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Abstract

In vitro semen analyses have been used for more than half a century to estimate the fertilizing
potential of a semen sample. Unfortunately, none of the assays developed provide results that
consistently correlate well with fertility. The reasons for this lack of consistency, due in part to the
complexity of the spermatozoon itself, the collection of fertility data, and factors beyond control of
the semen analyses themselves, are discussed. Different spermatozoal attributes that are necessary for
a spermatozoon to fertilize an oocyte are presented and assays used to evaluate each attribute
described. Although laboratory assay results do not correlate well with semen fertility, the importance
of conducting laboratory assays on every semen sample used for artificial insemination or to attempt
to determine causes for infertility, is discussed.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Since the advent of Al researchers have sought laboratory assays that would accurately
predict the fertilizing potential of a semen sample. This goal, however, has proven difficult
to achieve. This difficulty arises from the complex nature of the problem, dealing with the
complexities of the spermatozoon itself, with our ability to evaluate fertility, and with our
ability to manage the females to be inseminated.

Part of the complexity dealing with the spermatozoa, comes from the fact that each
spermatozoon is a multicompartmental cell that must possess many different attributes to
be able to fertilize an oocyte. Each spermatozoon must possess: (1) motility; (2) active
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mitochondria to supply the energy necessary for motility; (3) intact acrosomal membranes
that are capable of undergoing capacitation changes thereby permitting the acrosome
reaction to occur, but only at the correct moment; (4) receptors that permit the cell to bind
to the zona pellucida and to the oolemma; (5) plasma membranes that permit fusion with
the oolemma and (6) a nucleus that is capable of proper decondensation, nuclear
reorganization, and genetic performance to maintain zygotic and embryonic development
(just to name a few). Over the past 75 year, researchers developed laboratory assays for
many of the attributes spermatozoa require to fertilize an oocyte [1-4], but there are likely
many sperm attributes necessary to fertilize an oocyte that are unknown. There may also be
problems inherent in a specific assay that may limit the usefulness of the data obtained
using that assay [2,5]. In addition, because each spermatozoon requires many attributes to
fertilize an oocyte, an assay measuring only a single attribute will fail to detect
spermatozoa defective in a different attribute, and therefore, overestimate the number of
fertile spermatozoa in a semen sample (Fig. 1).

Unfortunately, because these assays evaluate a population mean for each attribute
measured, combining results from two or three different assays on the same sperm
population does little to determine the ‘true number of fertile sperm’ in a population. To
achieve this, we would need to assess all the attributes necessary for fertilization
simultaneously on each individual spermatozoon, as depicted in Fig. 1.

Problems also exist in defining and measuring fertility. Fertility can be described as the
percentage of females from which embryos are flushed after insemination, the percentage
of females that are pregnant a defined number of days after a single insemination or
multiple inseminations during a single heat cycle or several heat cycles, or the percentage
of females that deliver a live offspring after insemination (again single or multiple
inseminations over one or many heat cycles) [1,5]. Each of these is a very different
response and each reflects a different aspect of maternal input that is not likely to be
detected in a semen assay [S]. In addition, for fertility data to be useful, it must accurately
reflect the true fertilizing potential of the semen used [5]. Since fertility is a binomial
variable, relatively large numbers of females must be inseminated in order to achieve
precise, accurate fertility data. If only 10 females are inseminated, for example, the
variation for the fertility data will be about +25% [5,7]. Therefore, if 5 of 10 females
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Fig. 1. Hypothetical sub-populations of spermatozoa in a semen sample considered to be ““fertile” when one
attribute (1), two attributes (2), or greater numbers of attributes are measured simultaneously (adapted from
Amann and Hammerstedt [6]).
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become pregnant, true fertility of that semen sample could range from 25 to 75% [5,7]. In
order to determine a true fertility percentage with a variation of approximately +10%,
nearly 75 females per treatment must be inseminated, and at least 100 females must be
inseminated to reduce the variation to 7% [5,7]. Very few fertility studies are conducted
that inseminate sufficient numbers of females to produce reliable fertility data to correlate
semen analysis data with [5].

There are also few studies with sufficiently large numbers of males that have a wide
variation in fertility (possibly from 5 to 85%) to determine accurate correlations between
laboratory assay results and fertility. Most studies that utilize males with fertility ranges
sufficiently wide to detect possible fertility differences, inseminate too few females per
male to produce reliable fertility data. Erstwhile, studies utilizing sufficiently large
numbers of females to produce reliable fertility data utilize males with insufficient
variation in fertility to determine accurate correlations between fertility and laboratory
semen analyses [5].

Finally, fertility is also dependent upon the number of spermatozoa inseminated [§—10],
the age of the females being inseminated [11,12], and timing of insemination to ovulation
[5,12]. These variables are not detected in semen analysis.

Despite difficulties correlating laboratory data with fertility, laboratory evaluation of
semen quality remains important. Although laboratory semen analyses may not predict
actual fertilizing potential of a semen sample, the analysis may predict samples of low
fertility and allow exclusion of those samples from an artificial insemination program
[1,3,5,7].

2. Types of laboratory semen analyses

Laboratory semen assays can be classified in several ways. One major distinction is
between direct and indirect assays. Direct assays evaluate actual cells individually, while
indirect assays measure a component of the entire sample, such as the amount of an enzyme
released from the entire sperm sub-sample [2]. Although both types of assays can delineate
important attributes of spermatozoa, this review will focus mainly on direct assays. Within
the category of direct assays, sub-categories of assays can be distinguished in which semen
is evaluated using manual or automated techniques.

2.1. Manual/visual sperm analyses

Initially, semen assays were conducted by placing a sub-sample from the semen sample
on a microscope slide and visually evaluating the sub-sample. These types of assays using
fresh or fixed, unstained or stained sub-samples, remain a mainstay of the assays conducted
by most laboratories.

2.1.1. Unstained spermatozoa

Fresh unstained spermatozoa are commonly examined microscopically, to estimate the
percentage of motile sperm in a semen sample. Such estimations can include both the
percentages of total motile cells, as well as progressively motile cells. In addition, sub-
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samples can be fixed with formaldehyde or gluteraldehyde, and the morphology of the cells
evaluated using phase contrast or differential interference contrast (DIC) microscopy (see
review [3]).

2.1.2. Stained spermatozoa

These analyses usually require a spermatozoal sub-sample to be stained to enhance
visualizing the sperm (IVF or zona binding assays) or differences in organelle structure
(dried spermatozoal smears on a microscope slide) that can be evaluated visually using
microscopy [3,13-17].

2.2. Automated spermatozoal analyses

Manual analyses can suffer from human bias [2] as well as being time consuming, either
in the sample preparation or analysis itself, resulting in relatively few (usually <200)
spermatozoa being evaluated. Therefore, in recent years, techniques have been developed
to assess the same sperm attributes originally evaluated manually using automated
technologies.

2.2.1. Computer assisted sperm analysis (CASA)

CASA systems permit the evaluation of sperm motility in a relatively non-biased
manner. These systems also permit the velocities of spermatozoa to be determined. In
addition, some CASA systems are equipped with capabilities for evaluating the
morphology of spermatozoa.

2.2.2. Flow cytometry

Flow cytometry is a powerful tool for evaluating cells. It utilizes technologies that force
individual cells into a confined stream of fluid that passes through a laser beam. If the cells
have been previously stained with fluorescent dyes, dyes associated with the cells will
fluoresce, and the fluorescent light from each individual cell can be detected by
photomultiplier tubes contained within the machine. The power of this technology is that
approximately 50,000 cells can be counted in a minute, several different dyes can be added
to cells at the same time so that cells can be evaluated for different attributes
simultaneously, the staining techniques are all very simple and rapid, fixed or live cells can
be evaluated and fluorescent probes are currently available to evaluate nearly any cell
attribute one would wish to measure.

3. Analyses for attributes of cryopreserved spermatozoa
3.1. Sperm morphology

Common classification systems for the morphology of spermatozoa from different
species have been reported [3]. However, classification categories are different for the

various species and the adoption of a uniform system within each species is needed.
Spermatozoal abnormalities can be divided into primary and secondary abnormalities or in
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some classification systems major and minor abnormalities. Primary abnormalities are
believed to arise in the testis during spermatogenesis, while secondary abnormalities
are believed to occur after the sperm has left the testis. Classification systems utilizing
major and minor categories put less emphasis on where defects arise, but emphasize
their overall effect on subsequent fertility. Therefore, major defects are those associated
with impaired fertilizing potential, while minor defects have little effect on fertility
[18], and can usually be compensated for by adding more spermatozoa in the
inseminate [10].

It is unlikely that cryopreservation induces major changes in the morphology of
spermatozoa. However, poor handling techniques or sub-optimal cooling and freezing
conditions may induce irreversible changes such us acrosomal damage or reflex of the
sperm tail [3].

3.1.1. Visual assessment

Visual microscopic examination of fixed cells, unstained wet samples or stained dried
samples, has been conducted for many years to evaluate the percentages of
morphologically normal cells in a semen sample. Reports indicate that as the percentage
of morphologically abnormal cells increases in a semen sample, the fertility of the samples
decrease [10,13,17]. This is particularly true for samples containing high numbers of
spermatozoa with abnormal heads [10], nuclear vacuoles [19,20], and abnormal acrosomes
[13].

3.1.2. Morphometry

Although a subjective assessment of spermatozoal head shape can be conducted
visually, objective methods for measuring sperm nuclear shape have been developed using
digital images of sperm. Automated sperm head morphometry analysis systems determine
head length, width, and area and calculate permutations of these data such as width/length
and sperm perimeter, that have been used to categorize stallions into fertile and sub-fertile
groupings [21-24]. Digital spermatozoal images can also be analyzed using Fourier
functions to determine Fourier harmonic amplitudes of individual spermatozoa [25]. A
high relationship (r = 0.89, P < 0.05) has been reported between sperm nuclear shape and
the fertility of bull spermatozoa using this technique [26].

3.2. Sperm plasma membrane integrity

The integrity of the sperm plasma membrane is often synonymous with spermatozoal
viability, and most ‘viability assays’ actually assess whether or not the cell plasma
membrane is intact or not. In order to fertilize an oocyte, a sperm must have an intact and
competent plasma membrane. However, plasma membrane destabilization during the
freeze/thaw cycle causes intracellular ice formation [27], a major cause of cell death during
cryopreservation [28]. This membrane destabilization and/or disruption occur when
temperature is decreased and the membrane undergoes a phase transition from the fluid-
phase to the gel-phase. One of the consequences of membrane disruption is the loss of
intracellular components, such as metabolic enzymes and ATP, which ultimately leads to
cell death.
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3.2.1. Visual assessment

The integrity of the sperm plasma membrane can be assessed visually using light or
fluorescent microscopy. The plasma membrane of the spermatozoa, however, is not a
homogenous membrane but is actually compartmentalized into several domains and
different assays often assess only one domain. For example, the hypo-osmotic swelling
test, in which spermatozoa are incubated in hypo-osmotic media (usually from 50 to
150 mOsm, depending upon species) enables assessment of the plasma membrane
covering the principle piece [1,29,30]. For this assay, sperm are incubated in a hypo-
osmotic medium, and then assayed, using light microscopy. If the plasma membrane over
the principle piece is intact, the membrane will swell causing the tail to coil, while
spermatozoa with damaged principle piece membranes will not swell.

The integrity of membranes covering the sperm head is assessed after staining
the cells. Eosin—nigrosin or eosin aniline blue stains [3] are commonly used for dried
sperm smears, while the combination of carboxyfluoroscein diacetate (CFDA) with
propidium iodide (PI), or SYBR-14 with PI are commonly used to stain wet smears,
but must be assessed using fluorescent microscopy. PI is membrane-impermeant red
fluorescent molecule that enters the nucleus of a cell in which the plasma membrane
is damaged. CFDA is a membrane-permeant colorless substrate that is rapidly
converted by intracellular esterases into a membrane-impermeant green fluorescent
derivative [1,31]. Used in combination, cells with damaged membranes fluoresce red as
PI enters the cell, and intracellular esterases leak from the cell, therefore, CFDA is not
converted its green derivative. Cells with intact membranes fluoresce green as the
membranes prohibit PI entry and the retained esterases convert CFDA into a green
derivative.

In contrast, SYBR-14 is a membrane-permeant green fluorescent probe that binds to the
DNA in the nucleus of all cells, both membrane intact and membrane compromised. When
used in combination with PI, cells with intact plasma membranes only stain with SYBR-14
and fluoresce green, while cells with damaged plasma membranes stain with both SYBR-
14 and PI and fluoresce red, or red-orange as the fluorescence of the PI is brighter than that
of the SYBR-14 [32].

3.2.2. Fluorometry

Fluorometry is an indirect method of assessing the percentage of membrane-intact cells
in a semen sample [33]. In this technique, a semen sample is treated with a membrane
impermeant fluorescent probe, such as ethidium bromide, diamidino-phenylindole
dihydrochloride (DAPI), or Hoechst 33258, that binds to the DNA of cells with damaged
membranes causing them to fluoresce. The sample is then assayed with a fluorometer that
provides fluorescence intensity of only the ‘dead’ cells in the sample. The sample is then
treated with digitonin, which permeablizes all the cells and the sample assayed a second
time. The ratio of the fluorescence intensity of the first analysis compared to the
fluorescence intensity of the second analysis provides the percentage of dead cells in the
population. Additionally, spectropic assays for released enzymes have also been used to
assess the percentages of viable cells in a sperm population [2]. The advantages of these
assays compared to visual analysis are the rapidity of the assays and the ability to assess a
large number of cells.
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3.2.3. Flow cytometry

Using the same fluorescent probe combinations (CFDA/PI or SYBR-14/PI), flow
cytometry can directly determine the percentage of membrane-intact cells in a sperm
population [15,31,32].

3.3. Acrosomal membrane integrity

A spermatozoon must maintain an intact acrosome up to the time it binds to the zona
pellucida of the oocyte and undergoes the acrosome reaction, which releases the acrosomal
enzymes permitting the sperm to digest a hole through the zona pellucida, thereby allowing
the spermatozoa access to the oolemma [34]. Methods for visually evaluating acrosomal
status generally require the spermatozoa to be stained and have been extensively reviewed
[3,14]. Fluorometry [35] and flow cytometry [4,15,36,37] can also be used to evaluate the
acrosomal status of large populations of sperm.

3.4. Mitochondrial function

The mitochondria provide a majority of the ATP necessary for total spermatozoal
metabolism, including that necessary for sperm motility. This review will address
evaluation of sperm motility to assess mitochondrial function.

3.4.1. Sperm motility

The visual estimation of the percentage of motile spermatozoa in a semen sample is
likely the most common semen analysis conducted in the laboratory. More recently, many
laboratories evaluate sperm motion parameters using CASA or time-lapse photography
using conventional or digital cameras to reduce human bias and increase the number of
motion parameters (sperm velocity) that can be determined. Although a very important
assay, motility analyses evaluate only one spermatozoal attribute necessary to fertilize an
oocyte, and therefore, are not consistently highly correlated with fertility [2].

3.4.2. Direct mitochondrial evaluation

Several fluorescent probes have been used to evaluate sperm mitochondrial function.
Mitochondrial probes are actively transported into actively respiring mitochondria,
therefore, the more active the mitochondrial respiration, the more probe is accumulated.
Rhodamine 123 was initially used to evaluate sperm mitochondrial function [15,38], but
can only differentiate between respiring and non-respiring mitochondria. More recently,
JC-1 has been used to assess spermatozoal mitochondria function [39,40]. At low
concentrations, JC-1 remains in the monomeric state and fluoresces green. However, at
high concentrations, JC-1 forms aggregates that fluoresce orange. Therefore, JC-1 has not
only the ability to distinguish functional from non-functional mitochondrial, but permits
different levels of mitochondrial function to be determined by intensity of mitochondrial
‘orangeness’. In support of sperm motility being a measure of mitochondrial function, the
percentages of sperm with functioning mitochondria is highly correlated to sperm motility,
regardless of whether rhodamine 123 [38,41] or JC-1 [39,40] is used to evaluate
mitochondrial function.
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3.5. Sperm capacitation

In order to fertilize an oocyte, a spermatozoon must first become capacitated and bind
to the zona pellucida of the oocyte. Capacitation is a process in which many changes occur
within the spermatozoon including but not limited to; cholesterol efflux from the plasma
membrane [42,43], increases in intracellular calcium, bicarbonate, potassium, protein
phosphorylation, and a decrease in intracellular pH [44—46]. In the best case scenario, a
spermatozoon reaches the site of fertilization and completes capacitation at the time the
oocyte is present. However, cryopreservation results in a loss of lipids from the sperm
membranes [47] and a rearrangement of lipids and proteins within the membrane [48],
which results in a ‘“‘precapacitated” spermatozoa, resulting in a reduced fertilizing
lifespan for the spermatozoon [49,50]. Therefore, assays to evaluate sperm capacitation
can be used to evaluate the normalcy of spermatozoa after freezing and thawing, as well as
to monitor techniques designed to induce sperm capacitation for assisted reproductive
technologies.

Since there are many aspects of sperm capacitation many assays have been developed
which monitor one or more parts of the capacitation process. Changes in membrane fluidity
can be measured, using the probe merocyanin 540, as capacitation occurs [51]. Similarly,
changes in intracellular calcium levels using chlortetracycline [14], Indo-1 AM [36] or
fluo-3 AM [52], changes in protein phosphorylation [46,53] or the ability of sperm to
undergo an acrosome reaction when challenged with various acrosome reaction-inducing
compounds [35,54] can be assessed as sperm undergo capacitation.

3.6. Ability of sperm to bind to and fertilize oocytes

Assays that evaluate the ability of spermatozoa to bind to the zona pellucida and/or
penetrate/fertilize oocytes in vitro, have also been developed. These assays evaluate the
effectiveness (concentration and capacity) of sperm receptors to bind to the oocyte, the
oolemma and initiate fertilization. Most of these assays require special equipment, are time
consuming to perform, and are expensive to conduct.

3.6.1. Zona pellucida binding assay

In vitro assays in which the number of spermatozoa that bind to the zona pellucida
(either whole or pieces of the zona pellucida) after incubation for a set period of time have
been developed for spermatozoa from humans [55], bulls [56], boars [57], stallions [16]
and other species. Part of the difficulty in conducting these assays is obtaining sufficient
numbers of zona pellucidae. For this reason, partially dissected zona pellucidae are
sometimes used. Molecular similarity between the zona pellucida and the perivitelline
membrane of the hen’s egg permit spermatozoa from many species [58,59], including
stallion spermatozoa (Graham, unpublished) to bind to the perivitelline membrane. Setting
up such an assay is simple and hen perivitelline membrane material is plentiful.

3.6.2. Oocyte penetration assay
The zona-free hamster oocyte penetration test was developed by Yanagimachi [60] to
assess the fertilizing capacity of human spermatozoa [61]. Since then, this assay has been
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adapted for spermatozoa from many species. More recently, zona-free bovine oocytes have
also been used for bovine and stallion sperm penetration [52]. Since the zona pellucida is
removed from the oocytes, this assay can evaluate the capacitation/acrosome status of the
spermatozoa, as only sperm that have already undergone capacitation and an acrosome
reaction can penetrate the oocyte [60-62]. This assay, however, does not evaluate the
ability of spermatozoa to bind to and penetrate the zona pellucida, a formidable barrier to
spermatozoa reaching the oocyte.

3.6.3. In vitro fertilization assay

Assays in which the ability of spermatozoa to fertilize homologous oocytes in vitro,
have been developed for many domestic species, although techniques using equine
gametes have not been repeatable [3]. In addition, culturing the produced zygotes for
periods of time afterwards can also provide information on the genetic normalcy of
spermatozoa [63]. Caution must be used in interpreting data collected as in vitro
matured oocytes act differently than in vivo matured oocytes, both in their ability to
become fertilized and in their subsequent development after fertilization has taken
place.

3.7. Sperm chromosomal and genetic integrity

Not only does a spermatozoon have to get to the site of the oocyte, undergo timely
capacitation, bind to the zona pellucida, undergo an acrosome reaction and fuse with the
oolemma, it must also carry a nucleus that can properly decondense within the oocyte, fuse
with the female pronucleus and possess genes, whose products facilitate normal embryonic
development. Assays are currently being developed to evaluate these properties of
spermatozoa.

3.7.1. In vitro development

Eid et al. [63] reported that bull spermatozoa from both high-fertility and low-fertility
animals exhibited similar in vitro fertilization rates, but that the embryos produced by
sperm from low-fertility bulls developed more slowly than embryos produced by sperm
from high-fertility bulls. The authors hypothesize that higher numbers of sperm from low-
fertility bulls possess genetic abnormalities, which delay the onset and rate of embryonic
development [63,64].

3.7.2. Sperm chromatin structure assay

Nuclear abnormalities that affect gross chromosome structure may be detected in the
overall shape of the sperm nucleus, while abnormalities in chromatin structure can be
assessed by the susceptibility of chromatin to denature under certain conditions. Evenson
et al. [65] developed the ‘sperm chromatin structure assay’ (SCSA), in which the level of
denatured chromatin in sperm was assessed using the fluorescent probe acridine orange
after sperm were incubated in denaturing conditions. Under these conditions, bull, mouse,
and human spermatozoa from males with high fertility exhibited less denaturation than
sperm from low-fertility males [65]. Similar results have been reported for boars [66], bulls
[67], and stallions [68,69].
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3.8. Simultaneous analysis of multiple spermatozoal attributes

Several laboratory assays have been developed that evaluate several spermatozoal
attributes simultaneously on the same spermatozoon [14,15,37-39]. Such assays increase the
likelihood of more accurately identifying sub-populations of fertile sperm in a sample and are
more powerful than conducting single assessments of the same sperm attributes on different
sub-samples of the semen sample, which may only still measure two or three attributes.

4. Correlating laboratory results with semen fertility

Correlations between laboratory results and fertility are inconsistent between studies
[2,6,7]. Part of the reason for this is that sperm must possess many attributes to fertilize an
oocyte, not merely one or two oreven three attributes. Secondly, for most attributes, there is not
a continuum from a minimum to a maximum that affects fertility, but instead a spermatozoa
must possess a sufficient amount of each attribute to fertilize an oocyte [6]. Therefore, when
evaluating a specific sperm attribute, we can postulate which samples are likely to have poor
fertilizing capacity, but are unable to determine if a particular sample will be fertile. In
addition, as mentioned previously, there are many variables (management of females to be
inseminated, age of females to be inseminated, competence of inseminator, etc.) that have a
marked effect on fertility outcome, but have nothing to do with semen itself [5]. Finally, our
ability to determine ‘fertility’ accurately is dependent upon having sufficient numbers of
inseminations from a particular semen sample [5]. Taken together, it is unlikely that any
laboratory will consistently have laboratory assay results that correlate well with fertility.

5. Conclusions

Some of the basic laboratory assays for analyzing spermatozoa have been described as
well as the spermatozoal attributes each assesses. Relatively few of these assays are
conducted on every semen sample, and it is unreasonable that many of these assays should
be conducted on every semen sample, due to time and expense. However, these assays
might be performed on selected semen samples from males that are exhibiting low fertility
to determine more precisely what spermatozoal attributes are compromised. Steps may
then be taken to attempt to correct the deficiency, if possible. Unfortunately, it is very
unlikely that results from any single laboratory assay will effectively estimate the
fertilizing potential of a semen sample. However, laboratory assays are important, as they
can help to eliminate poor samples from being used for artificial insemination and to
determine what spermatozoal defects are present in samples with poor fertility.

Acknowledgments

Funds from Secretaria de Estado y Universidades, Fondo Social Europeo (ref. EX2003-
1028) and the Colorado Experiment Station supported this work.



502 J.K. Graham, E. Mocé/Theriogenology 64 (2005) 492-504

References

[1] Colenbrander B, Gadella BM, Stout TAE. The predictive value of semen analysis in the evaluation of stallion
fertility. Reprod Domest Anim 2003;38:305-11.

[2] Graham EF, Schmehl MKL, Nelson DS. Problems with laboratory assays. In: Proceedings of the Eighth
Technical Conference on Artificial Insemination; 1980. p. 59-66.

[3] Graham JK. Analysis of stallion semen and its relation to fertility. Vet Clin North Am Equine Pract
1996;12:119-29.

[4] Graham JK. Assessment of sperm quality: a flow cytometric approach. Anim Reprod Sci 2001;68:
239-47.

[5] Amann RP. Weaknesses in reports of ““fertility” for horses and other species. Theriogenology 2005;63:698—
715.

[6] Amann RP, Hammerstedt RH. In vitro evaluation of sperm quality: an opinion. J Androl 1993;14:397-406.

[7]1 Amann RP. Can the fertility potential of a seminal sample be predicted accurately? J Androl 1989;10:89-98.

[8] den Daas N. Laboratory assessment of semen characteristics. Anim Reprod 1992;28:87-94.

[9] den Daas JHG, de Jong G, Lansbergen LMTE, van Wagtendonk-de Leeuw AM. The relationship between the
number of spermatozoa inseminated and the reproductive efficiency of individual dairy bulls. J Dairy Sci
1998;81:1714-23.

[10] Saacke RG. Fertility in the bovine male: current status and future prospects (an opinion). In: Proceedings of
the 18th Technical Conference on Artificial Insemination; 2000. p. 90-6.

[11] Carnevale EM, Ginther OJ. Defective oocytes as a cause of subfertility in old mares. Biol Reprod Monogr
1995;1:209-14.

[12] Samper JC, Vidament M, Katilia T, Newcombe J, Estada A, Sargent J. Analysis of some factors associated
with pregnancy rates of frozen semen: a multi-center study. Theriogenology 2002;58:647-50.

[13] Andersson M, Vierula M, Alanko M. Three types of acrosomal aberrations of bull spermatozoa and their
relation to fertility. Acta Vet Scand 1990;31:175-9.

[14] Cross NL, Meizel S. Methods for evaluating the acrosomal status of mammalian sperm. Biol Reprod
1989;41:635-41.

[15] Graham JK, Kunze E, Hammerstedt RH. Analysis of sperm cell viability, acrosomal integrity, and
mitochondrial function using flow cytometry. Biol Reprod 1990;43:55-64.

[16] Meyers SA, Liu IKM, Overstreet JW, Vadis S, Drobnis EZ. Zona pellucida binding and zona-induced
acrosome reactions in horse spermatozoa: comparisons between fertile and subfertile stallions. Theriogen-
ology 1996;46:1277-88.

[17] Saacke RG. Morphology of the sperm and its relationship to fertility. In: Proceedings of the Third Technical
Conference on Artificial Insemination; 1970. p. 17-30.

[18] Blom E. The ultrastructure of some characteristic sperm defects and a proposal for a new classification of the
bull spermiogram. Nord Vet Med 1873;25:383-91.

[19] Miller DM, Hrudka F, Cates WF, Mapletoft RJ. Infertility in a bull with a nuclear sperm defect: a case study.
Theriogenology 1982;17:611-21.

[20] Soderquist L, Janson L, Larson K, Einarsson S. Sperm morphology and fertility in Al bulls. Zent fur
Veterinarmedizin-Reihe A 1991;38:534-43.

[21] Casey PJ, Gravance CG, Davis RO, Chabot DD, Liu IKM. Morphometric differences in sperm head
dimensions of fertile and subfertile stallions. Theriogenology 1997;47:575-82.

[22] Davis RO, Gravace CG, Casey PJ. Automated morphometric analysis of stallion spermatozoa. Am J Vet Res
1993;54:1808-11.

[23] Gravance CG, Champion Z, Liu IK, Casey PJ. Sperm head morphometry analysis of ejaculate and dismount
stallion semen samples. Anim Reprod Sci 1997;47:149-55.

[24] Gravance CG, Liu IK, Davis RO, Hughes JP, Casey PJ. Quantification of normal head morphometry of
stallion spermatozoa. J Reprod Fertil 1996;108:41-6.

[25] Ostermeier GC, Sargeant GA, Yandell TBS, Parrish JJ. Measurement of bovine sperm nuclear shape using
Fourier harmonic amplitudes. J Androl 2001;22:584-94.

[26] Ostermeier GC, Sargeant GA, Yandell TBS, Evenson DP, Parrish JJ. Relationship of bull fertility to sperm
nuclear shape. J Androl 2001;22:595-603.



J.K. Graham, E. Mocé/Theriogenology 64 (2005) 492-504 503

[27] Steponkus PL, Dowgert MF, Gordon-Kamm W1J. Destabilization of the plasma membrane of isolated plant
protoplasts during a freeze—thaw cycle: the influence of cold acclimation. Cryobiology 1983;20:448-65.

[28] Mazur P. The role of intracellular freezing in the death of cells cooled at supraoptimal rates. Cryobiology
1977;14:251-72.

[29] Jeyendran RS, Van der Ven HH, Perez-Pelaez M, Crabo BG, Zaneveld LID. Development of an assay to
assess the functional integrity of the human sperm membrane and its relationship to other semen
characteristics. J Reprod Fertil 1984;70:219-28.

[30] Neild DM, Chaves MG, Flores M, Miragaya MH, Gonzalez E, Agiiero A. The HOS test and its relationship
to fertility in the stallion. Andrologia 2000;32:351-5.

[31] Garner DL, Johnson LA, Allen CH. Fluorometric evaluation of cryopreserved bovine spermatozoa extended
in egg yolk and milk. Theriogenology 1988;30:369-78.

[32] Garner DL, Johnson LA. Viability assessment of mammalian sperm using SYBR-14 and propidium iodide.
Biol Reprod 1995;53:276-84.

[33] Bilgili SF, Renden JA. Flurometric determination of avian sperm viability and concentration. Poultry Sci
1984;63:2275-7.

[34] Yanagimachi R. Mechanisms of fertilization in mammals. In: Mastroianni L, Biggers JD, editors.
Fertilization and embryonic development in vitro. Plenum Publ.; 1981. p. 81-182.

[35] Salazar P, Graham JK, Parrish JJ, Susko-Parrish J, Squires EL. Indirect determination of stallion sperm
capacitation based on esterase release from spermatozoa challenged with lysophosphatidylcholine. J Reprod
Fertil Suppl 2000;56:407-14.

[36] Purdy PH, Graham JK. Effect of adding cholesterol to bull sperm membranes on sperm capacitation, the
acrosome reaction and fertility. Biol Reprod 2004;71:522-7.

[37] Wilhelm KM, Graham JK, Squires EL. Comparison of the fertility of cryopreserved stallion spermatozoa
with sperm motion analysis, flow cytometric evaluation, and zona-free hamster oocyte penetration.
Theriogenology 1996;46:559-758.

[38] Evenson DP, Darzynkiewicz Z, Melamed MR. Simultaneous measurement by flow cytometry of sperm cell
viability and mitochondrial membrane potential related to cell motility. J Histochem Cytochem
1982;30:279-80.

[39] Garner DL, Thomas CA, Joerg HW, DelJarnette JM, Marshall CE. Fluorometric assessments of mitochon-
drial function and viability in cryopreserved bovine spermatozoa. Biol Reprod 1997;57:1401-6.

[40] Thomas CA, Garner DL, DeJarnette JM, Marshall CE. Effect of cryopreservation on bovine sperm organelle
function and viability as determined by flow cytometry. Biol Reprod 1998;58:786-93.

[41] Auger J, Ronot X, Dadoune JP. Human sperm mitochondrial function related to motility: a flow and image
cytometric assessment. J Androl 1989;10:439-48.

[42] Ehrenwald E, Foote RH, Parks JE. Cholesterol efflux from bovine sperm. I. Induction of the acrosome
reaction with lysophosphatidylcholine after reducing sperm cholesterol. Gamete Res 1988;20:1-13.

[43] Langlais J, Roberts KD. A molecular membrane model of sperm capacitation and the acrosome reaction of
mammalian sperm. Gamete Res 1985;12:183-224.

[44] Parrish JJ, Susko-Parrish JL, Graham JK. In vitro capacitation of bovine spermatozoa: role of intracellular
calcium. Theriogenology 1999;51:461-72.

[45] Visconti PE, Kopf GS. Regulation of protein phosphorylation during sperm capacitation. Biol Reprod
1998;59:1-6.

[46] Visconti PE, Ning XP, Fornes MW, Alvarez JG, Stein P, Connors SA, et al. Cholesterol efflux mediated signal
transduction in mammalian sperm: cholesterol release signals an increase in protein tyrosine phosphoryla-
tion during mouse sperm capacitation. Dev Biol 1999;214:429-43.

[47] Darin-Bennett A, Poulos A, White IG. The effect of cold shock and freeze-thawing on release of
phospholipids by ram, bull, and boar spermatozoa. Aust J Biol Sci 1973;26:1409-20.

[48] Hammerstedt RH, Graham JK, Nolan JP. Cryopreservation of mammalian sperm: what we ask them to
survive. J Androl 1990;11:73-88.

[49] Bailey JL, Bilodeau JF, Cormier N. Semen cryopreservation in domestic animals: a damaging capacitating
phenomenon. J Androl 2000;21:1-7.

[50] Cormier N, Sirard MA, Bailey JL. Premature capacitation of bovine spermatozoa is initiated by cryopre-
servation. J Androl 1997;18:461-8.



504 J.K. Graham, E. Mocé/Theriogenology 64 (2005) 492-504

[51] Flesch FM, Brouwers JF, Nievelstein PF, Verkleij AJ, van Golde LM, Colenbrander B, et al. Bicarbonate
stimulated phospholipid scrambling induces cholesterol redistribution and enables cholesterol depletion in
the sperm plasma membrane. J Cell Sci 2001;114:3543-55.

[52] Landim-Alvarenga FC, Graham JK, Alvarenga MA, Squires EL. Calcium influx into equine and bovine
spermatozoa during in vitro capacitation. Anim Reprod 2004;1:96-105.

[53] Pommer AC, Rutllant J, Meyers SA. Phosphorylation of protein tyrosine residues in fresh and cryopreserved
stallion spermatozoa under capacitating conditions. Biol Reprod 2003;68:1208-14.

[54] Parrish 1], Susko-Parrish J, Winer MA, First NL. Capacitation of bovine sperm by heparin. Biol Reprod
1988;38:1171-80.

[55] Franken DR. The clinical significance of sperm—zona pellucida binding. Front Biosci 1998;3:247-53.

[56] Braundmeier AG, Demers JM, Shanks RD, Saacke RG, Miller DJ. Examination of the binding ability of
bovine spermatozoa to the zona pellucida as an indicator of fertility. J Androl 2002;23:645-51.

[57] Braundmeier AG, Demers JM, Shanks RD, Miller DJ. The relationship of porcine sperm zona-binding ability
to fertility. J Anim Sci 2004;82:452-8.

[58] Amann RP, Hammerstedt RH, Shabanowitz RB. Exposure of human, boar, or bull sperm to synthetic peptide
increases binding to an egg-membrane substrate. J Androl 1999;20:34-41.

[59] Amann RP, Shabanowitz RB, Huszar G, Broder SJ. In vitro sperm-binding assay to distinguish differences in
populations of human sperm or damage to sperm resulting form cryopreservation. J Androl 1999;20:648-54.

[60] Yanagimachi R. Penetration of guinea pig spermatozoa into hamster eggs in vitro. J Reprod Fertil
1972;28:477-80.

[61] Yanagimachi R, Yanagimachi H, Rogers BJ. The use of zona-free animal eggs as test-system for the
assessment of the fertilizing capacity of human spermatozoa. Biol Reprod 1976;15:471-6.

[62] Hanada A, Chang MC. Penetration of hamster and rabbit zona-free eggs by rat and mouse spermatozoa with
special reference to spermatozoa capacitation. J Reprod Fertil 1976;46:239-41.

[63] Eid LN, Lorton SP, Parrish JJ. Paternal influence on S-phase in the first cell cycle of the bovine embryo. Biol
Reprod 1994;51:1232-7.

[64] Parrish JJ, Eid L. In vitro fertilization and its relationship to bull fertility. In: Proceedings of the 15th
Technical Conference on Artificial Insemination; 1994. p. 68-73.

[65] Evenson DP, Darzynkiewicz Z, Melamed MR. Relation of mammalian sperm chromatin heterogeneity to
fertility. Science 1980;210:1131-3.

[66] Evenson DP, Thompson L, Jost L. Flow cytometric evaluation of boar semen by the sperm chromatin
structure assay as related to cryopreservation and fertility. Theriogenology 1994;41:637-51.

[67] Ballachey BE, Hohenboken WD, Evenson DP. Heterogeneity of sperm nuclear chromatin structure and its
relationship to bull fertility. Biol Reprod 1987;36:915-25.

[68] Kenney RM, Evenson DP, Garcia MC, Love CC. Relationship between sperm chromatin structure, motility,
and morphology of ejaculated sperm and seasonal pregnancy rate. Biol Reprod Monogr Ser 1 Equine Reprod
VI 1995;647-53.

[69] Love CC, Kenney RM. The relationship of increased susceptibility of sperm DNA to denaturation and
fertility in the stallion. Theriogenology 1998;50:955-72.



