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correlation between 90 day non-return rates and the extent of acrosome reaction induction. This
study was remarkable in that the correlation was found even though the acrosome reactions were
detected using fresh, not cryopreserved, spermatozoa. One interpretation of this is that freezing
itself did not change the heparin responsiveness of the structurally intact cells. Furthermore, the
correlation between fresh and frozen spermatozoa also implies that the acrosome reacting ability
may be related to capacity to reach the site of fertilization, a function governed mainly by cell motil-
ity. Graham and Foote (1987), who used liposomes instead of heparin, found broadly similar results.
In human clinical investigations, the principle of examining acrosomal responses to various sub-
stances, for example ionophore A23187 and more recently progesterone has been developed,
although the validity of this approach has yet to be confirmed. A slightly different strategy for test-
ing the functional integrity of the plasma membrane-acrosome complex has been evaluation of the
sperm interaction with isolated zonae pellucidae. As acrosome reactions are induced physiologically
by zona pellucida proteins, incubation of spermatozoa with fresh, frozen or salt-stored zonae has
been developed as a test. The end-points can be either the number of spermatozoa bound to the zona
surface, or the number that undergo the acrosome reaction and commence penetration (see for
example, Fazeli et al., 1993). This type of test was developed further with the introduction of the
hemi-zona assay (Fazeli ef al., 1995), in which one half of a zona is reacted with a reference semen
sample while the other is incubated with the sample of interest. Sperm—zona interactions are
discussed in more detail by Harrison (this supplement).

If a large proportion of spermatozoa in an inseminate sustains any degree of gross damage, the
‘effective concentration’ of spermatozoa is reduced, and the number of spermatozoa potentially
capable of participating in fertilization is thereby diminished. In some previous reviews (for exam-
ple Amann, 1989; Den Daas, 1992), the relationship between fertility and number of spermatozoa
inseminated has been presented graphically as a dose-response curve with an asymptote, where
continued increases in sperm dose do not further increase fertility. Given that for practical purposes
the inseminated sperm dose would normally be set within the asymptotic region of the response,
reducing the effective concentration of spermatozoa in an inseminate is equivalent to shifting the
total sperm concentration back into the sensitive region of the dose-response curve; this could
potentially cause a serious reduction in fertility. Assessment of the proportion of grossly intact cells,
including those that display normal motility, is thus clearly useful for comparing samples with one
another and detecting this type of shift.

Arguments about sperm viability or motility can in principle be extended to include ever more
subtle levels of sperm dysfunction; with the application of each new test a subset of spermatozoa can
be regarded as non-functional, thereby affecting the dose-response relationship. However, although
gross lesions are easily understood, it is more difficult to categorize other differences between indi-
vidual cells as rendering them unambiguously ‘fertile’ or ‘infertile’. Morphological assessment of
spermatozoa provides some clear examples where infertile spermatozoa can be recognized, but this
is more applicable to the diagnosis of infertility than to semen assessment from normal donors. For
example, occasional cases of human male infertility are attributable to absence of the acrosome or to
genetic lesions leading to complete immotility (Kartagener’s syndrome). The introduction of highly
systematized methods for assessing sperm morphology, the so-called strict criteria” (Kruger et al.,
1987}, may help to consclidate this approach for animal as well as human spermatozoa.

Having recognized that only a proportion of cells survive storage processes with their fertilizing
ability intact, the problem of sperm function testing becomes more complex. Two cells may both be
intact and responsive, but if one undergoes capacitation and the acrosome reaction before reaching
the oocyte, it has rendered itself infertile. On this basis, the definition of fertility becomes very elu-
sive; assuming that an cocyte is already present, the short-lived spermatozoon will be the one that
fertilizes. The only conclusion to be drawn from this is that fertility is dependent upon circum-
stances. Watson (1995) has argued that after freezing and thawing, spermatozoa experience acceler-
ated capacitation which renders them inadequately fertile if they are expected to behave like fresh
spermatozoa. If, however, allowed to fertilize within a new shortened time frame, they perform very
well. This introduces the concept that sperm assessment should include aspects that test the dynam-
ics of capacitation and fertilization, as well as simply testing the ability of the cell to undergo these
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processes. Viewed in this way, it could be argued that the greatest chances of conception will be asso-
ciated with semen samples that contain subpopulations of spermatozoa whose dynamics differ; thus
the rapidly responding cells will fertilize cocytes if ovulation is early with respect to insemination,
while slowly responding cells will be able to remain quiescent and then respond if the interval to
ovulation is prolonged.

Regarding sperm function assessment in this way accords well with current concepts of sperm
behaviour in the female reproductive tract. Although it has been established that spermatozoa
appear within the oviduct within about 15 min of insemination, these are often a selected population
of dead cells carried there by contractions of the female tract. A combination of the intrinsic vigour of
the sperm cell and uterine muscular contractions allows only a selected subset of highly motile cells
to colonize the uterus and oviduct. To achieve this goal they have to traverse the cervix in species
such as cattle, sheep and humans, and/or the uterotubal junction in other species. These processes
are highly selective, probably involving aspects of plasma membrane surface biochemistry to allow
avoidance of phagocytosis by leucocytes as well as the expression of motility (Harper, 1994). In
rodent species it has been shown that traversing the uterotubal junction requires activated, rather
than hyperactivated, motility (Olds-Clarke, 1996) emphasizing once more the need for temporal con-
trol of capacitation processes.

Once the spermatozoa have reached the oviductal isthmus, it seemns that at least a proportion
bind to the epithelium and may become quiescent until ovulation (Overstreet and Cooper, 1975;
Hunter and Nichol, 1983). The dynamics of this process are poorly understood, but sperm survival is
thought to be crucially dependent upon sperm-oviduct interactions. Ovulation itself may provide
the trigger for sperm reactivation; the spermatozoa then pass from the isthmus to the ampulla of the
oviduct, perhaps using hyperactivated motility to help extricate themselves from oviductal crypts if
they become trapped (Suarez, 1987). On reaching the ampulla, the spermatozoa are in principle
ready to respond to contact with the oocyte by binding to its surface and undergoing the acrosome
reaction. This is another dynamically unstable process, since the spermatozoa can undergo sponta-
neous acrosome reactions in the absence of an egg, Those that remain intact until receiving a physio-
logical stimulus could, therefore, be considered to constitute the most highly fertile population. Data
from recent pig artificial insemination trials lend support to that view; when boar ejaculates were
classified as producing large or small litters, large litters were consistently associated with lower fre-
quency of i vitro induced acrosome reactions (Holt et al., 1997).

The above discussion repeatedly identifies the dynamic aspects of sperm function as being
important for functional assessment, implying that tests are most informative when they attempt to
mimic in vitro various physiological aspects of sperm survival or capacitation. This principle has pre-
viously been recognized in some of the older literature that used thermoresistance tests as a crude
way of determining whether spermatozoa could survive prolonged heating (Larsson, 1985). The
ability to assess capacitation status provides a useful insight into the effects of preservation methods
on subsequent sperm dynamics, but there is a need to develop a wider range of techniques. As the
topic of sperm function assessment has been reviewed on several occasions recently, the remainder
of this review will be confined to considering some of the most recent conceptual advances in sperm
motility and capacitation assessment.

Recent Developments in Sperm Motility Analysis

The value of sperm motion measurements for the diagnosis of human subfertility was demonstrated
in the early 1980s (Aitken et al., 1982a,b). However, the manual techniques needed at the time were
extremely laborious and consequently were used by few investigators. Computer-assisted semen
analysis (CASA) systems have undergone considerable development over the past decade, and now
have the capacity to measure multiple motion parameters on hundreds or thousands of individual
spermatozoa in any given sample. The value of these systems lies in their ability to perform the
motion analyses, and this discussion will concentrate on this aspect of their worth. Mainly in
response to clinical demand, they also calculate sperm concentrations and the proportion of motile
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cells; however, they are not ideally suited for this purpose owing to problems of celt versus debris
discrimination. Furthermore, although CASA systems are now widely used in clinical laboratories
investigating cases of infertility, they are mostly used to make snapshot measurements of sperm
behaviour. In view of the arguments presented above which demonstrate the need to measure the
dynamics of sperm behaviour, this seems somewhat ill considered.

Studies of human sperm survival in vitro provided a clue to the possibility that examining
changes in sperm behaviour is one means of cbtaining information relevant to fertility. Sperm swim-
ming speeds in frozen human donor semen samples measured shortly after thawing, and again after
incubation for 3.5 h at 37°C, revealed that the decline in velocity over that period was associated
with differences in fertility when the frozen semen was used in a donor insemination programme
(Holt et al., 1989). Higher cumulative pregnancy rates were associated with a greater decline in
sperm velocity in vitro. It is important to note that these differences were all derived from measure-
ments of the live, motile, sperm population, indicating that the results cannot be attributed simply to
sperm death. This study has since been repeated on a larger scale with similar results (MacLeod and
Irvine, 1995).

These studies led us to test the hypothesis that changes in sperm velocity during incubation are
correlated with fertility in vive, this time using the pig as the model system (Holt et al., 1997). Various
motion parameters of boar spermatozoa were measured in aliquots of semen prepared for artificial
insemination. The semen was transferred from its extender, Beltsville Thawing Solution (BTS), into a
Tris-buffered medium containing 40 mmol calcium 17, incubated at 39°C for up to 6 h, and motion
parameters measured by CASA. Two separate fertility trials were performed, in which the insemina-
tion dose was set to a minimum compatible with commercial AT usage (1.5x10° spermatozoa per
dose). The high calcium medium was chosen following the demonstration that this medium sup-
ported the capacitation of boar spermatozoa, as judged by the zona-free hamster oocyte penetration
test (Berger and Horton, 1988). Both fertility trials resulted in significant relationships between
sperm velocity during incubation and on-farm fertility, estimated as mean litter size or conception
rate. Up to approximately 20% of variance could be explained by the sperm velocity measurements.
In one trial, the correlations with fertility were apparent in the mean velocity parameters over the
first 2 h of incubation, while in the other they were found in the differences in velocity detected over
the first 2 h of incubation. Larger litters and conception rates were associated with increased straight
line velocity and track linearity during the first 2 h in vitro (Fig. 2). Although 20% of variation seems
insignificant in a practical context, it should be remembered that this is against a background where
variation is also due to factors such as the skill of the Al operators and differences in female fertility.
As these sources of variation become more controlled, the explained variability due solely to semen
effects will be relatively increased.

This type of analysis was taken a step further by Moore and Akhondi (1996), who examined rat
sperm motility data in relation to in vitro fertilization results. Their studies used an automated CASA
system, in which epididymal spermatozoa were incubated in 24-well culture plates and regularly
revisited for sampling every 30 min for 5 h, with the aid of a computer-controlled automatic stage.
The fertilizing capacity of spermatozoa correlated exceptionally well with the decline in mean
straight line velocity (VSL) over the 5 h (r=-0.933; P <0.001); conversely, there was no relationship
between the initial VSL value and fertilizing capacity. The objective of this work was to evaluate an
approach that might be useful in reproductive toxicology, where the aim is mainly to find an index of
sperm function that reflects events happening during spermatogenesis and sperm maturation; how-
ever, this technical approach should also find general application under any circumstances involv-
ing inter-sample comparisons.

Under in vitro fertilization conditions there is obviously no sperm selection due to passage
through the female tract, so it could be argued that measures obtained with this system are mainly a
reflection of the capacity to penetrate the zona pellucida. Although this argument is difficult to refute
without further evidence, it is likely that the main attribute being measured is one aspect of a related
set of flagellar functions that could include anything from membrane ion permeability and calcium
regulation to protein phosphorylation. It would, therefore, be more surprising if in vivo and in vitro
studies were found to be completely independent.
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Fig. 2. Three-dimensional plot representing the relationships between con-
ception rate and boar sperm velocity changes during incubation for 2 h at
39°C in Tris-buffered medium, containing 40 mmol calcium 1" Increases in
VSL (straight line velocity) over 2 h, represented as negative differences, and
decreases in VAP (average path velocity), represented as positive differences,
were associated with higher conception rates (logit transform) in a fertility
trial. These data were from a study undertaken in collaboration with
the Meat & Livestock Commission and JSR Healthbred Ltd. For further
details see Holt et al. (1997).

In the studies cited above the sperm motion data were always analysed in terms of population
mean values; this method of analysis is almost universal in studies using CASA. The main assump-
tion with this approach is that samples of semen contain a homogeneous population of spermato-
zoa, which tend to behave synchronously throughout their lifetime. However, several lines of
evidence would contradict this view; and it is evident that there are a number of sperm subpopula-
tions that behave asynchronously. Perhaps one of the clearest examples of this principle is that of
transmission distortion in mice heterozygous for the t*? gene, where almost all eggs are fertilized in
vive by the t*%-carrying spermatozoa, even though the 50% of spermatozoa that do not carry this
gene are normally fertile when tested in vitro. The explanation for this effect probably includes mole-
cular differences in flagellar membrane function between the two sperm subpopulations, which lead
to variations in motility and thus differential ability to gain access to the oviduct (Olds-Clarke and
Sego, 1992). While this example probably represents an extreme form of subpopulation structure
within a semen sample, other examples also occur for which there is currently no known explana-
tion. Sex ratio distortion has been related to the timing of insemination with respect to ovulation
(Clutton-Brock et al., 1986), an effect that could be attributable to differences in capacitation rate
between X- and Y-chromosome bearing spermatozoa.

At present it is not possible to correlate unequivocally the motion parameters of individual sper-
matozoa with their genetic content; this will require the development of innocuous DNA probes that
can be applied to spermatozoa without killing them. However, the wealth of multivariate motion
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data available from CASA systems has stimulated interest in the problem of characterizing sperm
subpopulations on the basis of their motility. Recognition of hyperactivated human spermatozoa as
a discrete subset has been explored by several research groups (see Irvine, 1995), some of which have
then used their criteria of hyperactivation as the basis for correlating the proportion of hyperacti-
vated cells in an ejaculate with various fertility outcomes. This approach seems very promising, and
in some cases the incidence of hyperactivation has proved highly predictive of in vitro fertilization
rate. Sukcharoen et al. (1996) could correctly predict over 70% of good or poor TVF results using
hyperactivation criteria alone. This approach to the identification of sperm subsets in semen was
also used by Davis et al. (1995) to see whether characteristics of the sperm population substructure in
fresh samples could be used to predict how well the samples would survive cryopreservation. This
study is especially interesting as it provides statistical methodology for the objective identification of
subsets by cluster analysis, but also because it was concluded that a small set of kinematic variables
measured in fresh samples could be used to predict the proportion of motile cells present after freez-
ing and thawing. The interpretation of this somewhat surprising result is presumably that the
motion parameters of the live cells measured before freezing are identifying subpopulations that are
particularly resistant or vulnerable to the freeze—thawing process. The authors commented that their
best overall regression model predicted motility from the difference in straight line velocity (VSL)
between the cluster with the highest VSL and the cluster with the lowest V5L.

These novel approaches to the use of CASA have been explored to a much lesser extent with ani-
mal spermatozoa. Holt (1996) outlined cluster analysis approaches to the identification of sperm
subsets within boar semen samples. It was shown that when bicarbonate and caffeine were used to
induce different types of sperm motion, the changing population substructures could also be
detected numerically. Earlier it had also been demonstrated that if artificial data sets were con-
structed by combining measurements from three sperm populations showing different types of
movement, defined as circular, progressive or erratic, cluster analysis algorithms could disentangle
the data with reasonable efficiency (Holt et al., 1992).

All fertility trials conducted in animal species use either homospermic or heterospermic insemi-
nation protocols. In the latter case, semen samples from two or more individuals are mixed prior to
insemination. Correlations of CASA data with fertility results have been attempted within both
paradigms; in some cases marked differences in the outcomes of these correlations have been
observed. When Budworth et al. (1988) studied frozen-thawed bull semen, no significant relation-
ships between CASA parameters and homospermic inseminations were detected (all r values <0.1},
but the motion parameters curvilinear velocity (VCL) and straightline velocity (VSL) accounted for
approximately 70% of variance in competitive fertility index under the heterospermic insemination
protocol. Such contrasting relationships must point to fundamental differences between the biology
of the two systems, and suggest that the two types of test are addressing different questions. With
homospermic inseminations the question is ‘will conception occur, and if so how many eggs will be
fertilized?’, while for heterospermic inseminations there is an implicit assumption that conception
will definitely occur and the question is then ‘which subpopulation of sperm is more successful?’.
This is similar to the analysis presented above where there are also subpopulations within a single
sample of semen. As the questions are different, the answers can hardly be the same. The arguments
presented here strongly indicate that although the technology for measuring sperm motion parame-
ters is now well developed (see, Boyers et al., 1989; Davis and Katz, 1992, 1993), much is yet to be
done on methods of data analysis. Exploration of the multivariate analysis approach combined with
dynamic aspects of sperm motility is likely to be the best option for extracting useful information
from the use of CASA.

Integrating such approaches into the routine working environment of a commercial pig Al
centre, where hundreds of semen samples have to be collected and diluted for efficient distribution
to farmers, may require some compromises to be made. The time delay intreduced by preparing
semen samples for CASA, and the need for repeat assessments over 1 or 2 h, will obviate use of the
technique as a routine screening method for all ejaculates. However, the method is likely to be useful
in planned quality assurance programmes or for testing the effects of modified practices upon the
quality of stored semen.
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Developments in the Detection of Capacitation

Ideally, it would be useful to combine the measurement of sperm motion with assessment of capaci-
tation status, This approach would allow us to answer the type of questions recently raised by
Watson (1995), who proposed that cryopreservation causes accelerated capacitation and conse-
quently shortens the longevity of spermatozoa in vivo and in vitro. Watson (1995) reviewed evidence
from in vitro studies of human and ram semen, both of which supported the principle that
frozen—thawed spermatozoa were able to fertilize oocytes almost immediately, whereas fresh
spermatozoa required an interval of preincubation before acquiring the same readiness to fertilize.
Similar arguments can be adduced from in vive studies, where the lifespan of frozen—thawed
spermatozoa in the female tract has been demonstrated to be considerably shorter than that of fresh
semen. Whether this is an artificial form of destabilization, rather than a true manifestation of capaci-
tation, requires further research. For example, it is known that capacitation is accompanied by mem-
brane hyperpolarization (Zeng et al.,, 1995), which possibly permits the spermatozoa to switch
rapidly between hyperactivated and activated motility, and allows them to respond appropriately to
the zona pellucida stimulus.

Current concepts of capacitation were reviewed recently by Harrison (1996}, who confirmed that
individual spermatozoa within a population become capacitated at different rates. For studies of
sperm dynamics, precise knowledge of capacitation in individual cells is crucial, as it would permit
characterization of the sperm population behaviour in great detail. To date there are no tests that
discriminate microscopically between capacitated and non-capacitated spermatozoa; this is partly
because recognizing that an individual spermatozoon has moved from the uncapacitated to the
capacitated state requires foreknowledge of its ability to fertilize the oocyte. Most data relevant
to this problem have come from flow cytometric studies, observation of responses to the zona pellu-
cida or calcium ionophore stimulus, or through the application of a fluorescent antibiotic, chlortetra-
cycline (CTC). However, all of this is circumstantial, and based on the behaviour of sperm popula-
tions rather than of individuals. The interesting aspect of CTC is that individual cells can be
distinguished on the basis of sperm head fluorescence patterns. These have been considered as (1)
uncapacitated (F pattern), (2} acrosome reacted (AR} or (3) B pattern, where the fluorescence is
diminished over part of the sperm head; the B pattern has been widely interpreted as indicating
capacitation (Wang ef al., 1995). Watson (1996) showed that cooling boar spermatozoa induced an
increased incidence of B patterns, thus supporting the contention that cryopreservation accelerates
capacitation. The exact mechanism of CTC staining remains controversial; one explanation is that it
may interact with calcium at the sperm surface, and thereby be indicative of calcium ATPase activity
(Adeoya-Osiguwa and Fraser, 1996). So far, experiments involving CTC have involved fixation of
the spermatozoa before their evaluation; this necessarily precludes the simultaneous assessment of
motility and capacitation status, although such an approach would be highly informative.

It seems self evident that any spermatozoon that fertilizes an egg must have been through the
capacitation process; however, recognizing the process unequivocally may be impossible as any test
has, by definition, to be predictive and therefore subject to uncertainty. The problem is hampered by
the likelihood that at any given moment, only a small proportion of spermatozoa have the ability to
fertilize. As hyperactivation is at least a functional property required for zona penetration, the
efficient recognition of this attribute may ultimately prove more effective than the search for visible
changes in plasma membrane organization.

Conclusions

In this review we take the position that rather than listing a series of sperm function tests and their
technical merits, it is more important and interesting to analyse the meaning of such tests and from
that discussion derive arguments that guide future research. The most important conclusions from
this exercise seem to be that sperm function testing is not always aimed at estimating fertility on a
quantitative basis, and that having realized this it is possible to derive a considerable amount of



Semen assessment

221

comparative information of experimental or practical value. The overriding aspect of the discussion
is that as more becomes known about the dynamic changes undergone by spermatozoa during
physiological processes such as capacitation, it will be possible to derive ever better objectively
based function tests. The disadvantage of the logical approach to sperm function tests is that they
may become too complex for implementation in routine laboratories, where the aim is quality assur-
ance rather than diagnosis or research. It will be a challenge to simplify the available tests without

losing sight of the requisite functional assessments,
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