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T.A.E. Stoutd, B. Colenbranderc,d,∗

a Department of Theriogenology, School of Veterinary Sciences,
University of Buenos Aires, Argentina

b Departments of Biochemistry and Cell Biology, Faculty of Veterinary Medicine,
Utrecht University, The Netherlands

c Farm Animal Health, Faculty of Veterinary Medicine, Utrecht University,
The Netherlands

d Department of Equine Sciences, Faculty of Veterinary Medicine, Utrecht University,
Yalelaan 12, 3584 CM Utrecht, The Netherlands

Abstract

In general, fertility in breeding stallions is lower and more variable than in the other farm animal
species, primarily because selection is based on pedigree, looks and/or athletic performance, with
little consideration of fertility or fertility potential. Moreover, because the average stallion breeds
only a limited number of mares per year and in-field fertility is influenced significantly by non-
stallion factors such as management and mare fertility, meaningful fertility data are hard to come-by.
Unfortunately, generating usable figures would involve impractically high costs, time and numbers
of mares. Instead, a breeding soundness examination (BSE), based on assessments of sperm number,
motility and morphological normality and of mating ability, is often carried out with the ostensible aim
of identifying animals with the “potential for good fertility”. In fact, the BSE generally succeeds only
in ruling out those stallions with a very clear reason for sub-fertility, and still fails to identify some
seriously sub-fertile animals. Thus, the routine BSE has very limited use as a predictor of subsequent
fertility. This paper reviews assays developed for identifying capacitated, acrosome-reacted and DNA-
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damaged sperm, and assesses their utility for improving our ability to predict a stallion’s fertility prior
to the onset of his breeding career.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Stallion reproductive performance depends on a number of inter-related factors, these
include management, fertility of inseminated mares, freedom from venereal pathogens,
libido, mating ability and semen quality (Amann, 2005). A breeding soundness examination
(BSE) aims to examine the last three of these factors to give an indication of an individual’s
suitability to become a breeding stallion, i.e. to give an indication of fertility potential.
The primary objective of the BSE is thus to determine whether a stallion has the desire
and ability, under the conditions that he will subsequently have to operate, to successfully
mount a mare or phantom, insert his penis into the vagina or artificial vagina, and ejaculate
semen of sufficient quality (in terms of number, progressive motility and morphological
normality) to achieve an acceptable pregnancy rate when he is used to breed a reasonable
number of mares per season (Blanchard and Varner, 1996). In this latter respect, one of the
parameters estimated during a BSE is sperm production capacity, and although this measure
does not correlate closely with fertility per se (Parlevliet and Colenbrander, 1999), it does
give valuable information on the number of mares a stallion can cover, or insemination doses
he can produce in a day, week or breeding season; exceeding these limits will negatively
affect apparent fertility. However, while a BSE is useful for identifying stallions that clearly
do not meet the criteria for adequate fertility, it is of limited value for predicting fertility
and, in some cases, fails to identify seriously sub-fertile animals (Colenbrander et al.,
2003). Because of the limitations of the standard BSE for predicting fertility, a range of
alternative tests have been developed and investigated in the hope of finding one that is
simple, inexpensive and that correlates closely with in-field fertility. Recently, attention has
been paid to assays that evaluate capacitation, the acrosome reaction (AR) and chromatin
structure, since these are capacities or structures essential for successful fertilization and
the establishment of a viable pregnancy.

2. Capacitation

After ejaculation, mammalian spermatozoa must still undergo a series of membrane-
architectural and metabolic changes before they acquire the ability to bind to the zona
pellucida (ZP) and fertilise an oocyte; these changes are collectively known as capacitation
and normally take place within the female genital tract. The most important aspects of
capacitation are the changes that enable a sperm to recognize the ZP and undergo the AR in
response to ZP-binding; these changes include the facilitation of calcium entry into the cell
(Baldi et al., 1991; Okamura et al., 1993; Parrish et al., 1999), increased intracellular calcium
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and cAMP levels (Visconti and Kopf, 1998; Florman et al., 1989; Visconti et al., 1990),
increased membrane fluidity secondary to alterations in lipid composition and architecture
(Bearer and Friend, 1982; Langlais and Roberts, 1985; Harrison et al., 1996; Flesch and
Gadella, 2000; Harrison and Gadella, 2005) and changes in metabolic activity leading to the
acquisition of hypermotility (Yanagimachi, 1994; Nassar et al., 1999). Once capacitated,
a sperm cell can bind to the ZP and respond to this binding by undergoing the AR, an
exocytotic event that is instrumental to ZP-penetration and subsequent fusion of the sperm
plasma membrane with the oolemma. The ability to undergo capacitation is thus a critical
component of a sperm’s fertilizing capacity. On the other hand, once capacitated, a sperm
cell has reduced subsequent longevity (Watson, 1995).

Because in vivo capacitation takes place within the uterus and oviduct (Thomas et al.,
1995), it is difficult to study. On the other hand, many aspects of sperm activation can be
replicated by specific in vitro conditions/media, many of which (e.g. elevated bicarbonate
concentrations) essentially replicate the physiological changes a sperm cell will encounter
during its journey from the epididymis to the oviduct. One of the first events to be established
as a signal that capacitation is in progress was sperm hyperactivation (Yanagimachi, 1994).
Recently, it was shown that hyperactivation occurs within seconds of exposing a sperm to
IVF medium, and that it is triggered by the phosphorylation of serine and threonine residues
of specific sets of sperm proteins. This phosphorylation is a result of bicarbonate/soluble
adenylate cylcase activation of protein kinase A (PKA;Wennemuth et al., 2003; Harrison,
2004). This suggests that, under IVF conditions at least, hyperactivation is a very early
event in the capacitation process. However, while the vigorous non-progressive movement
of hyperactive sperm is characteristic, it is interspersed with periods of immotility (Rathi
et al., 2001) that may make estimations of number of hyperactive sperm rather inaccurate.
Alternative ways of monitoring capacitation include changes detected by fluorescent labels
such as chlortetracylcine (CTC:Saling and Storey, 1979).

CTC is a fluorescent antibiotic whose distribution on the sperm changes during the tran-
sition from the non-capacitated, to the capacitated and then to the acrosome-reacted state,
thereby allowing differentiation of various steps in the sperm activation process (Varner
et al., 1993). The exact process visualized by CTC staining remains unclear, but it has
been proposed to relate to the capacity of CTC to chelate calcium or to bind to a calcium-
binding substance or an anionic peptide in the sperm plasma membrane (Yanagimachi,
1994). However, CTC staining alone gives no indication of sperm viability and, therefore,
the protocol was recently combined with Hoechst 33258-labelling so that sperm identi-
fied as capacitated or acrosome reacted could simultaneously be classified as viable or
degenerate (Neild et al., 2003); this approach is simple to replicate in-field conditions.
On the down side, CTC staining is laborious because it is not amenable to flow cyto-
metric evaluation, and it may be prone to artefacts because it involves fixing the sperm
(Rathi et al., 2001). For these reasons, CTC staining has largely been superseded by
more specific probes for capacitation whose presence can be evaluated flow cytomet-
rically. One such stain is merocyanine 540, a reporter probe for phospholipid disorder
which is often used in conjunction with a membrane impermeable nucleic acid stain,
such as Yo-Pro-1, to allow simultaneous detection of capacitation and live-dead status
(Rathi et al., 2001). In the resting sperm, phospholipids are distributed asymmetrically
between the inner and outer leaflets of the sperm plasma membrane bilayer, this asym-
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metry is maintained enzymatically and is largely responsible for the non-reactivity of the
plasma membrane of non-capacitated sperm. Bicarbonate-induced capacitation involves a
breakdown in phospholipid asymmetry (‘scrambling’) that leads to the plasma membrane
becoming more ‘fusogenic’; the relative phospholipid disorder also allows merocyanine
intercalation, and it is this increased uptake of merocyanine that signals the occurrence of
capacitation (Gadella et al., 1995). Rathi et al. (2001)found that the phospholipid scram-
bling detected by merocyanine 540 occurs earlier in capacitation than the changes detected
by CTC staining and, because merocyanine 540 uptake can be measured flow cytometri-
cally, the authors concluded that this was a quicker and more accurate way of detecting
capacitation.

Another marker for a critical event in capacitation is the fluorescent antibiotic, filipin, that
complexes unesterified cholesterol and can be used to monitor changes in sperm cholesterol
distribution (Colenbrander et al., 2002). In non-capacitated sperm, cholesterol is distributed
evenly over the entire sperm head. However, in the presence of bicarbonate, a proven inducer
of capacitation, cholesterol leaves the equatorial and post-equatorial regions of the sperm
head and becomes concentrated in the apical region. Subsequent to this bicarbonate-induced
redistribution, cholesterol can be removed from the sperm plasma membrane by a cholesterol
‘scavenger’ such as albumin. This cholesterol depletion appears to be a rate limiting step in
capacitation and critical to the activation of tyrosine kinases (Visconti et al., 1999). In turn,
tyrosine phosphorylation of sperm proteins is critical to capacitation (Visconti and Kopf,
1998) because it leads to changes in protein conformation that contribute to increased ZP
affinity (Pukazhenthi et al., 1998), hypermotility (Nassar et al., 1999) and the induction of
the acrosome reaction (Benoff, 1998).

The significance of detecting capacitated sperm is two-fold. Sperm that are already
capacitated prior to insemination are likely to be of reduced longevity and of questionable
use for fertilisation in vivo unless insemination occurs very close to ovulation. On the
other hand, because the ability to capacitate is absolutely critical to fertilising capacity,
failure of a large proportion of sperm to undergo capacitation in response to a physiological
inducer may be a useful indicator of likely sub-fertility (Samper, 2000). The importance
of sperm remaining non-capacitated prior to insemination is supported by studies that
separated capacitated and non-capacitated sperm by Sephadex filtration, where the
ability of capacitated stallion sperm to bind to Sephadex appears to be due to stallion
clusterin and four other, as yet unidentified, membrane proteins (Samper et al., 1995).
Glass-wool–Sephadex filters combine the ability of Sephadex to trap capacitated cells
with that of glass-wool to trap acrosome-reacted and membrane-damaged (dead) cells
(Samper and Crabo, 1993; Samper et al., 1995). These authors reported a high correlation
between the fertility of frozen stallion semen and the percentage of sperm passing through
glass-wool/Sephadex (r = 0.93) or just Sephadex filters (r = 0.84), presumably because the
trapped sperm were either dead, acrosome-reacted (and therefore no longer capable of
fertilisation) or capacitated (and therefore of limited longevity). The correlation of glass-
wool/Sephadex passage for fresh semen (r = 0.83 and 0.64, respectively) was lower, but still
significant. Presumably the higher correlation of glass-wool–Sephadex passage to fertility
for frozen-thawed semen is because the most significant source of ‘infertile’ sperm in this
instance is membrane damage and capacitation-like changes induced by the freeze-thaw
process.
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3. Acrosome reaction and acrosomal function

The AR is an irreversible event that, under physiological conditions, is induced specifi-
cally by zona-binding and can only occur after sperm capacitation is complete. During the
AR, the plasma membrane fuses with the outer acrosomal membrane at multiple sites over
the anterior part of the sperm head. This results in the release of acrosomal contents (mainly
enzymes) that promote sperm interaction with, and subsequent digestion and penetration
of, the ZP. An important consequence of the AR is the acquisition of fusogenicity by the
equatorial segment of the plasma membrane; this is required for the sperm to bind to and
fuse with the oolemma (Yanagimachi, 1994). The AR can be induced artificially using
calcium ionophores such as ionomycin and A23187, or lysophosphatidylcholine. However,
the modes of action of these AR-inducers are considered non-physiological because they
bypass normal intracellular regulatory mechanisms and instead, respectively, allow a mas-
sive influx of calcium or artificially enhance membrane fusogenicity (Gadella et al., 1995).
Physiological inducers of the AR are still under study but it is believed that, as well as ZP,
several components of ovarian follicular fluid come into this category (Bruker and Lipford,
1995). In the horse, follicular fluid has been shown to induce the AR in pre-incubated
stallion spermatozoa, and progesterone was found to be involved in this process (Cheng et
al., 1998a; Rathi et al., 2003). Indeed, it appears that progesterone enhances both sperm-ZP
binding and ZP-mediated induction of the AR via specific receptors on the plasma
membrane (Cheng et al., 1998b). Moreover,Rathi et al. (2000)found a high correlation
(r = 0.73–0.84) between stallion fertility and the percentage of sperm that exposed pro-
gesterone receptors after incubation in capacitation media. Similarily,Meyers et al. (1995)
reported a correlation between the inability of sperm to expose progesterone receptors when
stimulated by progesterone, and sub-fertility in some stallions. Thus, the ability to AR in
response to a physiological inducing agent appears to be an important indicator of fertilizing
capacity.

Column filtration techniques such as glass wool and glass bead filtration have been
suggested as useful ways of evaluating acrosome integrity, because they trap membrane-
damaged or acrosome-reacted cells but allow motile, membrane-intact sperm to pass
through. As with Sephadex filtration, however, this is probably of more practical signif-
icance for frozen semen in which the proportion of acrosome-reacted or damaged sperm is
generally much higher than in fresh semen.

Microscopic techniques described for evaluating acrosome integrity include transmission
electron microscopy, and light microscopy combined with stains such as Spermac and Wells
and Awa (Wells and Awa, 1970). The dual stain technique (DS: Trypan blue and Giemsa)
is a simple procedure that generates four categories of sperm: either viable or non-viable
combined with acrosome intact or reacted (Didion et al., 1989). A variation of this technique
is the triple stain (TS: Trypan blue, Bismark brown and Rose bengal) that is used for
evaluating evidence of the AR using bright-field microscopy.Varner et al. (1987)reported
the detection of the AR in equine sperm using TS to be strongly correlated with that by
TEM, but found that trypan blue uptake by sperm heads (to characterize non-viable sperm)
was inconsistent. Indirect immuno-fluorescence techniques using monoclonal antibodies
(Blach et al., 1988; Zhang et al., 1990) can also be used to investigate the acrosomal status
of stallion sperm, but the antibodies are not easy to acquire.
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The technique currently most widely used to analyse the acrosome reaction is the binding
of fluorescently-labelled lectins such as fluorescein isothiocyanate conjugated concanavilin
A (FITC-ConA: Blanc et al., 1991) or Pisum sativum agglutinin fluorescein conjugate
(FITC-PSA:Farlin et al., 1992). Electron microscopy has been used to confirm that FITC-
PSA labels the acrosome (Casey et al., 1993; Meyers et al., 1995) but, because it also binds
to sugar residues in the ZP (Skutelsky et al., 1994), PSA cannot be used for assessing the AR
during sperm-oocyte interaction. By contrast, fluorescein isothiocynate conjugatedArachis
hypogea agglutinin (FITC-PNA) binding is limited to the acrosomal cap of the sperm, or
more specifically to the outer acrosomal membrane (OAM) with no binding to the plasma
membrane (verified by immuno-electron microscopy;Cheng et al., 1996). Because PNA
does not bind to the ZP, it can be used to assess the AR during gamete interaction (Cheng
et al., 1996).

Another proposed in vitro assay of sperm function is acrosin amidase activity (Ball et
al., 1997), where acrosin is a serine proteinase that is associated with the acrosome of
mammalian sperm and is thought to be important to the AR, sperm-ZP binding and ZP
penetration. However, whileBall et al. (1997)found significant inter-stallion and inter-
ejaculate differences in acrosin amidase activity, it is not known how these differences
relate to fertility. Another assay that provides information on whether sperm are capacitated
and acrosome reacted is the zona-free hamster oocyte penetration test (HOPT), which tests
the capacity of spermatozoa to penetrate an egg (Brackett et al., 1982; Okolski et al., 1987).
However, this test is not very practical and is essentially used only for research purposes.

As with capacitation, the proportion of sperm that are acrosome reacted (and therefore no
longer capable of fertilisation) is really only a meaningful indicator of likely fertility when
frequent sperm damage is anticipated, e.g. after freezing and thawing. In fresh sperm, the
ability to undergo the AR in response to a relatively physiological induction process (e.g.
bicarbonate stimulation followed by exposure to ZP or progesterone) may be a more useful
indicator of likely fertilising capacity; failure of a large proportion of sperm to respond may
be indicative of an otherwise undetectable physiological defect.

4. DNA

Integrity and structural stability of sperm DNA is thought to be associated with male
fertility. The sperm chromatin structure assay (SCSA) evaluates structural stability by mea-
suring the susceptibility of sperm DNA to acid denaturation. The denatured sperm DNA
is labelled with acridine orange, which stains single-stranded DNA (and in somatic cells,
RNA) red (by excimere excitation) and double stranded DNA green (probe excited in
monomere state). An increase in the amount of single-stranded DNA in fresh-frozen sperm
has been associated with reduced fertility in species including man (Evenson et al., 1980),
pig (Evenson et al., 1994), cow (Ballachey et al., 1988) and horse (Kenney et al., 1995;
Love and Kenney, 1998). In the case of the horse, it has also been reported that rates of
sperm chromatin denaturation are higher in semen from sub-fertile than fertile stallions
(32% versus 16%), and that a stallion’s denaturation score correlates negatively with his
seasonal pregnancy rate (Kenney et al., 1995). In addition, in some stallions that exhibit a
high level of compromised chromatin in fresh semen, the rate of chromatin quality decline
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during chilled storage is markedly accelerated (Love, 2002). A newer technique for detect-
ing DNA damage involves the use of single-cell gel electrophoresis (SCGE), and is known
as the comet assay (Linfor and Meyers, 2002). At present, however, it is not clear whether
the COMET assay detects the condensation status of DNA (normally extremely condensed
due to protamines) or the incidence of DNA breaks (the latter could be a result of insufficient
condensation). However, the condensation status of sperm DNA can also be detected using
TEM of ultrathin plastic sections of sperm (Bartoov et al., 1999). Normal condensed DNA
is seen as a homogenous black nucleus, while the presence of white holes (nuclear cavi-
ties or vacuoles) or of nuclear fragmentation is easy to distinguish and probably indicates
inadequate DNA condensation. The drawbacks of this technique are its cost and elaborate,
time-consuming nature. As with other features of sperm quality, however, while it is clear
that stallions with a high percentage of DNA abnormalities are likely to be sub-fertile, the
exact relationship between the level of DNA damage and fertility is not clear.

5. Field fertility trials

It is possible to carry out true fertility trials, but this is expensive, time-consuming and
prone to the influence of many other factors (e.g. management, mare fertility, venereal dis-
ease:Varner et al., 1991b). Parameters that have been used for estimating fertility rates
in the field include: non-return rate (%), foaling rate (%), pregnancy rate (%), per cycle
pregnancy rate (%), first cycle pregnancy rate (%), and the number of services per preg-
nancy (Colenbrander et al., 2003). During a typical breeding season, however, the number
of mares served by a single stallion averages around 40–50 mares for naturally-serving
animals and 120–140 for those used via AI (Varner et al., 1991a). As a consequence, fer-
tility data obtained per stallion are often based on a population of mares that is too small
for meaningful statistical evaluation. Nevertheless, an ongoing rough indication of fertility
during the breeding season can be obtained using first cycle or per cycle pregnancy rates,
which therefore serve as an ‘early warning system’ for fertility problems; early pregnancy
data does, however, exclude subsequent pregnancy losses which, in an admittedly modest
number of cases, may be due to sperm chromosome or chromatin abnormalities (Kenney
et al., 1991).

6. Conclusions

Predicting stallion fertility in the laboratory is far from an exact science but, because the
acquisition of usable field data is impractically time-consuming and expensive, there is still
a desire/need for laboratory tests to predict fertility with a reasonable degree of certainty
before a stallion begins his breeding career (Colenbrander et al., 2003). Although the ideal
would be to establish a single test that correlates strongly with in-field fertility, the wide
array of attributes that a sperm needs to successfully reach and fertilise an oocyte means that
this is likely to remain wishful thinking. Instead, the aim of current research is to identify
a combination of tests that together analyse the most important sperm function parameters,
and to use this combination to identify an ever-greater proportion of stallions with a clear
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reason for sub-fertility. Given the simultaneous need to limit the complexity, labour and
costs of fertility prediction, flow cytometry has emerged as a favoured tool. Stains are now
available for assessing sperm viability, capacitation, acrosome status, chromatin stability
and mitochondrial function, and a range of properties can be assessed simultaneously in a
simple, rapid and objective manner. It is expected that refining the combination of stains to
represent the most significant aspects of sperm fertilising capacity will allow increasingly
accurate prediction of stallion fertility prior to breeding.
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