbury et al, 1978). Additionally, sodium and calcium gain
access to the interior of the cell and consequently, metabolic activities are diminished and
further changes ensue. Cold shock can be prevented by cooling semen slowly in the
presence of protective agents. A major breakthrough in semen extenders came when
Phillips (1939) reported the value of hen’s egg yolk. Initially, egg yolk was added to
phosphate buffer extenders in equal volume (1:1) and was followed with a 1:1 (vol/vol) egg
yolk-citrate extender that became the most widely used medium for preserving bull
spermatozoa used for AI (Salisbury et al, 1941). In frozen semen, sperm survival was
improved by reducing the egg yolk to 20 to 25% by volume (Dunn et al, 1954; Picket and
Berndston, 1978; Smith et al, 1979).
When 4% (vol/vol) of egg yolk was included in the extenders, spermatozoal
survival following freezing and thawing was satisfactory and the percentage of normal
acrosomes was highest when 2 to 8% (vol/vol) egg yolk was used (Smith et al, 1979). The
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protective action of egg yolk is presumed to be largely due to low density lipoproteins
(LDL). It has been suggested that LDL can adhere to cell membranes during the freezethaw process, thus preserving spermatozoa membranes (Foulkes, 1977; Graham and Foote,
1987). It is also known that loss of membrane phospholipids from sperm occurs during cold
shock and egg yolk is generally assumed to prevent these losses or modulate their
detrimental effects. The density of LDL is 0.982 g/mL and they are spherical molecules of
17-60 nm in diameter, with a lipid core of triglycerides and cholesterol esters surrounded
by a phospholipid and protein film. Phospholipids are essential in the stability of the LDL
structure because association forces are essentially hydrophobic. LDL contains 83-89%
lipids and 11-17% proteins. Lipids of LDL are composed of approximately 69%
triglycerides, 26% phospholipids and 5% cholesterol (Moussa et al, 2002).
Glycerol was found to minimize the harmful effects of freezing of rooster
spermatozoa (Polge et al, 1949). Since then, semen from a broad range of domestic,
laboratory, and wildlife species, as well as humans, has been frozen and used successfully
for AI. Glycerol, the most commonly used cryoprotectant, may also adversely affect cells
(Fahy, 1986). The mechanism by which glycerol protects spermatozoa from freeze-thaw
injury is not completely understood. The major beneficial effect of glycerol may be
extracellular (Amann and Pickett, 1987), however, it is clear that glycerol enters and
resides in the cell membrane and cytoplasm of cells. Glycerol has osmotic effects on cells
and appears to have a direct effect on the plasma membrane evident by the binding of
glycerol to the phospholipids in the membrane of cells (Anchordoguy et al, 1987). Glycerol
also interacts with membrane proteins and glycoproteins and causes clustering of
intramembranous particles (Niedermeyer et al, 1977; Armitage, 1986). The addition of
glycerol to cells reduces the membrane capacitance indicating large scale rearrangements
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of membrane structure. This is possibly due to induced gap-junction-like structures in the
plasma membrane of cells (Rudenko et al, 1984; Kachar and Reese, 1985). Glycerol was
found to induce interdigitation of the two bilayer leaflets, altering membrane fluidity by
increasing the order of the interior fatty acyl chains (Boggs and Rangaraj, 1985). It was
concluded that glycerol-induced changes in the microtubular structure of the cytoskeleton
can alter the interaction of microtubule-associated proteins with the cytoskeleton, thus
altering membrane signal transduction or disrupting membrane domains (Keates, 1980).
Glycerol has an osmotic effect and is slow to permeate membranes of
spermatozoa. Therefore, cell volume changes as a result of both the addition of glycerol
and the loss of water during the freeze-thaw process are dramatic (Parks and Hammerstedt,
1985; Hammerstedt et al, 1990). Spermatozoa volumes reduce to about half that of the
isotonic volume due to the addition of glycerol and water loss during freezing, and increase
over two fold the isotonic volume when suspended in isotonic solution after thawing (Parks
and Hammerstedt, 1985). These phenomena raised the question of how does the sperm cell
respond to such volume changes without being lyzed given that membrane thickness is
unable to change appreciably (Hammerstedt et al, 1990). Hammerstedt et al (1992)
suggested that volume reduction may be accomplished in a manner similar to that observed
with plant protoplasts (Steponkus and Lynch, 1989) by a wrinkling of the membrane
creating areas of invaginations or exvaginations. Evidence for such membrane
modifications is lacking in the sperm and cellular expansion may be accommodated by
increasing the cell volume to surface area ratio. This has been suggested to occur by
altering sperm cell shape from its original shape to that of a sphere (Hammerstedt et al,
1992). These modifications cannot be accomplished easily for all sperm membrane
compartments as the midpiece and tail regions of bull, ram and human spermatozoa swell
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into a more spherical shape when exposed to hypotonic conditions (Drevious and Erickson,
1966; Jeyendran and Graham, 1980; Duncan and Watson, 1992).
2.8.3.1 Effects of Cryopreservation on Spermatozoa
Reduced fertility of frozen semen is attributed largely to altered membrane
structure and function during cooling, freezing and thawing. The nature of this damage
remains unclear but it has been suggested that membranes are compromised due to
reordering of membrane lipids during cooling and rewarming, thereby disturbing the lipidlipid and lipid-protein associations required for normal membrane function (Poulos et al,
1973; Hammerstedt et al, 1990).
Cryopreservation of spermatozoa is associated with an oxidative stress (Mazur et al,
2000). Superoxide dismutase activity, a scavenger of the superoxide radical, is decreased in
frozen/thawed spermatozoa (Bilodeau et al, 2000). Nishizono et al (2004) reported that
cryopreservation induces abnormalities in mitochondrial morphology in the sperm of
C57BL/6J mice. The morphological abnormalities included mitochondria with an increased
relative area of the matrix, thickening of the outer membrane and swelling with loss of
cristae (Nishizono et al, 2004). Woolley and Richardson (1978) studied the effect of
freezing and thawing on the ultrastructure of human spermatozoa and found distinctive
differences in the morphology of mitochondria from frozen semen samples compared with
that seen in the unfrozen samples. In the frozen samples, mitochondria had rounder
profiles, their cristae were more plate-like, with little swelling of the intracristal spaces and
the intercristal matrix had become heterogenous (Woolley and Richardson, 1978).
Rhodamine 123 uptake was reduced significantly ( 36%) in the mitochondria of frozen
human spermatozoa showing that not only did fewer sperm maintain functional
mitochondria after freeze-thawing, but also activity within the mitochondria was similarly
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damaged (O'Connell et al, 2002). Thomas et al (1998) used the mitochondrial probe JC-1 to
study the effect of cryopreservation on bull spermatozoa and found the proportion of JC-1
aggregates was less than 1% after freezing, indicating a low to moderate membrane
potential in all of the spermatozoa. Using the cationic lipophilic fluorochrome DiOC6
which accumulates in the inner mitochondrial membrane, Martin et al (2004) showed that
cryopreservation induced a statistically significant increase in the proportion of bovine
spermatozoa with low mitochondrial membrane potential (11.3% before and 44.9 after
cryopreservation).
2.8.4 Antibacterial Agents for Semen Extenders
The AI industry relies upon the use of antibiotics in semen extenders to control
contaminating organisms in bull semen (Almquist, 1948). These organisms are present in
fertile and infertile bulls genitalia and even under sanitary collection procedures semen
usually harbors these organisms. Egg yolk and other extending media for bull semen
provide a good nutrient environment for the growth of these organisms. A wide variety of
organisms has been isolated from bull semen (Salisbury et al, 1978). Although many of
these organisms are not pathogenic, they compete with spermatozoa for nutrients and their
by-products are toxic to spermatozoa. This reduces the livability of spermatozoa and
reduces fertility (Foote and Berndtson, 1976). Some of these bacteria are pathogenic, and
transmitting them to cows by AI, conception rates are reduced and fertility. Originally, the
use of antibiotics was to control venereal diseases such as vibriosis (campylobateriosis) as
this disease was the primary factor in reducing fertility in highly fertile bulls (Almquist,
1948; Foote and Bratton, 1950; Morgan et al, 1959; Salisbury et al, 1978). The effect of
antibiotics on improving fertility was obvious after treating semen from infected bulls with
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antibiotics resulted in increased conception rate in cows. Therefore, the addition of
antibiotics to extenders for bull semen has become a standard procedure.
Early sanitary attempts were to clean the sheath and the underline of the bull by
placing a small apron on the chest of the bull and a polyurethane device at the entrance to
the artificial vagina (Salisbury et al, 1978). Pathogenic bacteria such as Pseudomonas
aeruginosa and Clostridium pyogenes are associated with low fertility in bulls as they
occasionally infect the seminal vesicles and can be transmitted through frozen semen
(Salisbury et al, 1978). Other organisms, which are contagious and infect the cows through
insemination with infected semen, include Brucella abortus, Vibrio fetus, Trichomonas
fetus, Leptospira Pomona, Mycobacterium tuberculosis, Mycobacterium paratuberculosis,
Mycoplasma bovine genitalium and viruses such as infectious bovine rhinotracheitis and
bovine viral diarrhea viruses (Salisbury et al, 1978). AI organizations applied strict
measures to completely eliminate such organisms from bull semen through testing of bulls,
selection, isolation and treatment of infected or carrier bulls (Salisbury and Knodt, 1947;
Foote and Bratton, 1950; Morgan et al, 1959; Salisbury et al, 1978; Ahmad and Foote,
1985; Ahmad et al, 1987).
Even with strict hygienic measures, variable numbers of organisms are still present
in fresh bull semen, thereby necessitating the use of antimicrobials. The first antibiotic used
in controlling bacteria in bull semen introduced by Salisbury in 1947 was a sulfanilamide.
Egg yolk-citrate extender containing 0.3% (wt/vol) sulfanilamide improved fertility as it
increased the nonreturn about 5% (Salisbury and Knodt, 1947). Later these researchers
found that this antibiotic partially inhibited bacterial growth, however it damaged
spermatozoa during freezing and it so it was excluded from extenders for semen to be
frozen. Thus, it was not adopted for use in semen. Almquist (1948) reported that 500 to
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1000 units of penicillin per mL of semen increased the fertility of low fertile bulls. A
higher non-return rate was obtained when 1 000 units of penicillin or 1 000 µg
streptomycin per mL or both were added to extended semen (Foote and Bratton, 1950).
These antibiotics were harmless to spermatozoa and when combined, they inhibited a broad
spectrum of microorganisms (Foote and Bratton, 1950; Salisbury et al, 1978). Many
studies reported an increase in non-return rate by using these antibiotics in extended semen
(Foote and Bratton, 1950; Almquist, 1951; Willett and Larson, 1952). Campbell and
Edwards (1955) reported an increase in fertility when sulfanilamide was used singly or in
combination with penicillin and streptomycin. The use of streptomycin with yolk
phosphate buffers depressed fertility because it forms a precipitate (Campbell and Edwards,
1955). This problem has been solved by the use of dihydrostreptomycin (Easterbrooks et al,
1950). Many other antibiotics like the tetracycline family and chloramphenicol have been
investigated and found to be ineffective in raising fertility (Salisbury et al, 1978).
The antibiotic polymyxin B was reported to increase fertility of frozen semen but
failed to demonstrate an improvement when added to extenders containing both penicillin
and streptomycin (Foote and Bratton, 1950). Therefore, penicillin and streptomycin became
more popular and widely used as they are harmless to spermatozoa and control a broad
spectrum of bacteria (Almquist, 1951). However, some reports showed that these
antibiotics failed to control some specific pathogens like Vibrio fetus especially when used
in egg yolk based extenders (Morgan et al, 1959). The prolonged use of penicillin and
streptomycin lead to the development of bacterial resistance in addition to their
questionable efficacy against other isolates such as mycoplasma and ureaplasma which
survived the freezing process. These factors necessitated continued investigations of new
antibiotics that are non-toxic to spermatozoa for control of contaminating organisms.
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Clindamycin and tylosin were effective against several mycoplasma and ureaplasma
isolates of bovine origin (Hamdy and Miller, 1971) . The antibiotics lincomycin and
spectinomycin were effective in controlling most mycoplasma strains when used in
combination (linco-spectin) and their efficacy was decreased when used singly (Hamdy,
1972). This combination showed a relatively high level of safety to spermatozoa in addition
to its broad spectrum activity against gram positive bacterial contaminants in semen
(Hamdy, 1972). In another study, effective control of mycoplasma strains, ureaplasma,
Haemophillus somnus and Campylobacter fetus var. venerealis in processed bovine semen
was achieved by the use of the combination of linco-spectin (300/600 µg/ml), tylosin (100
µg/ml) and gentamicin (500 µg/ml) (Lein, 1986; Shin, 1986). (Lorton, 1986) confirmed
those results and found no significant differences in post-thaw measurements, compared to
semen treated with routine antibiotics as described by the Certified Semen Services of the
National Association of Animal Breeders (NAAB) (penicillin, dihydrostreptomycin and
polymyxin B). This combination of antibiotics was effective with each extender used by
the AI industry and was adopted by the AI industry and is currently used (Doak, 1986).
Ahmad et al (1987) investigated the effects of five antibiotics (gentamicin, clindamycin,
amikacin, minocin, tylosin and linco-spectin) on post-thaw motility of bull sperm frozen
and thawed in egg yolk-citrate, egg yolk-tris and whole milk extenders. Results of their
study (Ahmad et al, 1987) showed that the percentage of motile sperm was slightly but
significantly depressed at the higher concentrations of clindamycin and linco-spectin tested
in whole milk and with minocin in the two egg yolk extenders. Of the five antibiotics tested
for fertility, only gentamicin reduced fertility on the basis of 59-day nonreturn rates
(Ahmad et al, 1987).
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The antibiotic cocktail which the AI industry adopted for use in extenders for
bovine semen freezing is composed of lincomycin-spectinomycin (Lincospectin®),
gentamicin and tylosin (Lein, 1986; Lorton, 1986; Shin, 1986). Lincomycin is a
bacteriostatic antibiotic which inhibits bacterial protein synthesis by binding to the 50S
ribosomal subunit inhibiting peptidyl transferase enzyme activity (Gale et al, 1981;
Rodriguez-Fonseca et al, 1995). Spectinomycin is a bacteriostatic antibiotic that also
inhibits bacterial protein synthesis where it reversibly interferes with mRNA interaction
with the 30S ribosomal subunit (Gale et al, 1981). Gentamicin belongs to the
aminoglycoside family of antibiotics (bactericidal) which inhibits protein synthesis of
bacteria by irreversibly binding to the 30S ribosomal subunit (Buss et al, 1984; Buss et al,
1985). This caused the inhibition of the initiation complex formation necessary for protein
synthesis. Gentamicin also interfers with initiated protein synthesis by causing misreading
of the mRNA (Buss et al, 1984; Buss et al, 1985). Tylosin is a bacteriostatic antibiotic
belonging to the macrolide family of antibiotics which inhibits bacterial protein synthesis
through binding to the 50S ribosomal subunit which inhibits translocation (Gale et al, 1981;
Rodriguez-Fonseca et al, 1995).
Mitochondrial ribosomes of eukaryotes consist of large and small subunits bound
together with proteins into one 55S subunit (Alberts et al, 2004). The antibiotics used for
bovine semen freezing extenders target the ribosomes of bacteria. Most of the antibiotics
that bind to the ribosome have been shown to interact directly with ribosomal RNA (Gale
et al, 1981; Moazed and Noller, 1987; Fourmy et al, 1996).
Cytoplasmic ribosomes of eukaryotes are insensitive to ribosomal-targetted
antibiotics while prokaryotes ribosomes are sensitive. However, in vitro mitochondrial
ribosomes show a mixed susceptibility pattern (Kurtz, 1974). This mixed susceptibility has
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been shown in humans where ototoxicity and nephrotoxicity has been reported after the use
of the ribosomes-targeted antibiotics of the aminoglycoside family (streptomycin,
gentamicin) (Kurtz, 1974; Gale et al, 1981). Isolated bovine mitochondrial ribosomes
showed susceptibility to bacterial ribosome-targeted antibiotics like chloramphenicol,
lincomycin, carbomycin, tylosin and vanamycin A (Denslow and O'Brien, 1978). Bovine
mitochondrial ribosomes showed a low susceptibility to lincomycin and tylosin at normal
doses while higher doses affected mitoribosomes (Denslow and O'Brien, 1978). The
cocktail that the AI industry has adopted was tested and found to be harmless to
spermatozoa at certain concentrations (Lein, 1986; Lorton, 1986; Shin, 1986). However,
Ahmad et al (1987) showed that the percentage of motile spermatozoa was slightly but
significantly depressed at the higher concentrations of linco-spectin tested in whole milk
and with minocin in egg yolk citrate and egg yolk phosphate extenders. Of the cocktail,
only gentamicin reduced fertility on the basis of 59-day nonreturn rates (Ahmad et al,
1987). Although all antibiotics in the cocktail target bacterial ribosomes, it appeared that
there was selectivity of these drugs in regard to their toxicity. In rats treated with 2 mg/Kg
gentamicin sulfate for eight days, spermatogonial division was blocked and spermatocyte I
meiosis was partly or completely interrupted (Timmermans, 1974).
It appears that through the evolution of mammalian mitochondria, conservation of
certain loci in the mitochondrial ribosomes from prokaryotes occurred. This is appears to
be responsible for the structure selectivity of antibiotics targeting mitoribosomes and their
toxicity (Botteger et al, 2001).
2.9 Mitochondria as a Target for Cell Toxicity
In addition to their critical role in energy generation in eukaryotes, mitochondria are
also active participants in a variety of tissue-specific metabolic processes like urea
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generation, heme synthesis, and fatty acid β-oxidation (Nelson and Cox, 2005). They are
also structurally, electrochemically, and physiologically complex. The end result is that
there are numerous possible mechanisms by which xenobiotics can interfere with the
normal structure or function of this organelle. Inhibition of the respiratory chain occurs at
any of the four protein complexes in the chain. However, effects on complex IV
(cytochrome c oxidase) are the most severe because this is the step where oxygen is
reduced to water. Inhibition at complex III can result in the generation of reactive oxygen
species as the consequence of the inherent instability of the electron transfer process to this
complex from reduced ubiquinone (Semeitink et al, 2004). Examples of toxicants which
work by this mechanism are rotenone, cyanide, and antimycin (Fosslien, 2001; Nelson and
Cox, 2005). Uncouplers of oxidative phosphorylation usually act to dissipate the proton
gradient between the intramembrane space and the matrix (Terada, 1990; Semeitink et al,
2004; Nelson and Cox, 2005). Compounds such as 2, 4-dinitrophenol can act as direct
protonophores to shuttle hydrogen ions into the matrix. They may also act as ionophores
and exchange hydrogen ions for other mono or divalent cations, or may increase the
permeability of the inner membrane in general. The dissipation of the proton gradient
without ATP generation can result in the generation of heat (Terada, 1990; Fosslien, 2001;
Semeitink et al, 2004; Nelson and Cox, 2005). The majority of mycotoxicants such as
oligomycin inhibits ATP synthase enzyme, thereby ATP synthesis is inhibited (Terada,
1990; Wallace and Starkov, 2000; Semeitink et al, 2004; Nelson and Cox, 2005).
Alternate electron acceptors like quinones (adriamycin and paraquat) are capable of
extracting electrons from intermediates in the respiratory chain and competing with the
natural substrates. Quinones may also redox cycle, by-passing electrons back to the
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respiratory chain at a later point, by-passing points in the chain that are essential for energy
generation (Wallace and Starkov, 2000; Fosslien, 2001).
Toxicity with t-butyl-hydroperoxide and the chronic hepatotoxicity with the nonsteroidal anti inflammatory drugs (Lemasters, 1999) induce mitochondrial permeability
transition. Mitochondrial permeability transition pore is a high conductance, nonspecific
pore in the inner mitochondrial membrane that is composed of proteins that link the inner
and outer mitochondrial membranes (Richelli et al, 1999). When opened as a result of
exposure to high calcium or inorganic phosphate, depletion of NADPH and NADH,
alkaline pH, or reactive oxygen species, and low molecular weight substrates can freely
penetrate the mitochondrial matrix. These low molecular weight substrates induces
mitochondrial swelling and rupture releasing cytochrome c to the cytosol (Richelli et al,
1999). Cytochrome c release triggers the cascade of events that lead to apoptosis (in ATP
replete cells) or necrosis (in ATP-depleted cells) (Lemasters, 1999; Ravagnan et al, 2002).
The close similarity between bacterial and mitochondrial ribosomes makes the later
a potential target for bacterial-targetted antibiotics. Therefore, bacteriostatic antibiotics
such as chloramphenicol, aminoglycosides and oxazolidizones (Lemasters, 1999; Wallace
and Starkov, 2000; Fosslien, 2001) inhibits mitochondrial protein synthesis.
2.10 Mitochondria and Apoptosis
Apoptosis is a physiologically programmed cell death that affects single cells
without any related inflammation in the surrounding tissue influencing the process (Kerr et
al, 1972). Apoptosis is a complex phenomenon that can be divided into three phases:
induction, execution, and degradation. Mitochondria are known to play a central role
during the execution phase (Martin et al, 2004). After the induction phase, mitochondrial
pores are opened which is characterized by decreased mitochondrial membrane potential.
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Opening of these pores leads to the release of proapoptotic factors from the mitochondria
(Ravagnan et al, 2002). In the cytoplasmic compartment, the proapoptotic factors, which
include different proteases related to the caspase family, are activated leading to the
degradation phase (Martin et al, 2004). During the degradation phase, changes at the level
of the cell surface and nucleus occur. For example, phosphatidylserine which is usually
sequestered in the plasma membrane inner leaflet, appears in the outer leaflet where it
triggers a non-inflammatory phagocytic recognition of the apoptotic cell (Bratton et al,
1997). Spontaneous apoptosis has been reported in rat testis seminiferous epithelium,
affecting spermatogonia, spermatocytes and spermatids (Lue et al, 1999). Using electron
microscopy, ejaculated human spermatozoa have been shown to exhibit certain
characteristics of apoptotic somatic cells like DNA fragmentation and chromatin
condensation, lobulation of the acrosomal membrane and mitochondrial distension
(Baccetti et al, 1996). In addition, the apoptotic spermatids phagocytosed by macrophages
can be observed in ejaculated sperm (Baccetti et al, 1996). During apoptosis, the decrease
in mitochondrial membrane potential results from the opening of membrane pores located
in the mitochondrial membrane. The consequence is translocation and activation of various
proapoptotic factors.
Cryopreservation of bovine spermatozoa induced a statistically significant increase
in proportion of cells with active caspases (Martin et al, 2004). Cryopreservation of human
spermatozoa induced caspase activity, activation of caspase-9 along with disruption of
mitochondrial membrane potential, and the release of mitochondria-associated regulating
proteins (Paasch et al, 2004). According to Martin et al (2004), 2.2% of fresh spermatozoa
showed active caspases whereas after cryopreservation, this proportion increased to 12 %.
Active caspases were found to be mainly detected in the intermediate piece of spermatozoa
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(Martin et al, 2004). Martin et al (2004) showed that cryopreservation had a dramatic effect
on sperm mitochondrial membrane potential. Mitochondrial ATP synthesis is dependent
on high mitochondrial membrane potential and a decrease in this potential can result in
mitochondrial dysfunction. This leads to depletion of ATP and subsequently lack of energy
for spermatozoa and accounts for decreased motility after the freezing/thawing processes.
During programmed cell death, the release of apoptotic factors located between the inner
and outer membrane is another consequence of the loss of mitochondrial integrity. Then,
disruption of mitochondrial membrane integrity induced by cryopreservation would be
responsible for the entry of these apoptotic factors into the cytoplasm (Martin et al, 2004).
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CHAPTER 3
MATERIALS AND METHODS
3.1 Experimental Animals
This study included three yearling Holstein bulls from the Dairy Improvement
Center at Louisiana State University Agricultural Center (Baton Rouge, LA). During the
study period (mid January to late May, 2006), the bulls were kept on pasture and
maintained on hay and water ad libitum and concentrate.
3.2 Semen Collection and Evaluation
Semen samples were obtained from these bulls using an artificial vagina. Two
ejaculates, 5 to 10 minutes apart, were collected from each bull on a weekly basis for 5
weeks. Immediately after semen collection, ejaculates were pooled together, evaluated for
motility and cell concentration. Motility of spermatozoa from each bull was assessed using
a computer assisted semen analysis system (CASA) (Hamilton-Thorn research, Beverly,
MA, USA). Spermatozoal concentration was measured by using a spectrophotometer
(Spectronic 20, Bausch and Lomb, Rochester, N.Y.).
3.3 Semen Processing (Extension and Freezing)
The semen freezing extender used in this study was an egg yolk- citrate glycerol
extender (Table 3.1) (Salisbury et al, 1978). Immediately after semen evaluation, each
ejaculate was split into 4 parts and each part was initially extended with part A (nonglycerolated portion) of the following assigned extender treatments:
Extender treatment 1: Semen extended with freezing extender (Table 3.1) without glycerol
Extender treatment 2: Semen extended with the freezing extender (Table 3.1)
Extender treatment 3: Semen extended with the freezing extender (Table 3.1) without
antibiotics
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Extender treatment 4: Semen extended with the freezing extender (Table 3.1) without
glycerol and antibiotics.
Table 3.1. Components of egg yolk- citrate glycerol extender
Component
Part A (mL)*
Part B (mL)*
Sodium Citrate (2.9%, wt/vol, 100
77.5
in distilled water)
Egg yolk
25
25
Glycerol (9%, vol/vol)
22.5
Linco-spectin (300/600 µg/mL) 0.09375
0.09375
Tylosin (100 µg/mL)
0.03125
0.03125
Gentamicin (500 µg/mL)
0.03125
0.03125
* Quantities from parts A and B to make 250 mL of the extender
Semen extension was performed at 37°C. Then, the tube of extended semen was
transferred in a water jacket, at 37°C to a cold room (5°C) and cooled to 5°C over two
hours. The glycerolated portion (part B) of the extender corresponding to each treatment
was then added to the cooled non-glycerolated extended portion of the semen (part A) and
left in the cold room for 1.5 hours to equilibrate.
After equilibration, extended semen in each treatment was split into 2 portions: a
portion to be used immediately in the resazurin reduction and ATP measurement assays
(Pre-freeze semen) and an aliquot from each extender treatment stored at 0°C for
sequencing of the NADH 1 (ND1) gene of spermatozoal mtDNA. The other portion was
packaged in 0.5 mL French straws, frozen (Chandler et al, 1984) and stored in liquid
nitrogen to be used later in the resazurin reduction and ATP measurement assays, electron
transfer chain analysis and for sequencing of the NADH 1 (ND1) gene of spermatozoal
mtDNA. The pre-freeze semen was transferred from the cold room to a water bath at 37°C
before the beginning of the assay.
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3.4 Spectrophotometric Measurement of Bovine Spermatozoal Metabolic Activity
Using Resazurin Reduction Assay
3.4.1 Determination of the Amount of Resazurin in the Resazurin Reduction Assay
The resazurin blue color exhibits an absorption peak at 600-650 nm, whereas the
reduced form has an absorption maximum at 580 nm. To determine the concentration of
resazurin that was to be used in the assay, several concentrations of resazurin dye (0, 20,
40, 60, 80, 100 and 120 µmole/L) were prepared by dissolving the resazurin dye (Sigma,
San Jose, CA) in 2.9% sodium citrate solution. Then, spectrophotometric (Spectronic
Genesis 5, Spectronic Instruments Inc., Rochester, NY) measurement of the absorbance of
each concentration was performed at 600nm (absorption peak). All chemicals for this and
other procedures, unless otherwise stated, were obtained from Sigma Chemical Co. (St.
Louis, MO, USA).
3.4.2 Resazurin Reduction Assay
Resazurin solutions were prepared on a weekly basis, as the dye is stable if
protected from light and can be stored up to 6 months in the refrigerator (Glass et al, 1991).
The resazurin test was performed by adding 5 µmole/L of resazurin stock solution to a 1.5
mL spectrophotometer cuvette containing 1 mL sperm suspension (50×106 spermatozoa) to
achieve a final concentration of 55 µmole/L resazurin in the assay sample. The contents of
the cuvette were then mixed gently and incubated in a water bath at 37◦C for 125 minutes.
Blanks were made by taking an equal amount of the sample to be assayed (1 mL), and
spermatozoa were killed by imposing three freeze-thaw cycles. This allowed for excluding
the background due to the presence of sperm cells and egg yolk of the extender.
Spectrophotometric readings were obtained for each sample and its corresponding blank
after 0, 25, 50, 75, 100 and 125 minutes of incubation.
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At the end of each assay, the spectrophotometric readings of the blank treatments
were subtracted from its corresponding treatment readings. The frozen portion of the semen
in all treatments was thawed at 37°C for 20 seconds in a water bath (Chandler et al, 1984).
Then, the resazurin assay was performed on these samples as described above.
3.5 Respiratory Chain Enzyme Activities in Cryopreserved Bovine Spermatozoa
3.5.1 Semen Thawing
Frozen semen was thawed at 37°C for 20 seconds and motility was evaluated
immediately by using CASA. The thawed semen was split into 2 portions: the first portion
to be assayed for enzymatic activity immediately after thawing and the second portion was
further incubated in a 37°C water bath for 125 minutes and assayed for enzymatic
activities.
3.5.2 Respiratory Chain Enzyme Activities
3.5.2.1 Sample Preparation
The thawed semen from each treatment was diluted 1:1 (vol/vol) with 2.9%
sodium citrate at 37°C. The diluted semen was centrifuged for 10 minutes at 600g at room
temperature. The supernatant was discarded and the pellet was washed with 2.9% sodium
citrate solution. Samples were centrifuged again for 10 minutes at 600g and the
supernatants were eliminated. The pellets were resuspended in a sufficient volume of 20
mmole/L potassium phosphate buffer, pH 7.0, to achieve a final concentration of 2×1011
spermatozoa/L. Samples were then lysed by freeze-thawing before analysis (6 freeze-thaw
cycles in liquid nitrogen) (Ruiz-Pesini et al, 1998). Prior to the lysis, each sample was split
into 2 equal portions: one portion to be lysed and used for the cytochrome c oxidase
(Complex IV) specific activity assay and the other portion kept in liquid nitrogen and lysed
later for the citrate synthase specific activity assay.
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3.5.2.2 Specific Activity of Cytochrome c Oxidase (Complex IV)
This assay is based on the decrease in absorbance at 550 nm of ferrocytochrome c
(reduced cytochrome c) caused by its oxidation to ferricytochrome c (oxidized cytochrome
c) by cytochrome c oxidase enzyme (Barroso et al, 1993; Brich-Machin et al, 1994; RuizPesini et al, 1998). The reaction assay (Ruiz-Pesini et al, 1998) was run in a 1 mL
spectrophotometer cuvette using 100 mmole/L potassium phosphate buffer, high molecular
grade water, sample (required aliquot containing 4×106 spermatozoa) and 1% freshly
prepared reduced cytochrome c which was added to the mixture immediately prior to the
reaction assay. Cytochrome c was obtained in an oxidized state in a powdered form, diluted
in high molecular grade water, pH 7 and then reduced with one mole/L dithithreitol (DTT)
solution.
Prior to the assay, the semen sample was split into 2 portions: portion one portion
was used in the assay mixture above (partial cytochrome c oxidase activity). Portion two
was incubated with 1% Triton X-100 for 10 minutes at room temperature (total cytochrome
c oxidase activity).
After the reaction mixture was made and before adding the required volume of
reduced cytochrome c, the spectrophotometer cuvette was loaded into a water-jacketed
cuvette holder. A continuous flow water bath kept the cuvette temperature at 38°C.
Absorbance was measured every 10 seconds for one minute using a Spectronic Genesis 5
spectrophotometer. This measurement was considered the blank. After the blank reading
was obtained, the required volume of reduced cytochrome c was added to the reaction
mixture and the contents of the cuvette were mixed by inversion. Absorbance was
measured using the Simple Kinetic option on the Biochemistry soft card of the Spectronic
Genesis 5 spectrophotometer. The reaction was run for 1 minute at 550 nm, and the
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absorbance was measured every 10 seconds with an initial lag of 15 seconds. The same
procedure was applied to the portion of semen incubated with Triton X100. The reaction
for each sample was run in duplicate. The UV option of the Spectronic Genesis 5
spectrophotometer was used to measure protein concentration (mg/dL) in each sample prior
to the assay. The extinction coefficient between reduced and oxidized cytochrome c was
used to calculate enzyme activity and protein content for calculation of enzyme specific
activities. The following formula was used to calculate the enzyme activity:
Units/mL (U/mL) = (ΔA/min×DF×1)/ (sample vol) ×21.84
Where:
ΔA/min=A/min (sample)-A/min (blank) - the change in the sample activity
(absorbance/min) corrected for the change in blank activity (absorbance/min).
DF: dilution factor of sample
1: reaction volume in mL
21.84: the difference in extinction coefficient between reduced cytochrome c and
oxidized cytochrome c at 550 nm.
Enzyme specific activity = enzyme activity/protein concentration
3.5.3 Specific Activity of Citrate Synthase
3.5.3.1 Sample Preparation
Semen was prepared for this assay as described in the cytochrome c oxidase assay.
This assay is based on the increase in absorbance at 412 nm due to the conversion of
DTNB (5,5’-dithio-bis-2-nitrobenzoic acid ) to TNB (5-thio-bis-2-nitrobenzoic acid ) by
the thiol group of Acetyl CoA (CoA-SH) in the reaction between acetyl coenzyme A and
oxaloacetate. This reaction is catalyzed by citrate synthase (Barroso et al, 1993; Brich-
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Machin et al, 1994; Ruiz-Pesini et al, 1998; Ruiz-Pesini et al, 2000a; Ruiz-Pesini et al,
2001).
The reaction assay (Ruiz-Pesini et al, 1998) was run in a 1 mL spectrophotometer
cuvettes using 0.75 mole/L Tris-HCL pH 8, 10 mmole/L DTNB (5,5’-dithio-bis-2nitrobenzoic acid in Tris-HCL 0.75 mole/L pH 8), 30 mmole/L Acetyl coenzyme A in TrisHCL 0.75 mole/L, pH 8), high molecular grade water, sample (required aliquot containing
4×106 spermatozoa), 10 mmole/L oxaloacetate in Tris-HCL 0.75 mole/L, pH 8, which was
added to the mixture immediately prior to the reaction assay. Prior to the assay, the semen
sample was split into 2 portions: one portion was used in the assay mixture above (partial
citrate synthase activity) and the other portion was incubated with the detergent, Triton
X100 (1%, vol/vol) for 10 minutes at room temperature (total citrate synthase activity).
After the reaction mixture was made and prior to adding the required volume of
oxaloacetate, the spectrophotometer cuvette was loaded into a water-jacketed cuvette
holder. A continuous flow water bath kept the cuvette temperature at 30°C (Barroso et al,
1993; Brich-Machin et al, 1994; Ruiz-Pesini et al, 1998; Ruiz-Pesini et al, 2000a; RuizPesini et al, 2001). Absorbance was measured every 10 seconds for 1.5 minutes using a
Spectronic Genesis 5 spectrophotometer. This measurement was the blank. After the blank
reading was obtained, the required volume of oxaloacetate was added to the reaction
mixture and the contents of the cuvette were mixed by inversion. Absorbance was
measured using the Simple Kinetic option on the Biochemistry soft card of the Spectronic
Genesis 5 spectrophotometer. The absorbance was measured every 10 seconds with an
initial lag of 20 seconds. The UV option of the Spectronic Genesis 5 spectrophotometer
was used to measure protein concentration (mg/dL) in each sample prior to the assay.
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The same procedure was applied to the portion of semen incubated with the
detergent. The reaction for each sample was run in duplicate. The extinction coefficient of
TNB was used to calculate enzyme activity and protein content for calculation of enzyme
specific activities.
The following formula was used to calculate the enzyme activity:
µmole/ml/min = (ΔA 412)/min x Vol (ml) x DF/ΕmM x L (cm) x Vol enzyme (mL)
where:
(ΔA 412)= A/minute (sample)-A/minute (blank)
DF - the dilution factor of the original sample
Vol (mL) – the reaction volume: for test in 1 mL cuvette = 1 mL
Vol enzyme (mL) – the volume of the enzyme sample in mL
ΕmM ((mmole/L)-1 cm-1) – the molar extinction coefficient of TNB at 412 nm is
13.6
L (cm) – pathlength for absorbance measurement:
for 1 mL cuvette, pathlength = 1 cm
enzyme specific activity = enzyme activity/protein concentration
3.6 Analysis of ATP Content of Bovine Spermatozoa Using Luciferin-Luciferase
Assay
3.6.1 ATP and Spermatozoal Number Standard Curve Preparations
At the beginning of the experiment, an ATP standard curve was generated in order
to calculate the ATP content in spermatozoa. One µmole/L ATP stock solution was
obtained (Promega®, Madison, WI) and different serial dilutions were prepared (0.001
pmole/L, 1pmole/L, 0.1nmole/L, 10 nmole/L and 1µmole/L) in 2.9% sodium citrate buffer.
One hundred µmole/L of each dilution were transferred to a multi-well plate (Promega®,
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Madison, WI). Quantitative determination of ATP required the presence of the luciferinluciferase which, when mixed with ATP, produced light according to the following
reaction:
Luciferin+ATP+O2 Luciferase, Mg2+ Oxyluciferin+AMP+CO2+Light (Long and Guthrie,
2006).The intensity of the emitted light was proportional to the ATP concentration.
Equal volumes of the luciferin-luciferase solution from the assay kit (Promega®,
Madison, WI, USA) were added to the ATP serial dilutions. The contents of the multi-well
plate were mixed gently using an orbital shaker TekTator® V (Tekpro, Evanston, IL) for
two minutes and then incubated for 15 minutes at room temperature. Measurement of
bioluminescence was performed using the Veritas™ Microplate Luminometer (Turner
Biosystems, Sunnyvale, CA, USA). The emitted light was measured by the luminometer in
relative light units (RLU) and the Turner "Direct-to-Excel" based software reported data
directly to a spreadsheet.
The number of spermatozoa needed to be used in the assay was determined by
generating a standard curve. Different spermatozoa concentrations were prepared (0, 0.25,
0.5, 0.75 and 1 ×106 spermatozoa in 100 µL 2.9% sodium citrate solution). Then, these
samples were transferred to a 96-well plate and mixed with equal volumes of the luciferinluciferase solution and mixed gently on an orbital shaker for 2 minutes. After mixing, the
contents of the plate were incubated for 15 minutes. The assay was run in duplicate.
Bioluminescence was measured using the luminometer.
3.6.2 Evaluation of Cryopreservation and Semen Extender Constituents on
Spermatozoal ATP Content and Production/utilization
The pre-freeze semen was transferred from the cold room to a water bath at 37°C
before the beginning of the assay. An aliquot of semen from each extender treatment was
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further extended in 2.9% sodium citrate solution to achieve 1×106 spermatozoa/0.2 mL
final concentration. Then, two-100 µL aliquots of the extended semen (1 ×106
spermatozoa/aliquot) from each treatment were transferred to a 96-well plate and mixed
with equal volumes of the luciferin-luciferase solution. The contents then were mixed
gently on an orbital shaker for 2 minutes and incubated for 15 minutes at 24°C.
Bioluminescence readings were obtained for each sample at 0, 25, 50, 75, 100 and 125
minutes of incubation in a 37°C water bath. Bioluminescence was measured using the
luminometer and the resulting light intensities were converted to ATP values from the ATP
standard curve (Figure 4.1). The frozen portions of semen in each treatment were thawed at
37°C for 20 seconds in a water bath. Then, ATP measurements were performed as
described above. Total motility (TM), progressive motility (PM), pathway velocity (VAP),
progressive velocity (PV) and curvilinear velocity (VCL) were obtained using CASA
(Hamilton-Thorn research, Beverly, MA) simultaneously with RDA spectrophotometric
and ATP luminometric readings.
3.6.3 Statistical Analysis
Resazurin reduction rate was analyzed by the least squares method using PROC
GLM of the SAS Statistical Package (v.9.1, 2003, SAS Institute, Inc., Cary, NC). Slopes
were generated for resazurin reduction over time and were analyzed using the least squares
method. The ATP content of spermatozoa in the different extender treatment groups and
the ATP reduction rate (utilization) were analyzed by the least squares methods. Slopes
were generated for the ATP reduction over time and were analyzed using the least squares
methods. Enzymatic activities and mitochondrial membrane integrity data were analyzed
by the least squares methods using SAS PROC GLM.
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The motility data were analyzed by the least squares methods (SAS PROC GLM).
Slopes were generated for the decrease in motility over time and were analyzed using the
least squares methods (SAS PROC GLM). Mean differences were tested by Tukey’s Test
using SAS Statistical Package (v. 9.1, 2003, SAS Institute, Inc., Cary, NC). Differences
with a probability level (P) of 0.05 or less were considered significant in this study.
3.7 Analysis of the ND1 Gene of Mitochondrial DNA in Pre-freeze and Post-thaw
Bovine Spermatozoa
3.7.1 Mitochondrial DNA Extraction
Mitochondrial DNA (mtDNA) extraction was performed according to
Avarindakshan et al. (1998). The extended semen samples from each treatment were
transferred to 1.5 mL microcentrifuge tubes and centrifuged at 15 000g for 3 minutes. The
supernatant was eliminated and pellets were resuspended in 0.5 mL Aravindakshan lysis
solution warmed to 50°C prior to the resuspension process. The samples were incubated in
a water bath at 50°C for 30 minutes. Five µL of Proteinase K (Qiagen Inc., Valencia, CA)
were added to each sample, mixed gently and were incubated in a water bath at 50°C for 12
to 14 hours. Phenol:chloroform (0.5 mL) was added to each sample and the tubes were
shaken often while incubating at room temperature for 15 minutes. The samples were then
centrifuged at 15 000g for 3 minutes. Using a Pasteur pipette, the bottom layer was
removed and discarded. The phenol:chloroform step was repeated and the bottom layer was
discarded. To each sample, 0.5 mL of chloroform was added and the tubes containing
samples were shaken while incubating at room temperature for 10 minutes. The samples
were centrifuged for 2 minutes and again the bottom layer was removed and discarded
using a Pasteur pipette. Ice cold absolute ethanol, 1 mL, was added to each sample and
were spun in a circular motion by hand. The majority of samples revealed a small clump of
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white cotton-type strands. The samples were then centrifuged for 1 minute and the ethanol
was discarded. Samples were placed in a vacuum/desiccator until the pellet was dry (about
1 to 2 hours). The pellet was resuspended with 300 µL of sterile water, and incubated in a
water bath at 37°C until the pellet was completely dissolved. The DNA content of each
sample was measured using a Spectronic Genesis 5 spectrophotometer (Spectronic
Instruments, Rochester, NY) by measuring absorbances at 260 and 280 nm. Calf thymus
DNA was used as a standard and the extinction coefficient between sample DNA and
standard DNA measured at 260 nm was determined (0.022). Each sample DNA
measurement at 260 nm was divided by the extinction coefficient (0.022) to determine the
concentration of DNA (ng/μL) in each sample. The product was divided by 300 in order to
determine the number of μLs of each sample DNA required to give 300 ng of DNA
(Avarindakshan et al,1998).
3.7.2 Primers Selection
Only the ND1 sequence of the bovine mtDNA was sequenced because it codes for
Complex I of the respiratory chain. The ND1 sequence used in this experiment contained
the base pairs (bp) 3131 through 4055 of bovine mtDNA. The sequenced ND1 gene of
mtDNA was compared to the mtDNA ND1 sequence available at the NCBI Gene Bank
(www.ncbi.nlm.nih.gov) (Anderson et al., 1982).
The ND1 gene contains 925 bp and the PE Biosystems ABI 3700 DNA Analyzer 96
capillary electrophoresis system could not accommodate the 925 base pair sequence. The
Gene Lab at Louisiana State University (personal communication) recommended that
segments of 550 bp or less have to be used for accurate sequencing. Two overlapping
segments were obtained from the 925 bp sequence to accommodate the electrophoresis
system. Primers for each segment were selected from the Vector NTI computer Program
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(InforMax Inc. US Headquarters, Frederick, MD). Based on primer length and annealing
temperature, one primer set for each segment was selected. Shown below are the primers
for both the segment 1 and 2 of the ND1 sequence (Table 3.2).
Table 3.2. Primers used in the mtDNA sequencing procedure
Segment

Size

Sense/antisense primer

Primer sequence

1

457 bp (3131 to
3588)

BOVNADH1S (sense)

ATTCCCATCCTATTGGCC

BOVNADH1A(antisense)

GAGAGGGTAAAGGACCCACT

488 bp (3567 to
4055)

BOVNADH1S (sense)

TAAGTGGGTCCTTTACCCTC

BOVNADH1A (antisense)

ATGTTTGTGGTGGGATGC

2

Primers were produced by the Gene Lab (Department of Pathobiological
Sciences, School of Veterinary Medicine, Louisiana State University, Baton Rouge, LA).
In order to align the two segments, the first segment of the ND1 sequence used the
antisense primer (3' to 5'), and the second segment used the sense primer (5' to 3'). Because
microcentrifuge tubes of extracted DNA contained both mitochondrial and nucleic DNA,
these primers were selected specifically for mtDNA.
3.7.3 Conventional Polymerase Chain Reaction
In order to standardize conditions (including buffering capacity, ion
concentrations and amount pipetted differences) of PCR component concentrations other
than DNA and primers, PCR tubes (0.5 ml) containing Pure Taq Ready-To-Go PCR Beads
(Amersham Biosciences, Piscataway, NJ) were used. A total of 25 μL (containing DNA,
primers, and sterile water) were placed in each tube. An amount of DNA, based on the
spectrophotometric measurements, was placed in the tube. One μL of each primer for the
first segment (457 bp [3131 - 3588]) BOVNADH1S1 and BOVNADH1A1, was placed in
the tube. The specific amount of DNA that was placed in the tube combined with 2 μL of
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primers were subtracted from the 25 μL total to determine how much sterile water to be
added. An equal amount of DNA from the same sample was added to another PCR tube,
and the primers for the second segment (488 bp [3567 - 4055]), BOVNADH1S2 and
BOVNADH1A2, were added to that tube. A control tube was setup using a randomly
selected sample, adding 1 μL of each of the GAPDH primer sequences GAPDH S and
GAPDH A and sterile water to bring the total volume to 25 μL. Finally, 50 μL of mineral
oil were added to the PCR tubes to prevent evaporation during PCR procedure (Erlich et al,
1991; Erlich and Arnheim, 1992).
Thermocycler settings were one cycle at 95°C for 2 minutes, 53°C for 1 minute,
72°C for 2 minutes, and 0°C for zero minutes; 29 cycles at 94°C for one minute, 53o C for
2 minutes, 72° C for 2 minutes, and zero minutes at 0°C; one cycle at 72°C for 10 minutes.
Finally, the samples were stored at 4°C for at least 60 minutes (Erlich et al, 1991; Erlich
and Arnheim, 1992).
3.7.4 Gel Electrophoresis
A 4% electrophoresis agarose gel (Agarose I, Amresco®, Solon, OH) was used. It
was made by mixing 175 mL 1X Tris-acetate/EDTA electrophoresis buffer (TAE) with 7 g
of agarose and heated in a microwave oven, until all of the agarose had been dissolved.
Ethidium bromide (3 µl) were added to the hot gel and swirled to mix. To avoid warping of
the gel, it was allowed to incubate at 24°C to cool before being poured into a tray. The gel
was made with either 30-well or 8-well combs, depending on the number of samples.
Microcentrifuge tubes (1.5 mL) were filled with 8 µL of mtDNA product from the
PCR tube for each sample and 5 µL of tracking dye as well as for controls. A marker tube
was also made containing 1 µL of marker, 11 µL of TAE buffer, and 5 µL of tracking dye.
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The electrophoresis machine (Hoefer Scientific Instruments, San Francisco, CA) was then
set to 127 V for 1.5 hours.
The DNA marker was a molecular weight ladder to confirm that mtDNA which
was produced during the PCR process and that GADPH was in the control tube. A band
molecular weight of 281 was at the approximate location of the GADPH band which
contained 293 bp. The bands appeared of both the first segment of ND1 gene containing
457 bp and the second segment containing 488 bp. Both bands were located between the
molecular weight marker of 281 and 603 which confirmed that only mtDNA was produced,
and not nDNA.
3.7.5 PCR
The Millipore PCR Purification Kit (Millipore Corp., Billerica, MA) was used to
extract the ND1 gene from the remaining PCR product. Only 16 µL of product were placed
into a sample reservoir of one of the two vials provided in the Millipore PCR purification
kit. Sterile water, 364 µL, were added to each reservoir to achieve a total amount of 400
µL. Samples were centrifuged in a table top centrifuge at 562g for 27 minutes at 24°C. The
reservoir was removed and transferred to a clean tube. The initial tube containing the
filtrate was labeled and stored at refrigeration temperature until the sample was analyzed
and the DNA content was confirmed. A volume of 20 µL of sterile water was added to each
reservoir and the contents were transferred to a new tube, inversed and tubes were
centrifuged at 562g for four minutes. The supernatants were eliminated and the pellets were
resuspended in 300 µL sterile water. Samples were measured for DNA content using a
Spectronic Genesis 5 Spectrophotometer. The amount of DNA in each sample was
obtained by dividing the absorbance at 260 nm by the extinction coefficient (0.022). To
allow 3 sequencing procedures to run on each sample, three-fold the amount of DNA
51

resulting from each measurement for each sample was shipped in siliconized tubes to
Pennington Gene Lab (Pennington Biomedical Research Center, Baton Rouge, LA). Along
with the samples to be sequenced, 20 µL of each of the primers BOVNADH1A1 and
BOVNADH1S2, each mixed with 5 µL of sterile water were also shipped in siliconized
tubes. Samples were sequenced at the Pennington Gene LAB using a PE Biosystems ABI
3700 DNA Analyzer 96 Capillary electrophoresis system (PE Biosystems, Foster City,
CA).
3.7.6 ND1 Gene Sequence
The software Chromas version 1.45 (Technelysium Pty Ltd., Helensvale,
Australia) was used to open the output from the PE Biosystems ABI 3700 DNA Analyzer
96 Capillary electrophoresis system to compare it to the ND1 base sequence through the
Blast search of Chromas on the Blast web site (www.ncbi.nlm.nih.gov/blast).
The base sequence of each unknown sequence was compared to the mtDNA code
stored in GenBank for the Bos taurus sequence (Anderson et al, 1982). The position
number where a mismatch occurred between the unknown sample and the Anderson
sequence received a score of 1. A zero indicated that the base at that position in the
Anderson sequence (GenBank) matched the unknown sequences. The amino acids for each
sequence base triplicate was displayed. If an amino acid change occurred it was assigned a
“0” meaning that a point mutation, deletion, or addition did not change the resulting amino
acid, or a “1” to expressed changes. A denotation of “1” implied that the point
mutation/deletion/addition had resulted in a change in the amino acid for that specific
triplet. These results were recorded and only the positions where the amino acid changes
occurred were considered as non-silent mutations. The binary data obtained using this
scoring system were kept for statistical analysis.
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3.7.7 Statistical Analysis
The frequency of change in amino acids in each position in the different extender
treatments were analyzed by the least squares methods using PROC GLM of the SAS
Statistical Package (v. 9e, 2003, SAS Institute, Inc., Cary, NC). Least square means data
generated were extender treatment by storage (pre-freeze or post-thaw) by position. The
data were sorted by the least square means values. All means with values greater or equal
to 0.5 were kept and the values of means lesser than 0.5 were deleted which created a
consensus. The means which had values greater or equal to 0.5 had significant probabilities
which resulted in retaining the data with significant probabilities to reduce the original data
set. Mean differences were tested by Tukey’s Test using SAS Statistical Package (v. 9.1,
2003, SAS Institute, Inc., Cary, NC). Differences with a probability level (P) of 0.05 or less
were considered significant in this study.
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CHAPTER 4
RESULTS

4.1 Resazurin Reduction Assay

From the resazurin standard curve (Figure 4.1), the optimal concentration used in
this assay was 55 µmole/L and selected from the dye concentration standard curve. This
concentration was selected because at lower concentrations, the spectrophotometer was
unable to detect a change in resazurin due to its reduction by NADH dehydrogenase. While
higher concentrations yielded inaccurate measurements and were out of range for the
spectrophotometer.
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Figure 4.1. Resazurin standard curve. Absorbance of different resazurin concentrations
measured using a Spectronic spectrophotometer at 600nm.
54

Shown in Table 4.1, extender, storage (pre-freeze vs. post-thaw) and incubation
time main effects were significant sources of variation (P < 0.05). However, the bull and
the ejaculate within bull main effects were not significant sources of variation (P > 0.05).
Extender-storage and extender-storage-time interactions were significant sources of
variation (P < 0.05).
Table 4.1. ANOVA of resazurin reduction of bovine spermatozoa treated with extenders of
various compositions‡ before and after cryopreservation
Source
Df
MS*
F
P-value
Bull

2

0.41

18.51

0.0004

Error a†

10.01

0.02

Ejaculate(bull)

10

0.02

1.62

0.0980

Extender‡

3

0.12

8.93

<0.0001

Storage§

1

0.19

14.34

0.0002

Incubation time¶

5

0.27

20.34

<0.0001

Extender-storage

3

0.23

17.01

<0.0001

35

0.02

2.17

0.0002

Extender-storage-incubation time

Error: MS(error)
564
0.01
* Mean square.
† Error a: 0.9992×MS (ejaculate (bull)) + 0.0008×MS (error)
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
¶ Sequential 25 minute intervals for125 minutes at 37°C.
The resazurin reduction rate (the linear slopes of the individual treatment curves)
decreases over incubation time (Figure 4.2) except for the cryopreserved portion of the
spermatozoa in the extender treatments containing no glycerol (E1S2, E4S2). These results
show that cryopreservation causes the most damage to spermatozoa, therefore decreased
the dehydrogenase activity reflected in the resazurin reduction rates. There were
differences between the extender treatments having glycerol and the extender treatments
without glycerol in the frozen semen (P < 0.05).
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Bull main effect was not a significant source of variation (P > 0.05) in the reduction
rates, however, ejaculate within bull, extender and storage main effects and extenderstorage interactions were significant sources of variation (Table 4.2) (P < 0.05).
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Figure 4.2. Least squares means for resazurin reduction (± SE) of bovine spermatozoa
treated with extenders of various composition* before and after cryopreservation. Gly-:
contains no glycerol, Gly+: contains glycerol, AB+: contains antibiotics and AB-: contains
no antibiotics E: extender, S1:Pre-freeze and S2: post-thaw. Means followed by same
superscript are not different (P > 0.05).
Regardless of glycerol inclusion in the extender, all the extender treatments were
not different (P > 0.05) from each other in the pre-freeze incubation (Figure 4.3). However,
all the extender treatments did differ (P < 0.05) after cryopreservation from their pre-freeze
state. The extender treatments that had no glycerol were different (P < 0.05) from the
extender treatments that had glycerol after cryopreservation.
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Table 4.2. ANOVA of resazurin reduction rates (slopes) of bovine spermatozoa treated
with extenders of various composition‡ before and after cryopreservation
Source
Df
MS*
F P-value
Bull

2

0.001

0.59

0.5705

Error a†

10

0.001

Ejaculate(Bull)

10

0.001

5.11

<0.0001

Extender‡

3

0.001

6.06

0.0009

Storage§

1

0.013

62.32

<0.0001

Extender-storage

3

0.001

3.88

0.0119

Error: MS(error)
84
0.0002
* Mean square.
† Error a: MS (ejaculate (bull))
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
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Figure 4.3. Least squares means for resazurin reduction rates (RDR, ± SE) of bovine
spermatozoa treated with extenders of various composition* before and after
cryopreservation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+: contains
antibiotics and AB-: contains no antibiotics. Means followed by the same superscript are
not different (P > 0.05).
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Therefore, spermatozoal resazurin reduction rates were affected by the extender
constituent glycerol and also by the cryopreservation process. There was no effect (P >
0.05) of the extender constituent antibiotics on spermatozoal resazurin reduction rate either
pre-freeze or post-thaw.
The starting points (intercepts) of the resazurin reduction assay did not differ (P >
0.05). This means that spermatozoal resazurin reduction was the same at the beginning of
the assay. Semen storage main effect was the only significant source of variation among the
intercepts (P < 0.05) (Table 4.3). This is due to the cryopreservation process, as shown in
the extender treatments containing no glycerol as a cryoprotectant (Figure 4.4).
Table 4.3. ANOVA of resazurin reduction starting points (intercepts) of bovine
spermatozoal treated with extenders of various composition‡ before and after
cryopreservation
MS*
Source
Df
F P-value
Bull

2

0.0060

0.37

0.7021

Error a†

10

0.0165

Ejaculate(Bull)

10

0.0165

1.89

0.0579

Extender‡

3

0.0050

0.58

0.6299

Storage§

1

0.3004

Extender-Storage

3

0.0168

34.39 <0.0001
1.93

0.1316

Error: MS(Error)
84
0.0087
* Mean square.
† Error a: MS (ejaculate (bull))
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
4.1.1 Spermatozoal Motility

Total motility (TM) analysis showed that ejaculate within bull, extender, storage,
incubation time main effects and extender-storage as well as extender-storage-time
interaction effects were significant sources of variance in TM (P < 0.05) (Table 4.4).
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Figure 4.4. Least squares means for resazurin reduction starting points (intercepts, ±
SE) of bovine spermatozoa treated with extenders of various composition* before and
after cryopreservation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+:
contains antibiotics and AB-: contains no antibiotics.
Table 4.4. ANOVA of bovine spermatozoal total motility (TM) treated with extenders of
various composition‡ before and after cryopreservation
MS*
Source
Df
F
P-value
Bull

2

5122

0.77

0.4826

Error a†

12.044

6615

Ejaculate(Bull)

12

6944

28.01

<0.0001

Extender‡

3

3619

14.60

<0.0001

Storage§

1

663117

2674.35

<0.0001

Incubation time¶

5

2516

10.15

<0.0001

Extender-storage

3

7785

31.40 <0.0001

35

386

Extender-storage-incubation time

1.56

0.0224

Error: MS (Error)
610
247
* Mean square.
† Error a: 0.9508×MS (Ejaculate (Bull)) + 0.0492×MS (Error).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
¶ Sequential 25 minute intervals for1 25 minutes at 37°C.
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During the incubation period, there was a reduction of TM over time and analysis
of the reduction rate (slopes) in the percentages of TM revealed that extender main effect
and extender-storage interaction effect were significant sources of variation in TM (P <
0.05) (Table 4.5). Neither the ejaculate within bull nor storage main effects were
significant sources of variation in the reduction rates of TM (P > 0.05).

Table 4.5. ANOVA of bovine spermatozoal total motility (TM) reduction rates (slopes)
treated with extenders of various composition ‡ before and after cryopreservation
MS*
F
P-value
Source
Df
Bull

2

0.8

0.08

0.9255

Error a†

10

10.7

Ejaculate(bull)

10

10.7

1.73

0.0864

Extender‡

3

69.8

11.25

<0.0001

Storage§

1

0.3

0.05

0.8299

Extender-storage

3

53.9

8.69

<0.0001

Error: MS(Error)
84
6.2
* Mean square.
† Error a: MS (ejaculate (bull))
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
The reduction rates of TM (Figure 4.6) response to treatment were similar in the
pre-freeze semen whereas 3 = 2 > 1 = 4 (ordered from highest to lowest) in the frozen
semen. In the frozen semen, reduction rates in TM were similar in the extender treatments
that had glycerol and there was no antibiotic effect on the rate of reduction in TM. In the
extender treatments having no glycerol, slopes were zero because cryopreservation
damaged unprotected spermatozoa and there was no motility post-thaw (Figure 4.6).
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Figure 4.5. Least squares means for total motility (TM, ± SE) of bovine spermatozoa
treated with extenders of various composition* before and after cryopreservation. Gly-:
contains no glycerol, Gly+: contains glycerol, AB+: contains antibiotics, AB-: contains
no antibiotics.E: Extender, S1:Pre-freeze and S2: post-thaw. Means followed by same
superscript are not different (P > 0.05).

There was a reduction in spermatozoal PM over time (Figure 4.7). Ejaculate
within bull, storage and incubation time main effects as well as extender-storage and
extender-storage-incubation time interactions were significant sources of variation in PM
(Table 4.6) (P < 0.05). Extender main effect was not a significant source of variation in
PM (Table 4.6) (P > 0.05).
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Figure 4.6. Least squares means for total motility (TM) reduction rates (slopes, ± SE) of
bovine spermatozoa treated with extenders of various composition* before and after
cryopreservation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+: contains
antibiotics and AB-: contains no antibiotics. Means followed by same superscript are not
different (P > 0.05).
Table 4.6. ANOVA of bovine spermatozoal progressive motility (PM) treated with
extenders of various composition‡ before and after cryopreservation
MS*
Source
Df
F P-value
Bull

2

9427

4.95

0.0320

10.002

1904

10

1905

9.92

<0.0001

Extender‡

3

282

1.47

0.2209

Storage§

1

285963

1488.78

<0.0001

Incubation time¶

5

1747

9.10

<0.0001

Extender-storage

3

3495

18.20

<0.0001

35

389

2.03

0.0006

Error a†
Ejaculate(bull)

Extender-storage-incubation time

Error: MS(Error)
564
192
* Mean square.
† Error a: 0.9992×MS (ejaculate (bull)) + 0.0008×MS (error)
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
¶ Sequential 25 minute intervals for125 minutes at 37°C.
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Figure 4.7. Least squares means for progressive motility (PM ± SE) of bovine
spermatozoa treated with extenders of various composition* before and after
cryopreservation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+: contains
antibiotics and AB-: contains no antibiotics, E: extender, S1: pre-freeze and S2: postthaw. Means followed by same superscript are not different (P > 0.05).
In table 4.7, extender treatment and storage (pre-freeze vs post-thaw) main effects
were significant sources of variation in the reduction rates (slopes) of progressive motility
(P < 0.05). The ejaculate within bull main effect and extender storage interaction effect
were not significant sources of variation in the reduction rate of progressive motility (P >
0.05) (Table 4.7). In Figure 4.8, cryopreservation decreased the reduction rates (slopes) in
the percentage of spermatozoal PM (P < 0.05). In the pre-freeze semen, the reduction rate
was similar in the extender treatments (P > 0.05). The extender treatment that had neither
glycerol nor antibiotics in the pre-freeze semen did not differ (P > 0.05) from the
extender treatments that had glycerol in the frozen semen regardless of their antibiotic
content. In the extender treatments that had no glycerol, slopes were zero as
cryopreservation damaged spermatozoa and there was no motility post-thaw.
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Table 4.7. ANOVA of bovine spermatozoal progressive motility (PM) reduction rates
(slopes) treated with extenders of various composition‡ before and after
cryopreservation
Source
Df
MS
F
P-value
Bull

2

3.9

1.56

0.2581

Error a†

10

2.6

Ejaculate(bull)

10

2.6

0.50

0.8888

Extender‡

3

30.8

5.95

0.0010

Storage§

1

110.8

21.40

<0.0001

Extender-Storage

3

3.9

0.76

0.5173

Error: MS(Error)
84
5.2
* Mean square.
† Error a: MS (ejaculate (bull)).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1
without antibiotics).
§Pre-freeze vs. post-thaw.
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Figure 4.8. Least squares means for progressive motility (PM) reduction rates (slopes, ±
SE) of bovine spermatozoa treated with extenders of various composition* before and
after cryopreservation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+:
contains antibiotics and AB-: contains no antibiotics. Means followed by same
superscript are not different (P > 0.05).
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Ejaculate within bull, extender, storage (pre-freeze vs post-thaw) and incubation
over time main effects and their interactions were significant sources of variation in PV
of spermatozoa (P < 0.05) (Table 4.8). There was a significant reduction in PV over time
during the 125 min incubation. There was a significant difference between extender
treatments (Table 4.8). This is clear when comparing those extender treatments in the
pre-freeze and post-thaw semen (Figure 4.9). In addition, there was a significant effect of
freezing on spermatozoal PV when comparing the extender treatments containing
glycerol in the pre-freeze and post-thaw semen (Figure 4.9). Cryopreservation caused
damage to a percentage of spermatozoa seen as a reduction in PV after the freezing
process.

Table 4.8. ANOVA of bovine spermatozoal progressive velocity (PV) treated with
extenders of various composition‡ before and after cryopreservation
MS*
Source
Df
F P-value
Bull

2

2925.6

4.89

0.0121

Error a†

44.044

Ejaculate(bull)

12

2701.6

8.27 <0.0001

Extender‡

3

5001.7

15.32 <0.0001

Storage§

1

Incubation time¶

5

8218.2

25.16 <0.0001

Extender-storage

3

17525.0

53.66 <0.0001

35

578.3

Extender-storage- incubation time

597.9

412728.0 1263.78 <0.0001

1.77

0.0051

Error: MS(Error)
470
326.5
* Mean square.
† Error a: 0.1142×MS (ejaculate (bull)) + 0.8858×MS (error).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
¶ Sequential 25 minute intervals for1 25 minutes at 37°C.
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Figure 4.9. Least squares means for progressive velocity (PV, ±SE) of bovine
spermatozoa treated with extenders of various composition* before and after
cryopreservation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+: contains
antibiotics, AB-: contains no antibiotics, E: extender, S1: pre-freeze and S2: post-thaw.
Means followed by same superscript are not different (P > 0.05).

In the analysis of spermatozoal VAP data (Table 4.9), bull, ejaculate within bull,
extender treatment, storage and time main effects as well as extender-storage, extenderincubation time and extender-storage-time interactions were significant sources of
variation in spermatozoal VAP (P < 0.05). The same scenario in the PV analysis is
repeated in the VAP results (Table 4.9 and Figure 4.10) and in the VCL results (Tables
4.10 and Figure 4.11).
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Table 4.9. ANOVA of bovine spermatozoal pathway velocity (VAP) treated with
extenders of various composition‡ before and after cryopreservation
MS*
Source
Df
F
P-value
Bull

2

6742.1

7.10

0.0034

Error a†

26.319

949.2

Ejaculate(bull)

12

5591.5

16.01

<0.0001

Extender‡

3

11826.0

33.87

<0.0001

Storage§

1

1064798.0

3049.65

<0.0001

Incubation time¶

5

22439.0

64.27

<0.0001

Extender-storage

3

45372.0

129.95

<0.0001

Extender-incubation time

15

1480.3

4.24

<0.0001

Extender-storage- incubation time

20

1426.6

4.09

<0.0001

Error: MS(Error)
1000
349.1
* Mean square.
† Error a: 0.1145×MS (ejaculate (bull)) + 0.8855×MS (error).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
¶ Sequential 25 minute intervals for1 25 minutes at 37°C.
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Figure 4.10. Least squares means for pathway velocity (VAP, ±SE) of bovine
spermatozoa treated with extenders of various composition* before and after
cryopreservation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+: contains
antibiotics, AB-: contains no antibiotics, E: extender, S1: pre-freeze and S2: post-thaw.
Means followed by same superscript are not different (P > 0.05).
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Figure 4.11. Least squares means for curvilinear velocity (VCL, ±SE) of bovine
spermatozoa treated with extenders of various composition* before and after
cryopreservation. Gly-: no glycerol, Gly+: contains glycerol, AB+: contains antibiotics,
AB-: Contains no antibiotics, E: extender, S1: pre-freeze and S2: post-thaw. Means
followed by same superscript are not different (P > 0.05).
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Table 4.10. ANOVA of bovine spermatozoal curvilinear velocity (VCL) treated with
extenders of various composition‡ before and after cryopreservation
MS*
Source
Df
F
P-value
Bull

2

6173.2

6.16

0.0034

Error a†

70.071

1002.2

Ejaculate (bull)

12

3525.1

5.21

<0.0001

Extender‡

3

13406.0

19.83

<0.0001

Storage§

1

1090355.0

1612.75

<0.0001

Incubation time¶

5

24503.0

36.24

<0.0001

Extender-storage

3

63538.0

93.98

<0.0001

Extender-incubation time

15

1207.8

1.79

0.0338

Extender-storage-incubation time

20

1786.9

2.64

0.0002

Error: MS (Error)
469
676.1
* Mean square.
† Error a: 0.1145×MS (ejaculate (bull)) + 0.8855×MS (error).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1
without antibiotics).
§Pre-freeze vs. post-thaw.
¶ Sequential 25 minute intervals for1 25 minutes at 37°C.

There was a significant correlation between resazurin reduction rate and TM as well
as PM (P < 0.05). However, there was no correlation between resazurin reduction rate
and other motility parameters (PV, VAP and VCL) (Table 4.11).

Table 4.11. Pearson correlation coefficients between resazurin reduction rate and bovine
spermatozoal motility parameters obtained by CASA
Probability> |r| under H0: Rho=0
Spermatozoal motility parameter r
Total motility (TM)
Progressive motility (PM)
Progressive velocity (PV)
Curvilinear velocity (VCL)
Pathway velocity

0.21
0.45
0.04
0.10
0.07

0.0451
<0.0001
0.6972
0.3611
0.5204
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4.2 Respiratory Chain Enzyme Activities
4.2.1 Specific Activity of Cytochrome c Oxidase (Complex IV)

The ejaculate within bull, incubation time and spermatozoal incubation with
Triton X100 main effects were significant sources of variation in cytochrome c oxidase
(CytoCox) specific activity (P < 0.05) (Table 4.12). However, bull, extender main effects
and extender by incubation time, extender by incubation with Triton X100, and extender
by incubation with Triton X100 by incubation time interaction effects were not
significant sources of variation in CytoCox specific activities (P > 0.05) (Table 4.12).
Table 4.12. ANOVA of cryopreserved bovine spermatozoal cytochrome c oxidase specific
activity (incubated with and without a detergent§§) treated with extenders of various
compositions ‡
Source
Df
MS*
F
P-value
Bull

2

0.150571

0.39

0.6884

Error a†

10.004

0.388390

Ejaculate (bull)

10

0.388582

3.56

0.0003

Extender‡

3

0.126933

1.16

0.3249

Incubation time§

1

5.552519

50.93

<0.0001

Detergent§§

1

8.021397

73.58

<0.0001

Extender-incubation time

3

0.081230

0.5985

0.5265

Extender-detergent

3

0.115561

1.06

0.3675

Extender-detergent-incubation time

4

0.208305

1.91

0.1107

Error: MS (Error)
174
0.109015
* Mean square.
† Error a: 0.9993×MS (Ejaculate (Bull)) + 0.0007× MS (Error)
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§ Immediately post-thaw (zero minutes) and after 125 minutes of incubation
§§ Triton X100
Incubation time significantly increased the specific activity of cytochrome c
oxidase enzyme. In addition, the incubation of spermatozoa with Triton X100 significantly
increased the specific activity of cytochrome c oxidase enzyme.
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Figure 4.12. Least squares means for total cytochrome c oxidase specific activities
(CytoCox, ± SE) of cryopreserved bovine spermatozoa treated with extenders of various
composition* before and after (zero, 125 minutes) 37°C incubation. Gly-: contains no
glycerol, Gly+: contains glycerol, AB+: contains antibiotics, AB-: contains no antibiotics,
D+: incubated with Triton X100 and D-: incubated without Triton X100. Means followed
by the same superscript are not different (P > 0.05).
Spermatozoal CytoCox specific activity from spermatozoa incubated with and
without Triton X100 increased (P < 0.05) after incubation at 37°C for 125 minutes.
Cytochrome c oxidase specific activity from spermatozoa that were incubated with Triton
X100 was different (P < 0.05) from spermatozoal CytoCox specific activity from
spermatozoa that were incubated without Triton X100 either immediately post-thaw or
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3

4

after 125 minutes 37°C incubation. Spermatozoal CytoCox specific activity from
spermatozoa that were incubated without Triton X100 is activity due to already broken
spermatozoal outer mitochondrial membranes. However, spermatozoal CytoCox specific
activity from spermatozoa that were incubated with Triton X100 is the total Cytocox
activity. Since the difference between both activities was significant (P < 0.05), it
conveyed information about the integrity of spermatozoal outer mitochondrial
membranes. The means of spermatozoal CytoCox specific activity from spermatozoa
incubated with Triton X100 immediately post-thaw and after 125 minutes of incubation
at 37°C were 0.21 and 0.26 µmole/min/mg, respectively, and from spermatozoa that were
incubated without Triton X100 were 0.13 and 0.19 µmole/min/mg, immediately postthaw and after 125 minutes of incubation at 37°C, respectively. Based on the values of
those means the integrity of outer mitochondrial membrane (IOMM) was calculated as
follows:
percentage of spermatozoal mitochondrial with IOMM= ((mean CytoCox specific
activity from spermatozoa incubated with Triton X100 - mean CytoCox specific activity
from spermatozoa incubated without Triton X100) / mean CytoCox specific activity from
spermatozoa incubated with Triton X100)) ×100.
Based upon that formula, the percentage of spermatozoal mitochondria with intact
outer mitochondrial membrane (IOMM) immediately post-thaw was 38.1% and 26.9%
after 125 minutes of incubation at 37°C. Thus, the percentage of spermatozoa with
IOMM decreased after 125 minutes of incubation at 37°C.
4.2.2 Specific Activity of Citrate Synthase

The results of spermatozoal citrate synthase specific activity showed that the bull,
ejaculate within bull, extender main effects and extender by incubation time, extender by
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incubation with Triton X100 interactions were not significant sources of variation in
spermatozoal citrate synthase specific activities (P > 0.05) (Table 4.13). However,
incubation time and incubation with Triton X100 main effects and extender by incubation
time by incubation with Triton X100 interactions were significant sources of variation in
spermatozoal citrate synthase specific activity (P < 0.05) (Table 4.13).
Table 4.13. ANOVA of cryopreserved bovine spermatozoal citrate synthase specific
activity (incubated with and without a detergent§§) treated with extenders of various
composition‡
Source
Df
MS*
F
P-value
Bull

2

0.477394

2.12

0.1711

Error a†

10.013

0.225494

Ejaculate (bull)

10

0.225572

1.53

0.1330

Extender‡

3

0.083284

0.56

0.6395

Incubation time§

1

1.750021

11.85

0.0007

Detergent§§

1

50.176526 339.71

<0.0001

Extender-incubation time

3

0.075798

0.51

0.6737

Extender-detergent

3

0.123242

0.83

0.4766

Extender-detergent-incubation time

4

0.670803

4.54

0.0016

Error: MS (Error)
174
0.109015
* Mean square.
† Error a: 0.999×MS (Ejaculate (Bull)) + 0.001× MS (Error)
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§ Immediately post-thaw (zero minute) and after 125 minutes of incubation
§§ Triton X100
Spermatozoal citrate synthase specific activity from spermatozoa incubated
without Triton X100 decreased (P < 0.05) after incubation at 37°C for 125 minutes
compared to spermatozoal citrate synthase specific activity from spermatozoa incubated
Triton X100 which did not change (P > 0.05) (Figure 4.13). Spermatozoal citrate
synthase specific activity increased (P < 0.05) after spermatozoal incubation with Triton
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X100 either immediately post-thaw or after 125 minutes incubation compared to the
activity measured without incubation spermatozoa with Triton X100 (Figure 4.13).

Citrate synthase sspecific activity
(µmole*min-1*mg-1)

0.8

GlyABGly+
GlyAB+ Gly+AB
AB+

Gly+
+
Gly AB*GlyAB+
AB+
GlyAB-

0.6

Mean

a

a

GlyAB+

0.4

D+, 0 minute
D-, 0 minute
D+, 125 minutes
D-, 125 minutes

Gly+
Gly AB
+
Gly
ABAB+

+ Gly
Gly- Gly+ Gly
- AB
AB+AB+ AB

b

0.2

c

0.0
1

2

3

4

1

2

3

4
1
Extender

2

3

4

1

2

3

4

Figure 4.13. Least squares means for citrate synthase specific activities (± SE) of bovine
spermatozoa treated with extenders of various composition* before and after (zero, 125
minutes) 37°C incubation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+:
contains antibiotics, AB-: contains no antibiotics, D+: incubated with Triton X100 and D: incubated without Triton X100. Means followed by the same superscript are not
different (P > 0.05).
Spermatozoal citrate synthase specific activity from spermatozoa that were incubated
without Triton X100 is activity due to already broken spermatozoal inner mitochondrial
membranes. However, spermatozoal citrate synthase specific activity from spermatozoa
that were incubated with Triton X100 is the total citrate synthase specific activity.
Because the difference between both activities was significant (P < 0.05) immediately
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post-thaw and after 125 minutes of incubation at 37°C, it conveyed information about the
integrity of spermatozoal inner mitochondrial membranes (IIMM). The means of
spermatozoal citrate synthase specific activity from spermatozoa incubated with Triton
X100 immediately post-thaw and after 125 minutes of incubation at 37°C were 0.54 and
0.56 µmole/ml/min, respectively. Means from spermatozoa that were incubated without
Triton X100 were 0.25 and 0.17 µmole/ml/min, immediately post-thaw and after 125
minutes of incubation at 37°C, respectively. Based on the values of those means the
integrity of the inner mitochondrial membrane (IIMM) was calculated as follows:
percentage of spermatozoal mitochondria with intact inner mitochondrial membrane =
((mean citrate synthase specific activity from spermatozoa incubated with Triton X100 mean citrate synthase specific activity from spermatozoa incubated without Triton X100)
/ mean citrate synthase specific activity from spermatozoa incubated with Triton X100))
×100.
Based upon that formula, the percentage of spermatozoal mitochondria with intact inner
mitochondrial membranes immediately post-thaw was 53.7% and 69.6% after 125
minutes of incubation at 37°C.
4.2.3 Spermatozoal Motility

Extender treatment and incubation time main effects and extender by incubation
time interaction effect were significant sources of variation in spermatozoal total and
progressive motilities (TM and PM, respectively) (P < 0.05) (Tables 4.14 and 4.15).
Spermatozoal TM and PM were different (P<0.05) among the extender treatments that
contained glycerol and the extender treatments that did not contain glycerol regardless of
their antibiotic content (Figures 4.14 and 4.15). After incubation, spermatozoal TM and
PM in the extender treatments that contained glycerol significantly decreased (Figures
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4.14 and 4.15). The extender treatments containing no glycerol did not survive the
cryopreservation process compared to the extender treatments which had glycerol
(Figures 4.14 and 4.15).
Table 4.14. ANOVA for bovine spermatozoal total motility (TM) treated with extenders
of various composition‡
MS*
F
P-value
Source
Df
Bull

2

991

4.37

0.0433

Error a†

10

226

Ejaculate (Bull)

10

226

1.83

0.0667

Extender‡

3

7804

63.09

<0.0001

Incubation time§

1

5124

41.42

<0.0001

Extender-incubation time

3

1709

13.82

<0.0001

Error: MS (Error)
84
123
* Mean square.
† Error a: MS (Ejaculate (Bull)).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§ Immediately post-thaw (zero minutes) and after 125 minutes of incubation.

Table 4.15. ANOVA for bovine spermatozoal progressive motility (PM) treated with
extenders of various composition‡
MS*
Source
Df
F
P-value
Bull

2

729

9.91

0.0042

Error a†

10

73

Ejaculate(Bull)

10

73

1.13

0.3510

Extender‡

3

2484

38.08

<0.0001

Incubation time§

1

1344

20.62

<0.0001

Extender-incubation time

3

448

6.88

0.0003

Error: MS(Error)
84
65
* Mean square.
† Error a: MS (Ejaculate (Bull)).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
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§ Immediately post-thaw (zero minutes) and after 125 minutes of incubation.
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Figure 4.14. Least squares means for total motility (TM, ± SE) of bovine spermatozoa
treated with extenders of various composition* before and after (zero, 125 minutes) 37°C
incubation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+: contains antibiotics,
AB-: contains no antibiotics. Means followed by the same superscript are not different (P
> 0.05).
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Figure 4.15. Least squares means for progressive motility (PM, ± SE) of bovine
spermatozoa treated with extenders of various composition* before and after (zero, 125
minutes) 37°C incubation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+:
contains antibiotics, AB-: contains no antibiotics. Means followed by the same
superscript are not different (P > 0.05).
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Ejaculate within bull, extender treatment, time main effects and extender by time
interaction effect were significant sources of variation in PV and VAP (P < 0.05) (Tables
4.16 and 4.17). However, the bull main effect was not significant (P > 0.05)
Table 4.16. ANOVA for spermatozoal progressive velocity (PV) treated with extenders of
various composition‡
MS*
F
P-value
Source
Df
Bull

2

1705.2

3.43

0.0842

Error a†

8

497.8

Ejaculate (Bull)

8

497.8

2.40

0.0237

Extender‡

3

5776.8

27.89

<0.0001

Incubation time§

1

5843.5

28.21

<0.0001

Extender-incubation time

3

1954.1

9.43

<0.0001

Error: MS (Error)
70
207.1
* Mean square.
† Error a: MS (Ejaculate (Bull)).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§ Immediately post-thaw (zero minutes) and after 125 minutes of incubation.
Table 4.17. ANOVA for spermatozoal pathway velocity (VAP) treated with extenders of
various composition‡
Source
Df
MS*
F
P-value
Bull

2

1951.6

3.29

0.0906

Error a†

8

593.2

Ejaculate (Bull)

8

593.2

2.42

0.0229

Extender‡

3

7153.5

29.15 <0.0001

Incubation time§

1

7798.2

31.78 <0.0001

Extender-incubation time

3

2602.5

10.61 <0.0001

Error: MS(Error)
70
245.3
* Mean square.
† Error a: MS (Ejaculate (Bull)).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§ Immediately post-thaw (zero minutes) and after 125 minutes of incubation.
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Extender treatment, time main effects and extender time interaction were
significant sources of variation in spermatozoal VCL (P < 0.05) (Table 4.18). However,
ejaculate within bull and bull main effects were not significant (P > 0.05).

Table 4.18. ANOVA for spermatozoal curvilinear velocity (VCL) treated with extenders
of various composition‡
Source
Df
MS*
F
P-value
Bull

2

4263.8

4.31

0.0536

Error a†

8

988.5

Ejaculate(Bull)

8

988.5

2.02

0.0562

Extender‡

3

18229.0

37.28

<0.0001

Incubation time§

1

14742.0

30.15

<0.0001

Extender-incubation time

3

4961.3

10.15

<0.0001

Error: MS(Error)
70
488.9
* Mean square.
† Error a: MS (Ejaculate (Bull)).
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§ Immediately post-thaw (zero minutes) and after 125 minutes of incubation.
Data analysis for spermatozoal PV, VAP and VCL showed significant differences
among and within extender treatments (Figures 4.16, 4.17 and 4.18). In spermatozoal
VCL data analysis, the ejaculate within bull was not a significant (P > 0.05) source of
variation compared to PV and VAP data where ejaculate within bull was a significant (P
< 0.05) source of variation in spermatozoal PV and VAP. The extender treatments
without glycerol did not survive the cryopreservation process compared to the extender
treatment groups which contained glycerol. When comparing the extender treatment
group that contained glycerol and antibiotics to the extender treatment group that
contained only glycerol, the results were similar.
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Figure 4.16. Least squares means for progressive velocity (PV, ± SE) of bovine
spermatozoa treated with extenders of various composition* before and after (zero, 125
minutes) 37°C incubation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+:
contains antibiotics, AB-: contains no antibiotics. Means followed by the same
superscript are not different (P > 0.05).
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Figure 4.17. Least squares means for pathway velocity (VAP, ± SE) of bovine
spermatozoa treated with extenders of various composition* before and after (zero, 125
minutes) 37°C incubation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+:
contains antibiotics, AB-: contains no antibiotics. Means followed by the same
superscript are not different (P > 0.05).
82

b
Gly+
AB+

90
80

Gly+
AB-

b
0 minute
125 minutes

Curvilinear velocity (µm/s)

70
60
50
Gly+
c
Gly+ ABAB+

40
30
20

a
*GlyAB+

GlyAB-

a

a
GlyAB+

c

GlyAB-

a

10
0
-10

1

2

3

4

Extender 1

2

3

4

Figure 4.18. Least squarse means for curvilinear velocity (VCL, ± SE) of bovine
spermatozoa treated with extenders of various composition* before and after (zero, 125
minutes) 37°C incubation. Gly-: contains no glycerol, Gly+: contains glycerol, AB+:
contains antibiotics, AB-: contains no antibiotics. Means followed by the same
superscript are not different (P > 0.05).
There was a significant correlation between CytoCox specific activity from
spermatozoa incubated without Triton X100 and CytoCox specific activity from
spermatozoa incubated with Triton X100 (r = 0.70, P < 0.05) as well as with citrate
synthase specific activity from spermatozoa incubated with triton X100 (r = 0.51, P <
0.05). There was significant correlation between CytoCox specific activity from
spermatozoa incubated with Triton X100 and citrate synthase specific activity from
spermatozoa incubated with Triton X100 (r = 0.76, P < 0.05). No correlation was found
between both CytoCox specific activity and citrate synthase specific activity with total
and progressive motilities or any velocity parameters.
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4.3 Bovine Spermatozoal ATP Content
4.3.1 ATP and Spermatozoal Number Standard Curve

The ATP standard curve generated is shown Figure 4.19. The number of
spermatozoa needed used in the assay was 1×106 spermatozoa (Figure 4.20).
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Figure 4.19. ATP standard curve. Different ATP concentrations and their relative light
units (RLU) measured by using the luciferin-luciferase assay.
The ATP standard curve was used to calculate the ATP content of spermatozoa
because the luminometer used in this assay measures ATP content of spermatozoa in
terms of relative light units. The spermatozoal ATP content curve was used in order to
determine the number of cells within the sensitivity range of the luminometer.
Approximately one million spermatozoa was selected because the technique has been
reported to be sensitive enough to determine ATP content of 1 000 spermatozoa (Reiger,
1997). Additionally, this number of cells was used in order to have enough material for
the other three experiments performed on the same semen samples.
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Figure 4.20. Different bovine spermatozoal concentrations and their ATP content (RLU)
measured by using the luciferin-luciferase assay.

4.3.2 Effects of Cryopreservation and Semen Extender Constituents on
Spermatozoal ATP Content and Production/Utilization

The bull, ejaculate within bull, extender, storage (pre-freeze vs. post-thaw) and
incubation time main effects and extender-storage interaction were significant sources of
variation (P < 0.05) (Table 4.19). The extender-incubation time and extender-storageincubation time interactions effects were not significant (P > 0.05) (Table 4.19).
In figure 4.21, cryopreservation (pre-freeze vs. post-thaw) was the main factor in
reducing the amount of ATP and caused injury to spermatozoa thereby affecting the
source of ATP production, the mitochondria. There was no significant effect of extender
treatment on the ATP content of spermatozoa over incubation (Table 4.19).
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Table 4.19. ANOVA of bovine spermatozoal ATP content (µmoles/1×106 spermatozoa)
treated with extenders of various composition‡ before and after cryopreservation
MS*
Source
Df
F
P-value
Bull

2

0.0034689

19.06

<0.0001

Ejaculate (Bull)

10

0.005256

28.88

<0.0001

Extender‡

3

0.026134

143.58

<0.0001

Storage§

1

0.238022

1307.71

<0.0001

Incubation time¶

5

0.000628

3.45

0.0044

Extender-storage

3

0.041122

225.92

<0.0001

Extender-incubation time

15

0.0000645

0.35

0.9887

Extender-storage-incubation time

20

0.0000882

0.48

0.9722

Error: MS (Error)
564
0.000182
* Mean square.
† Error a: 0.9992×MS (ejaculate (bull)) + 0.0008×MS (error)
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
¶ Sequential 25 minute intervals for1 25 minutes at 37°C.
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Figure 4.21. Least squares means for ATP content (± SE) of bovine spermatozoa treated
with extenders of various composition* before and after cryopreservation. E: extender, S:
storage, S1:pre-freeze, S2: post-thaw, Glyc-: contains no glycerol, Gly+: contains
glycerol, AB+: contains antibiotics and AB-: contains no antibiotics. Means followed by
same superscript are not different (P > 0.05).
Table 4.20. ANOVA for bovine spermatozoal ATP utilization (µmoles/1×106
spermatozoa/min) (slopes) treated with extenders of various composition‡ before and
after cryopreservation
MS*
Source
Df
F
P-value
2

3.55×10-8

Error a†

10

2.06×10-8

Ejaculate(Bull)

10

Extender‡
Storage§

Bull

Extender-storage

0.17

0.8441

2.06×10-8

2.09

0.0337

3

1.55×10-9

1.58

0.1998

1

9.09×10-9

9.24

0.0032

3

-8

2.23

0.0907

2.19×10

-8

Error: MS(Error)
84
9.83×10
* Mean square.
† Error a: MS (Ejaculate (Bull))
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
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Analysis of the ATP utilization (slopes) or ATP utilization showed no significant
difference among extender treatment groups (P > 0.05) (Table 4.20). However, ejaculate
within bull and storage (pre-freeze vs. post-thaw) main effects were significant sources of
variation in ATP utilization. Cryopreservation affected spermatozoal ATP utilization and
Figure 4.22 shows the slopes of the different extender treatment groups in both the prefreeze semen and post-thaw.
The cryopreservation process damaged a certain percent of spermatozoa and
glycerol altered the membrane permeability, this reduced the spermatozoa’s ability to
produce ATP or decreased the efficiency of ATP production. This forced the
spermatozoa to consume all the ATP produced and stored and caused an imbalance in the
ATP produced/utilized.
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Figure 4.22. Least squares means for ATP utilization rates (slopes ± SE) of bovine
spermatozoa treated with extenders of various composition* before and after
cryopreservation. Glyc-: contains glycerol, Gly+: contains glycerol, AB+: contains
antibiotics and AB-: contains no antibiotics.
In the analysis of the starting points (intercepts), ejaculate within bull, extender,
storage (pre-freeze vs. post-thaw) main effects and extender-storage interaction effects
were significant sources of variation (P > 0.05) (Table 4.21).
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Table 4.21. ANOVA for bovine spermatozoal ATP content (µmoles/1×106 spermatozoa)
starting points (intercepts) treated with extenders of various composition‡ before and
after cryopreservation
Source
Df
MS*
F
P-value
Bull

2

0.0002

0.15

0.8615

Error a†

10

0.0012

Ejaculate(Bull)

10

0.0012

20.71

<0.0001

Extender‡

3

0.0052

90.12

<0.0001

Storage§

1

0.0402

699.44

<0.0001

Extender-storage

3

0.0078

135.53

<0.0001

Error: MS(Error)
84
0.0001
* Mean square.
† Error a: MS (Ejaculate (Bull))
‡ Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§Pre-freeze vs. post-thaw.
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Figure 4.23. Least squares means for ATP content starting points (intercepts ± SE) of
bovine spermatozoa treated with extenders of various composition* before and after
cryopreservation. Glyc-: contains no glycerol, Gly+: contains glycerol, AB+: contains
antibiotics and AB-: contains no antibiotics. Means followed by the same superscript are
not different (P > 0.05).
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The ATP content varied between ejaculates within bulls. In Figure 4.23, the
extender treatment groups in the pre-freeze semen had equal starting points (intercepts) of
ATP content (P > 0.05). However, the cryopreservation process altered spermatozoal
ATP content and produced significant variation in the frozen starting points (Table 4.21).
4.3.3 Spermatozoal Motility

Results of spermatozoal motility (TM and PM) and other motility parameters (PV,
VAP and VCL) obtained by CASA were presented earlier in section 4.1.1. There was a
significant strong positive correlation between spermatozoal ATP content and all motility
parameters (Table 4.22). The highest correlation was between ATP and TM and the
lowest between ATP and PM (Table 4.22).
Table 4.22. Pearson correlation coefficients between spermatozoal ATP content and
motility parameters obtained by CASA
Probability> |r| under H0: Rho=0
|r|
Motility parameter
Total motility (TM)
Progressive motility (PM)
Progressive velocity (PV)
Curvilinear velocity (VCL)
Pathway velocity (VAP)

0.72
0.66
0.70
0.71
0.71

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

4.4 Analysis of the ND1 Gene of Bovine Spermatozoal MtDNA

The bull and PCR main effects were not significant sources of variation in the
frequency of amino acids change (P > 0.05). However, the ejaculate within bull, extender
treatment, plate within PCR, amino acid position and storage main effects were significant
sources of variation in the frequency of amino acids change (P > 0.05) (Table 4.23).
Storage by position and extender by storage interaction effects were significant
sources of variation in the frequency of amino acid change (P<0.05). However, extender
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by position and extender by storage by position interactions were not significant (P >
0.05) (Table 4.23).
Table 4.23. ANOVA for the frequency of amino acids change of the ND1 gene of bovine
spermatozoal mtDNA treated with extenders of various composition§ before and after
cryopreservation
Source
DF
MS*
F P-value
Bull
2
3.008
5.68
0.0853
Error a†
3.3029
0.529
Ejaculate (bull)
3
0.918 16.65 <0.0001
Amino acid position‡
170
2.178
39.49 <0.0001
Extender§
3
0.335
6.08
0.0004
Storage§§
1
0.478
8.67
0.0032
Plate (PCR)
14
1.302 23.61 <0.0001
Extender- amino acid position
509
0.029
0.54
1
Storage-amino acid position
170
0.123
2.24 <0.0001
Extender-storage
3
2.275 41.24 <0.0001
Extender-storage- amino acid position
504
0.041
0.74
1
Error: MS (Error)
5739
0.055
PCR
2
1.267
1.8
0.1991
Error b††
15.114
0.704
*Mean square
†Error a: 0.5494×MS (ejaculate (bull)) + 0.4506×MS (Error)
††Error b: 0.5204×MS (plate (PCR)) + 0.4796×MS (Error)
§Extender 1 (sodium citrate egg yolk with antibiotics), extender 2 (extender 1 plus
glycerol), extender 3 (extender 2 without antibiotics) and extender 4 (extender 1 without
antibiotics).
§§Pre-freeze vs. post-thaw.
Based upon the frequency of amino acid change of greater than 50%, before
cryopreservation, the extender treatment that contained glycerol and antibiotics had the
most positions (20) (Figure 4.24) with a frequency of amino acid change 0.88 ± 0.036
(LSM ± SE). This extender treatment was not different (P < 0.05) from the extender
treatments which contained glycerol and no antibiotics (15 positions (Figure 4.24) with a
frequency of amino acid change of 0.84 ± 0.045 (LSM ± SE). The extender treatment that
contained only antibiotics had nine positions with a frequency of amino acid change of
0.62 ± 0.036 (LSM ± SE). This extender treatment was not different from the extender
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treatment that did not contain antibiotics and glycerol (13 positions (Figure 4.24) with a
frequency of amino acid change of 0.79 ± 0.049 (LSM ± SE). The extender treatments
which contained glycerol regardless of antibiotic content were different (P<0.05) from
only the extender treatment which contained only antibiotics.
*Gly-, AB+
*Gly+, AB+
*Gly+, AB*Gly-, AB-

1.4

1.0

0.8

0.6

0.4

0.2

3197
3224
3242
3284
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3371
3413
3446
3482
3935
3941
3965
4031
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3224
3242
3284
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3338
3371
3413
3446
3482
3935
3941
3965
4031

3170
3197
3224
3242
3284
3302
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3338
3371
3413
3446
3482
3512
3536
3539
3542
3935
3941
3965
4031

0.0
3284
3371
3413
3446
3482
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3941
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4031

Frequency of amino acid change

1.2

Anderson position

Figure 4.24. Least squares means for frequency of amino acid change (± SE) by
Anderson position at which there was a consensus of greater than 50% of the samples of
bovine spermatozoal ND1 gene sequence. The semen was treated with extenders of
various composition* before cryopreservation. Glyc-: contains no glycerol, Gly+:
contains glycerol, AB+: contains antibiotics and AB-: contains no antibiotics.
Based upon the frequency of amino acid change of greater than 50%, after
cryopreservation, the extender treatments that contained antibiotics and glycerol had a
frequency of amino acid change of 0.89 ± 0.045 (LSM ± SE) over 15 positions, and the
one which contained antibiotics with no glycerol had a frequency of 0.88 ± 0.043 (LSM ±
SE) over 17 positions (Figure 4.25). Those extender treatments were not different (P >
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0.05). The extender treatment which contained only glycerol had a frequency of amino
acid change of 0.77 ± 0.042 over 17 positions while the extender treatment that contained
neither antibiotics nor glycerol a frequency of amino acid change of 0.78 ± 0.43 (LSM ±
SE) over 16 positions (Figure 4.25). Those extender treatments were not different (P >
0.05) but were different (P < 0.05) from the extender treatment that contained only
antibiotics.
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Anderson position
Figure 4.25. Least squares means for frequency of amino acid change (± SE) by
Anderson position at which there was a consensus of greater than 50% of the samples of
bovine spermatozoal ND1 gene sequence. The semen was treated with extenders of
various composition* after cryopreservation. Glyc-: contains no glycerol, Gly+: contains
glycerol, AB+: contains antibiotics and AB-: contains no antibiotics.
Overall, there was an increase (P < 0.05) in the frequency of amino acid change
greater than 50% only in the extender treatment group that contained only antibiotics
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(0.62 ± 0.036 vs. 0.88 ± 0.043 (LSM ± SE), pre-freeze vs. post-thaw, respectively)
(Figure 4.26).

Frequency of amino acid change
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Figure 4.26. Least squares means for frequency of amino acid change (± SE) across
Anderson positions at which there was a consensus of greater than 50% of the samples of
bovine spermatozoal ND1 gene sequence. The semen was treated with extenders of
various composition* after cryopreservation. Glyc-: contains glycerol, Gly+: contains
glycerol, AB+: contains antibiotics and AB-: contains no antibiotics
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CHAPTER 5
DISCUSSION
5.1 Resazurin Reduction Assay

In previous studies, the resazurin reduction assay used to assess semen quality had
involved the unaided eye for the evaluation of color changes over a specified time period.
Therefore, measurements were subjective because the detection of color changes varied
between evaluators (Erb and Ehlers, 1950; Erb and Ehlers, 1952; Glass et al, 1991;
Fuse et al, 1993; Dart et al, 1994; Reddy et al, 1997; Carter et al, 1998; Foote, 1999;
Reddy and Bordekar, 1999). Later, authors developed and utilized the spectrophotometric
evaluation of resazurin reduction, objectively assessed semen quality and measured
sperm metabolic activity quantitatively. Most of these studies were in human medicine
(Mahmoud et al, 1994; Zalata et al, 1995; Rahman and Kula, 1997; Zalata et al, 1998;
Reddy and Bordekar, 1999) and few involved domestic animals like boar (Zrimesk et al,
2004) or ram (Wang et al, 1998). However, in the bull workers have used the unaided eye
for assessing semen quality in the resazurin reduction assay. In addition, those assays
were designed to test the whole ejaculate or the part of the ejaculate containing a high
sperm cell concentrations, therefore, many false positive results were obtained (Erb and
Ehlers, 1950; Erb and Ehlers, 1952; Glass et al, 1991; Dart et al, 1994). Although
researchers were able to differentiate high fertility from low fertility bulls, their results
were variable, especially when correlating the assay results with non return rates (Erb and
Ehlers, 1950; Erb and Ehlers, 1952; Dart et al, 1994). In this study, a spectrophotometric
method was developed that was based on fixed spermatozoal numbers and a known
resazurin concentration so to measure spermatozoal metabolic activity quantitatively.
Therefore, human error was not introduced, and the assay should now be standard
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between laboratories. In addition, the experiment was designed so that effects of extender
constituents and storage conditions could be tested for their possible impact spermatozoal
mitochondrial function.
For both resazurin assay establishment and actual testing, a relatively low
concentration of spermatozoa (50×106/assay) equal to about three units of frozen bull
semen was used rather than the entire ejaculate. Previous studies had shown that the use
of the resazurin reduction assays as indicators of semen fertility was due to the time for
dye reduction which was dependent on cell concentration (Erb and Ehlers, 1950; Erb and
Ehlers, 1952; Glass et al, 1991; Fuse et al, 1993; Dart et al, 1994; Zalata et al, 1995;
Rahman and Kula, 1997; Reddy et al, 1997; Carter et al, 1998; Wang et al, 1998;
Zalata et al, 1998; Reddy and Bordekar, 1999; Zrimesk et al, 2004). In this experiment,
both time and concentration were controlled thus avoiding such variability.
Glass et al (1991) reported that false-negative results increased with short
reaction (incubation) times, whereas false positive results increased with long reaction
times. In our experiment, the reaction time was two to three times longer (125 minutes)
than those used in previous studies. Longer incubation times were used because the
decrease in resazurin blue color was measured due to it being an irreversible reaction. In
previous studies workers measured the increase in the resurufin (pink) due to reduction of
resazurin; however, this is an intermediate and will change during longer incubation
periods to dihydroresorufin. This is a reversible reaction, but the reduction of resazurin to
resorufin is irreversible. Therefore, the latter is a more definitive measurement.
In this experiment, there was a significant correlation between the resazurin
reduction and progressive motility (r = 0.5, P < 0.05) as well as total motility (r = 0.2, P <
0.05). This result is in agreement with previous studies (Erb and Ehlers, 1950; Erb and
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Ehlers, 1952; Glass et al, 1991; Fuse et al, 1993; Dart et al, 1994; Mahmoud et al,
1994; Zalata et al, 1995; Rahman and Kula, 1997; Reddy et al, 1997; Carter et al,
1998; Wang et al, 1998; Zalata et al, 1998; Foote, 1999; Reddy and Bordekar, 1999;
Zrimesk et al, 2004). There were significant extender main effect and extender-storagetime interactions with resazurin reduction, and significant extender main effect and
extender-storage interactions in resazurin reduction rates. These results showed that
metabolic activity of bovine spermatozoa was significantly influenced by extender type,
as well as by the interaction of the extender with storage conditions and the incubation
time of the reaction.
Reduction rates (slopes) (Table 4.2) in our experiment were significantly different
between extenders and their constituents (glycerol in the pre-freeze vs. no glycerol). The
results indicated that predominantly cryopreservation affected the resazurin reduction
rates and therefore affected the metabolic activity of spermatozoa. There was also no
significant effect of antibiotics on spermatozoal resazurin reduction rates.
The resazurin reduction assay directly reflected the dehydrogenase activity, which
is complex I in the electron transfer chain. Complex I is the first enzyme of the electron
transfer chain enzymes of the OXPHOS system and therefore may be a bottleneck in this
system. Lowered activity of this enzyme resulted in less metabolic activity of
spermatozoa as reflected in the resazurin reduction assay. However, the resazurin
reduction assay was not sensitive enough to detect the potential effects of antibiotics on
spermatozoal mitochondrial Complex I activity.
5.2 Respiratory Chain Enzyme Activities

Specific activities of CytoCox from spermatozoa incubated with or without Triton
X100 did not differ (P > 0.05) among extender treatments. However, CytoCox specific
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activities from spermatozoa incubated without Triton X100 were different (P < 0.05) than
those from spermatozoa incubated with Triton X100. Spermatozoal CytoCox specific
activity which was measured without using Triton X100 represented the activity due to
already ruptured outer mitochondrial membranes (Storrie and Madden, 1990; Hovius et
al, 1990; Rasmussen and Rasmussen, 2000). Therefore, the increase in this specific
activity meant the integrity of the outer mitochondrial membrane was not maintained. In
addition, specific activities increased (P < 0.05) after 125 minutes incubation at 37°C
either in spermatozoa incubated with or without Triton X100. The increase in CytoCox
specific activities from spermatozoa incubated without Triton X100 after 125 minutes
incubation conveyed latent injury (Saacke and White, 1972) to the outer mitochondrial
membrane which allowed more access of the substrate used in assaying the enzyme
activity for CytoCox. This is evidenced from the negative correlation (r = -0.66, P < 0.05)
between CytoCox specific activity from spermatozoa incubated without a Triton X100
and the percent of spermatozoal mitochondria with intact outer mitochondrial membranes
(IOMM). Furthermore, CytoCox specific activities from spermatozoa incubated with
Triton X100 immediately post-thaw were not different (P > 0.05) from CytoCox specific
activities from spermatozoa incubated without Triton X100 after 125 minutes of
incubation. This result raised the question of whether the 125 minutes incubation
revealed a latent injury to spermatozoal outer mitochondrial membranes or Triton X100
did not completely lyse spermatozoal outer mitochondrial membranes immediately postthaw? It is possible that incubation revealed latent injury (Saacke and White, 1972) where
the substrate used in assaying cytochrome c oxidase had more access to the enzyme and
therefore CytoCox specific activity increased (Brich-Machin et al. 1994). Because there
was a parallel increase (P < 0.05) in CytoCox specific activities from spermatozoa either
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incubated with or without Triton X100 after 125 minutes of incubation, latent injury to
the outer mitochondrial membrane was revealed. Thus, the incubation or aging of semen
at 37°C apparently conveys additional information concerning cell injury which has been
described previously (Saacke and White, 1972).
In this experiment, spermatozoal CytoCox activity was measured as
a marker for the outer mitochondrial membrane integrity. In previous studies,
measurement of spermatozoal CytoCox was done without the use of a detergent and only
six freeze-thaw cycles were imposed on spermatozoa for mitochondrial isolation (RuizPesini et al. 1998; Ruiz-Pesini et al. 2000; Ruiz-Pesini et al. 2001). However, in this
study it was thought that measuring the specific activity of parallel samples with and
without using a detergent would give an idea about the integrity of the outer
mitochondrial membrane. This was based on previous studies where CytoCox specific
activity was measured with the use of the detergent, dodecyl maltoside (N-dodecyl-β-Dmaltoside) (Brich-Machin et al. 1994). Because the detergent Triton X100 was used in
this study to measure the specific activity of CytoCox as well as citrate synthase, this
needed to be consistent with use of a detergent. Results of this study showed that
spermatozoal CytoCox specific activities measured with and without spermatozoal
incubation with a detergent were different (P < 0.05). In other studies, a detergent was
used to measure CytoCox activities in cells from tissues other than spermatozoa (BrichMachin et al, 1994). Sonication was used in another study (Kraemer et al, 2005) while
another did not use detergent (Wharton and Tzagoloff, 1967).
Spermatozoal citrate synthase specific activities from spermatozoa incubated
without Triton X100 were different (P < 0.05) from those incubated with Triton X100
either immediately post-thaw or after 125 minutes of incubation at 37°C. Spermatozoal
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citrate synthase specific activities from spermatozoa incubated without Triton X100
decreased (P < 0.05) after 125 minutes incubation at 37°C but did not change (P > 0.05)
when incubated with Triton X100. This decrease in specific activity following 125
minutes incubation was most likely due to the instability of citrate synthase incubated at
37°C (Barroso et al, 1993). This was evidenced from the positive correlation (r = 0.57, P
< 0.05) between citrate synthase specific activities from spermatozoa incubated with
Triton X100 and percent spermatozoa with intact inner mitochondrial membranes
(IIMM). Another evidence was from the positive correlation between CytoCox specific
activity from spermatozoa that were incubated with Triton X100 and IIMM (r = 0.31, P <
0.05) and the negative correlation between CytoCox and citrate synthase specific
activities both from spermatozoa not incubated with Triton X100 (r = -0.27, P < 0.05).
Spermatozoal citrate synthase specific activity from spermatozoa incubated without
Triton X100 is the activity due to already broken spermatozoal inner mitochondrial
membranes. However, the activity from spermatozoa incubated with Triton X100 is the
total citrate synthase specific activity. Since the difference between both activities was
significant (P < 0.05) immediately post-thaw and after 125 minutes of incubation at 37°C,
it conveyed information about the integrity of spermatozoal inner mitochondrial
membranes.
Spermatozoal outer and inner mitochondrial membranes integrities were
estimated based on the differences in mean specific activities for CytoCox and citrate
synthase enzymes from spermatozoa incubated with and without Triton X100. Because
only citrate synthase activity from spermatozoa incubated without Triton X100 decreased
after 125 minutes of incubation, the validation of such estimation method for assessing
the integrity of inner mitochondrial membrane is questionable.
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Ruiz-Pesini et al (1998) found higher spermatozoal CytoCox and citrate synthase
specific activities from fertile men compared to that in infertile ones as well as a positive
correlation between those enzyme activities and spermatozoal motility. In this study, only
CytoCox specific activity from spermatozoa incubated without Triton X100 was
negatively correlated with TM (r = -0.22, P < 0.05) and specific activities of both
enzymes were not correlated with spermatozoal TM, PM, PV, VCL and VAP.
Spermatozoal citrate synthase specific activities from spermatozoa incubated
with Triton X100 were positively correlated with spermatozoal resazurin reduction (r =
0.22, P < 0.05). Citrate synthase is the regulatory enzyme in the citric acid cycle (Nelson
and Cox, 2005). The citric acid cycle supplies the electron transfer chain involved in the
OXPHOS process with reduced equivalents in the form of NADH and FADH2 (RuizPesini et al, 1998; Nelson and Cox, 2005). This role is important in the generation of
ATP which is required for spermatozoal function. Therefore, its importance as a player in
the OXPHOS can not be ignored.
Complex IV is the final enzyme of the electron transfer chain enzymes of the
OXPHOS system and is the site where molecular oxygen is converted to water
(Semeitink et al. 2004). Therefore, reduction or impairment in the activity of this enzyme
results in the reduction of the metabolic activity of spermatozoa as electrons passed from
other complexes are pumped out to the mitochondrial inter membrane space and also
used to convert oxygen to water.
5.3 Bovine Spermatozoal ATP Content

Bovine spermatozoal ATP was highly correlated with spermatozoal motility
parameters. These correlations are in agreement with previous studies which correlated
spermatozoal ATP content with motility in the bull (Januskauskas and Rodriguez101

Martinez, 1995; Reiger, 1997), boar (Johnson et al, 1981), domestic poultry (Wishart,
1982; Froman and Feltmann, 1998) , rabbit (Minelli et al, 1999), carp (Perchec et al,
1995) and human (Levin et al, 1981; Orlando et al, 1982; Comhaire et al, 1983; Chan
and Wang, 1987; Gottilieb et al, 1991; Bosman et al, 1994; Mahmoud et al, 1994).
Other researchers found a lacking correlations between human spermatozoal ATP content
and motility (Calamera et al, 1982; Irvine and Aitken, 1985; Pousette et al, 1986) while
some reported negative correlation (Schlegel et al, 1985). In previous studies, it was
suggested that the concentration of ATP of spermatozoa is related to their energetic
content and therefore could influence fertilizing potential (Comhaire et al, 1983; Irvine
and Aitken, 1985; Chan and Wang, 1987; Comhaire et al, 1987; Comhaire et al, 1989;
Gottilieb et al, 1991; Mahmoud et al, 1994). Therefore, ATP measurements were used as
a parameter to assess sperm function and the fertilizing potential of human spermatozoa
in infertility clinics (Comhaire et al, 1983; Irvine and Aitken, 1985; Chan and Wang,
1987; Comhaire et al, 1987; Comhaire et al, 1989; Gottilieb et al, 1991; Mahmoud et
al, 1994). Some researchers found a significant positive correlation between ATP content
of human spermatozoa and spermatozoal concentration, spermatozoal viability, motility
(Orlando et al, 1982; Comhaire et al, 1983; Irvine and Aitken, 1985; Chan and Wang,
1987; Comhaire et al, 1989; Comhaire et al, 1989; Gottilieb et al, 1991; Orlando et al,
1994) and in vitro potential to penetrate zona-free hamster oocytes (Comhaire et al, 1983;
Irvine and Aitken, 1985; Chan and Wang, 1987; Comhaire et al, 1989). However,
researchers found that the fertilizing potential of spermatozoa assessed by the sperm
penetration assay was due to sperm numbers and motility of spermatozoa used in the
assay rather than ATP content. This was based on performing the assay using
spermatozoa from fertile and infertile donors (Comhaire et al, 1983; Irvine and Aitken,
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1985; Chan and Wang, 1987; Comhaire et al, 1989). They concluded that measuring
ATP content of spermatozoa had a limited role in the laboratory evaluation of sperm
function, yet the technique was able to differentiate between fertile and infertile men
(Comhaire et al, 1983; Irvine and Aitken, 1985; Chan and Wang, 1987; Comhaire et al,
1989).
Results of several studies concerning the relation between spermatozoal ATP
content and different sperm parameters have been contradictory (Levin et al, 1981;
Calamera et al, 1982; Comhaire et al, 1983; Schlegel et al, 1985; Pousette et al, 1986;
Mieusset et al, 1989). In this study, we showed that cryopreservation decreased
spermatozoal ATP content. Cryopreservation killed spermatozoa and indirectly affected
mitochondrial function by substances leaking to the inside of spermatozoa through the
damaged sperm plasma membrane (Nath, 1972; Hammerstedt et al, 1990). Lowered
spermatozoal ATP content produced by mitochondria was reflected in two forms: the first
form occurred post-thaw in the extender treatments that contain glycerol regardless of
their antibiotic content. In these extender treatments, glycerol protected a percentage of
spermatozoa through the freeze-thaw process and they continued to make and utilize
ATP. The second form occurred post-thaw in the extender treatments containing no
glycerol regardless of their antibiotic content. Cryopreservation caused injury to all
spermatozoa, and ATP production/utilization stopped. A previous study showed lowered
human spermatozoal ATP post-thaw which occurred due to leakage because of cryolysis
(Bosman et al, 1994). In this study, ATP content (starting points) were similar (P > 0.05)
in the pre-freeze semen, but decreased (P < 0.05) after cryopreservation. Also the starting
points not only decreased after cryopreservation, but they were different in the extender
treatments that had glycerol compared to the extender treatments that did not have
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glycerol. In the extender treatments that contained glycerol, cryopreservation killed a
certain population of spermatozoa, and ATP content decreased likely due to ATP leakage
from those killed. In the extender treatments that did not have glycerol, cryopreservation
killed all spermatozoa and ATP decreased and was different from that in the extender
treatments that had glycerol. Therefore, leakage of ATP due to cryolysis was the main
factor in reducing the ATP content. This is in agreement with a previous study that
showed a reduction in human spermatozoal ATP post-thaw which occurred due to
leakage and was suggested due to cryolysis (Bosman et al, 1994)
In this experiment, using the luciferin-luciferase assay technique, we showed that
cryopreservation affected bovine spermatozoal metabolic function, reflected by the
decrease in spermatozoal ATP production/utilization. However, there was no effect of
antibiotics on bovine spermatozoal ATP production/utilization.
5.4 Analysis of the ND1 Gene of Bovine Spermatozoal MtDNA

Results of this experiment showed that extender composition and
cryopreservation significantly affected the change in amino acid frequency. Before
cryopreservation, it appeared that the presence of glycerol and antibiotics resulted in an
increase in the frequency in amino acid change in that extender treatment. However, the
presence of only antibiotics resulted in a decrease in the frequency in amino acid change.
After cryopreservation, there was an increase (P < 0.05) in the frequency of amino acid
change only in the extender treatment that had only antibiotics. Thus, there was no effect
of antibiotics on the frequency of amino acid change in the pre-freeze semen, yet it was
obvious in the frozen semen. Before cryopreservation and in the extender treatment
which had only antibiotics, the majority of spermatozoal mitochondrial membranes were
intact (based on IOMM and IIMM). Therefore, the antibiotics were unable to penetrate
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the mitochondrial membranes and exert their toxicity by increasing the frequency of
amino acid change. After cryopreservation and particularly in that extender treatment,
spermatozoa were not protected by glycerol, and spermatozoal mitochondrial membranes
were damaged during the freeze/thaw process. This damage rendered spermatozoal
mitochondrial membranes permeable for antibiotics to enter inside the cells and exert
their toxic effects.
The mismatch in the nucleotide base pairs in the analyzed bovine spermatozoal
mitochondria from the known sequence refers to a nucleotide sequence that codes for a
different amino acid and is therefore a mutation. Point mutations or multiple mtDNA
deletions have been reported to be associated with infertility in asthenozoospermic
(Folgero et al, 1993) and oligoasthenozoospermic (Lestienne et al, 1997) human patients.
(Kao et al, 1995; Kao et al, 1998) reported that mtDNA deletions in human spermatozoa
have been associated with a decline of motility and fertility. Also it has been shown that
mtDNA point mutations, mtDNA single nucleotide polymorphisms, and mtDNA
haplogroups can greatly influence semen quality (Holyoake et al, 1999; Ruiz-Pesini et
al, 2000b; Holyoake et al, 2001; Sutarno et al, 2002). May-Panloup et al (2003) found
that increased spermatozoal mtDNA content was associated with infertility in human
patients when compared to spermatozoal mtDNA content from semen samples obtained
from fertile individuals. To prove the relationship between mtDNA mutations and
spermatozoal function, Spiropoulos et al (2002) fractionated semen from individuals
according to spermatozoal motility using the Percoll fractionation method. Then, they
analyzed spermatozoal mtDNA from those fractionated semen samples using the last
cycle hot PCR method. Spiropoulos et al (2002) found a strong inverse correlation (r =
0.93, P = 0.009) between spermatozoal motility and A3243G mutation load. However,
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Huang et al (1994) reported normal spermatozoal motility in an asymptomatic carrier of
the A3243G mutation (38% A3243G mutation load) in a Chinese family. A more than
90% A3243G mutation load has been shown to be responsible for mitochondrial
biochemical defects in hybrid cell lines carrying this particular mutation (Chomyn et al,
1992). In another study, Chinnery et al (2000) showed that very low levels of the
A3243G mutation may cause a defect of mitochondrial energy metabolism in vivo.
In conclusion, antibiotics affected spermatozoal mitochondrial function as
evidenced by an increased (P < 0.05) frequency of amino acid change post-thaw. Although
this effect was significant in the extender treatment that had only antibiotics, other
treatments were affected but not significantly. Although in the extender treatments that
were protected by glycerol, structural changes in spermatozoal membranes due to
freeze/thaw processes and glycerol should not be ignored because the ultimate goal is to
increase the efficiency of spermatozoal metabolic function.
Isolated bovine liver mitochondrial ribosomes showed susceptibility to the
bacterial ribosome-targetted antibiotics lincomycin and tylosin, with low susceptibility to
lincomycin and tylosin at normal doses while higher doses affected mitoribosomes
(Denslow and O'Brien, 1978). Therefore, structural changes such as altered spermatozoal
plasma membranes due to the freeze/thaw processes as well as the osmotic effect of
glycerol could have permitted the entry of antibiotics to a certain subpopulations of
spermatozoa and increased their concentration inside spermatozoa and impacted their
metabolic function. The cocktail that the AI industry has adopted was tested and found to
be harmless to spermatozoa at certain concentrations (Lein, 1986; Lorton, 1986; Shin,
1986). However, Ahmad et al (1987) showed that the percentage of motile spermatozoa
was slightly but significantly depressed at the higher concentrations of linco-spectin tested
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in whole milk and with minocin in egg yolk citrate and egg yolk phosphate extenders. Of
the cocktail, only the antibiotic gentamicin reduced fertility on the basis of 59-d nonreturn
rates (Ahmad et al, 1987). Although all antibiotics in the cocktail target bacterial
ribosomes, there was selectivity of these drugs in regards to their toxicity. In rats treated
with 2 mg/Kg gentamicin sulfate for eight days, spermatogonial division was blocked and
spermatocytes I meiosis was partly or completely interrupted (Timmermans, 1974).
Therefore, the use of antibiotics should be further addressed and further research is needed
to determine the toxic effects of the antibiotic cocktail that the AI industry has adopted,
particularly the antibiotic gentamicin.
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CHAPTER 6
SUMMARY

In the first assay, there was a significant variation in reduction of resazurin among
the extender treatments (P < 0.05) in the pre-freeze semen. The bull main effect was not a
significant source of variation (P>0.05). Spermatozoal total and progressive motilities
(TM and PM, respectively), progressive, pathway and curvilinear velocities (PV, VAP
and VCL, respectively) analyses were different among the extender treatments (except
for PM) in the pre-freeze and frozen semen. There was significant correlation between
resazurin reduction rate and PM (r = 0.5, P < 0.05) as well as TM (r = 0.2, P < 0.05).
However, there was no correlation between resazurin reduction rate and PV, VAP and
VCL.
In the second assay, cytochrome c oxidase specific activities from spermatozoa
incubated with or without Triton X100 were not different among extender treatments (P >
0.05). However, incubation time and incubation with Triton X100 were significant
sources of variation (P < 0.05). Overall, incubation time decreased (P < 0.05) the
percentage of spermatozoa with intact outer mitochondrial membranes. Spermatozoal
citrate synthase specific activities from spermatozoa either incubated with or without
Triton X100 were not significantly different among extender treatments (P > 0.05).
However, incubation time and incubation with Triton X100 were only significant sources
of variation in citrate synthase specific activity (P < 0.05). In spermatozoa incubated
without Triton X100, there was a significant negative correlation between cytochrome c
oxidase specific activity and citrate synthase specific activity (r = -0.27, P < 0.05). There
was a significant negative correlation between total motility and cytochrome c oxidase
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specific activity from spermatozoa incubated without Triton X100 (r = -0.21, P < 0.05).
Overall, total and progressive motilities and progressive, pathway and curvilinear
velocities were not correlated with cytochrome c oxidase and citrate synthase specific
activities.
In the third assay, bull main effect was not a significant source of variation (P >
0.05) in bovine spermatozoal ATP content. Spermatozoal ATP content was significantly
different among extender treatments (P < 0.05). However, cryopreservation significantly
decreased spermatozoal ATP content. A significant (P < 0.05) positive correlation was
found between spermatozoal ATP content and TM, PM, PV, VAP and VCL (r = 0.72,
0.65, 0.70, 0.71 and 0.71 for TM, PM, PV, VAP and VCL, respectively, P < 0.05).
In the fourth assay, antibiotics increased the frequency of amino acid change in
the extender treatment group which had only antibiotics. Overall, higher frequencies of
amino acid change and an increased number of positions were found after
cryopreservation
There was a negative correlation between spermatozoal ATP content and
resazurin reduction (r = -0.30, P < 0.05). However, there was a positive correlation
between citrate synthase specific activities and resazurin reduction (r = 0.22, P < 0.05).
No correlation was found between ATP and both cytochrome c oxidase and citrate
synthase specific activities.
Results of the first three assays showed no significant effect of the antibiotics on
bovine spermatozoal mitochondrial function. Only assay 4 showed an effect of antibiotics
on the ND1 gene. Therefore, the effects of antibiotics on bovine spermatozoal
mitochondrial function should be further investigated and the use of antibiotics by the AI
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industry should be addressed. Generally, the major factor that significantly reduced
bovine spermatozoal mitochondrial function was cryopreservation.
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