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ABSTRACT
Infertility is a very common problem worldwide. Recent data have shown that disorders of the
male represent the most common single defined cause of infertility. This proposal examines
the clinical significance and fundamental physiological aspects of human gamete interaction.
These studies are focused on the assessment of the cellular-molecular mechanisms involved in
human sperm binding to its homologous zona pellucida resulting in the physiologic induction
of the acrosome reaction. We have developed and validated in vitro bioassays that assess
specific steps of the fertilization process that are critical for early embryo development.

The

results of our translational research have already had a significant impact on the overall
evaluation of male infertility and on the clinical management of the infertile man in the
assisted reproduction arena. Furthermore, the unveiling of the basic mechanisms involved in
human gamete interaction will ultimately allow for both (i) the development of new male
reproductive diagnostic capabilities and (ii) the design of improved and safer therapies aiding
conception in childless couples suffering from male infertility.

OPSOMMING
Menslike onvrugbaarheid is 'n algemene wêreldwye probleem en onlangse data toon aan dat
die manlike factor die grootste enkel bydraende factor tot hierdie toestand is. Die werk loods
'n intensiewe ondersoek na die kliniese betekenis en basiese fisiologiese aspekte wat 'n rol
tydens spermsel en eisel interaksie speel. Hoofstuk 3 fokus op die sellulêre en molekulêre
meganismes

wat betrokke

akrosoomreaksie

is tydens

spermsel en eisel binding wat gevolglik

van die spermsel. Die werk verteenwoordig

lei tot

die resultate van 10 jaar se

navorsing tussen die kandidaat en die promoter. Dit gee oorsprong aan 'n reeks bio-toetse wat
die bevrugtingsproses

koriografiese ontleed en verskaf dus 'n stap-vir-stap uiteenseting van

menslike bevrugting en gevolglike embrio ontwikkeling. Die resultate in Hoostuk 4 bring
vernuwing in die begrippe van die manlike faktor en die rol in die kinderlose huwelik. Die
resulate soos in Hoofstuk 3 en 4 uiteengesit, vorm nie net die basis vir die moontlike
ontwikkeling van nuwe diagnostiese benaderings tot die hantering van die man nies maar
speel oojk 'n rol die daarstelling van verbeterde terapeutiese hantering van die kinderlose
egpaar. Hoofstuk 5 gee kortliks riglyne en aanbevelings tot opsigte van die gebruik van die
spermsel-zona pellucida bindingstoets en akrosomreaksie.

Die kandidaat bevel aan dat die

genoemde twee bio-toetse deel van die laboratorium ondersoeke van die man gebruik moet
word.
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la. Significance

Assisted reproductive technologies: What new goals are immediately reachable?

In the last two decades we have lived an explosion of knowledge in basic reproductive
biology and in the clinical success of assisted reproductive technologies (ART). A review of such
achievements
questions

underscores the continuous need for: (i) re-examination

related

to physiologic

and biochemical

mechanisms

and formulation

involved

of new

in gametogenesis,

fertilization and implantation, including the challenge of pre-existing dogmas; (ii) application of
strict monitoring criteria for advancement of higher-quality laboratory practices and development
of

new

hormonal

successes/failures;

preparations

and

techniques;

(iii)

improved

reporting

on

clinical

and (iv) appropriate socio-legal and ethical discussions that may allow novel

ideas be transformed into realities in an expedited and safe manner.

Numerous

areas are presently being scrutinized

by active basic research endeavors.

Notwithstanding such efforts, and at a clinical level, the more significant relevant questions appear
to be: (1) can cycles of treatment in ART be further simplified

in terms of monitoring

and

procedures? (2) Can diagnostic tools and predictors of success be improved in order to advance
clinical management of both male and female infertility and to offer more accurate prognostic
counseling to the infertile couple? (3) Can fertilization, but more importantly, implantation and
pregnancy rates still be enhanced? And finally, (4) can the major complications

of multiple

pregnancy and ovarian hyperstimulation syndrome be eliminated?

Infertility clinics and In Vitro Fertilization (IVF) centers throughout the world struggle to
achieve those aims. Better ways of diagnosing the ovarian reserve, but more fundamentally, a more

I
I
I
I
I
I

accurate prediction of oocyte and embryo quality are needed. A better definition of male infertility,
sperm parameter thresholds predictive of fertility potential and improved andrological diagnostic
methods is warranted. The assessment of the developmental capacity and implantation potential of
cultured embryos is still very imperfect. Our ability to select the best embryos requires the search
for so far elusive biomarkers.

And even the culture and transfer of blastocysts appears to be

successful only in selected populations. All such areas of clinical research need to be encouraged as
they may result in enhancement of diagnostic capabilities, implantation rates, and a decrease in
multiple pregnancies.

UNIVERSITEIT STELLENBOSCtl

BlBUOTtEK
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A more profound understanding of the impact of ovulatory disorders, tubal factors (i.e.,
presence of hydrosalpinges)
gamete to embryogenesis,

and endometriosis

is being gained. The contribution

including the impact of chromosomal/genetic

of the male

factors and presence of

DNA damage is being recognized. At the fertilization level, although ICSI (Intracytoplasmic

Sperm

Injection) is undoubtedly the procedure of choice in cases of moderate to severe male infertility, the
technique does not appear to be universally indicated in all couples applying for ART. At least not
until all safety issues are elucidated. The "black-box"

of implantation and its failures remains

unresolved and major efforts should be dedicated to unravel its secrets using classical and more
novel approaches.

A few programs throughout the world have published

outstanding

implantation

rates

(approximately 40-50% chance of implantation per embryo transferred) and overall pregnancy rates
(50-60% per transfer cycle) following blastocyst culture and transfer to the uterine cavity. Can
those rates be achieved by all centers and even improved by optimized culture conditions, transfer
techniques and luteal support? The answer is most likely affirmative. In our own program at the
Jones Institute we have documented a total reproductive potential (combining the impact of "fresh"
plus the cryopreserved-thawed

embryo transfer cycles that followed a single stimulation of a given

couple) of 55-65% in good ovarian responders of young age. Such results highlight the potential of
the IVF technique.

We also have to keep in mind that in most occasions ART are "palliative" as opposed to
"curative" of the underlying pathology. The truth of the matter is that in many female and male
infertility cases, the reason of the underlying disease is unknown or idiopathic. Consequently, there
is a fundamental need to carry out research directed to understand the pathophysiology

as well as to

be able to prevent those conditions resulting in infertility (i.e., sexually transmitted

diseases,

reproductive bio-hazards and others). These steps should lead to the development of simpler, safer
and universally applicable therapies.

Progress has been made in the ethical and socio-legal aspects of IVF and other ART.
Serious discussions at different levels have resulted in development

of new guidance policies

and/or legislation to regulate the procedures. The scientific community has made good progress in
presenting its case and educating both government agencies and the public. Early worries about
potential for abuse have been contained as the procedures have become mainstreamed.

However,
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constant monitoring of newly developed techniques and their application are needed in order to
guarantee that they are used appropriately and not in an exclusive fashion favoring certain social
groups.

There is no doubt that, thanks to the comprehension of infertility specialists, the advances
in basic science that have translated into clinical interventions, and the inquisitiveness of the public
in general, more and more couples arrive at the IVF scenario earlier and in increasing numbers. The
cost-efficiency

of the more advanced ART appears to be consolidated and most of the techniques

are proven to be safe and with increasing success. The possibility to diagnose genetic disease in the
embryo is here, and genetic banking, gene therapy and the growth of embryonic stem cells to be
used in multiple areas of medicine are in the immediate horizon. Consequently, our efforts should
be geared to introduce more scientific and technological

advances

while resting on a solid

philosophical and ethical foundation and dedicated to serving society as a whole.

Male infertility: a major culprit

The successful implementation

of ICSI has provided a unique means to allow couples

suffering from severe male infertility to achieve their reproductive goals.

However, despite the

great therapeutic advantages of the technique, ICSI provides solution to clinicians often in the
absence

of an etiologic or physiopathologic

diagnosis.

The significance

of this reality is

highlighted by the very high frequency of male infertility (approximately 40 to 50% of infertile
couples have male infertility) and by the limited knowledge as to its probable causes (50% of cases
are still considered idiopathic).

It is well established that male infertility is typically associated
parameters

(frequently but not limited to, abnormal concentration,

with defective sperm

motility and/or morphology).

Nevertheless, the information gained by the results of the "basic" semen analysis usually does not
provide high prediction for the outcome of reproduction or an inkling on the underlying putative
pathogenic mechanisms.

Recent work derived from the IVF arena has clearly demonstrated that an abnormal spermzona pellucida interaction is frequently observed in infertile men. Such finding can be observed in
the presence of normal or abnormal basic sperm parameters. An impaired sperm-zona pellucida
interaction results in fertilization failure or low rates of fertilization, thereby decreasing chances of

Stellenbosch University http://scholar.sun.ac.za
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pregnancy even in IVF. Consequently, there is a real need to assess sperm functional competence in
the "extended"

evaluation

of the infertility

work-up.

Although the cellular and molecular

mechanisms involved in gamete interaction are beginning to be unraveled in several animal species,
little is known about the basic mechanisms involved in human sperm-zona pellucida interaction.
The studies proposed herein will therefore translate basic and clinical information into improved
diagnostic techniques and more directed therapies to help alleviate male infertility.

Stellenbosch University http://scholar.sun.ac.za
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lb. Overall objective, enunciation

The overall objective
human sperm-zona

of specific aims and hypotheses

of these studies was to investigate basic and clinical aspects of

pellucida interaction in order to gain knowledge on the biology of human

fertilization and improve management of infertility. Notwithstanding the major impact derived from
previous animal studies that have addressed and advanced the knowledge on gamete biology and
fertilization, our experiments focused on the human spermatozoa and the human zona pellucida. It
is our expectation that the information provided by these studies can be immediately translated into
clinical applications.

Because our work focused on the use of human gametes (albeit not involving fertilization
and embryo development) all studies presented herein were approved by the Institutional Review
Boards at Eastern Virginia Medical

School and Stellenbosch

laboratory

involved adhered

procedures

andrology laboratories

and personnel

University.

Furthermore,

strictly to the guidelines

dictated by the American Society of Reproductive

all

for human

Medicine and other

regulatory agencies.

The specific aims of these studies were:

(1) To develop and validate an in vitro bioassay (the hemizona assay or HZA) for the
assessment

of tight sperm binding to the homologous zona pellucida. Hypothesis: Capacitated

spermatozoa bind in a specific, tight and irreversible manner to the homologous, biologically intact
zona pellucida, and undergo a physiologically induced acrosome reaction (exocytosis triggered by
components of the zona pellucida).

This hypothesis was tested by incubation of spermatozoa and

the zona pellucida from microbisected

oocytes followed by determination of the kinetics, sperm

concentration-, sperm morphology-, and time-dependency of binding. We also examined the impact
. of oocyte storage conditions and maturational stage, and sperm acrosomal status on tight binding
(Completed and Published studies).

(2) To develop

and validate

evaluation of the physiologically
solubilized

zona pellucida.

an in vitro bioassay

(a micro volume

assay) for the

induced acrosome reaction of sperm in suspension by human

Hypothesis:

Capacitated

spermatozoa

respond to the agonistic

biological stimulus (i.e., zona pellucida) with maximal induction of the acrosome reaction, an
exocytotic event resulting in the release of acrosomal enzymatic contents and exposure of the inner
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This hypothesis was tested by stimulation of the acrosome reaction after

incubation of sperm with various concentrations of human, solubilized zona pellucida in capillary
tubes

(micro

assay)

immunofluorescence

and

assessment

of

induction

reaction.

Hypothesis: Agonist-dependent

following defined time- and medium-dependent
protein

phosphorylation

phsophatidylserine,
simultaneous

using

a specific

lectin-indirect

method (Completed and Published studies).

(3) To examine the capacitation-dependency
acrosome

rates

of the spontaneous

and agonist-induced

acrosomal exocytosis is maximally induced

sperm incubation conditions and is associated with

at the level of tyrosine

residues

and membrane

translocation

of

a biomarker of plasma membrane instability. This hypothesis was tested by

monitoring

of phosphatidylserine

translocation

and acrosome reaction in sperm

populations under various in vitro incubation conditions using annexin V binding and FITC-PSA
immunofluorescence.

Immunoblotting

was used to examine tyrosine phosphorylation

(Completed

and Unpublished studies).

(4) To :examine
acrosome

reaction.

the intracellular

cascades

involved

in the zona pellucida-induced

Hypothesis: Solubilized zona pellucida triggers acrosomal exocytosis via a

transmembrane signaling cascade involving heterotrimeric G proteins (pertussis toxin-sensitive); an
alternative pathway involves modulation of intracellular calcium levels.

To test this hypothesis

capacitated spermatozoa were treated with pertussis toxin and/or EGT A (and respective negative
and positive controls) prior to induction of acrosome reaction with solubilized zona pellucida. The
priming effect of progesterone and synergistic activity of human follicular fluid were also examined
(Completed and Unpublished studies).

(5) To establish

the predictive

value of the HZA for fertilization

outcome

in IVF.

Hypothesis: Spermatozoa from infertile men have a statistically significant lower capacity to effect
tight binding to the homologous zona pellucida (and consequently a lower ability to undergo a
physiologically-induced

acrosome reaction) when compared to fertile controls resulting in lower

fertilization rates in IVF therapy. HZA results and IVF rates were assessed in men with normal and
abnormal semen parameters in a prospective fashion and results assessed using logistic regression
and cluster analyses (Completed and Published studies).

(6) To integrate

the HZA

and induced-acrosome

sequential, diagnostic scheme in andrology

reaction

assays

into a novel,

and to compare results of methodologies

currently
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available to assess sperm functional capacities by a meta-analytical
medicine).

Hvpothesis:

approach

(evidence-based

Tight binding of sperm to the zona pellucida and the zona-induced

acrosome reaction are critically impaired in infertile men and results of these assays can be used to
identify patients at risk for fertilization failure with robust statistical power (high sensitivity and
specificity).

The predictive ability of currently used sperm function assays was compared using a

meta-analysis;

predictive

values,

specificity

and sensitivity

for fertilization

outcome

were

determined by ROC curves and likelihood ratios (Completed and Published studies).

(7) To present
infertility.

a state-of-the-art

strategy

for the clinical

How should we manage andrology diagnosis and treatment

management

of male

in the new millennium?

Hvpothesis: Infertile men should be subjected to a standardized and updated sequential diagnostic
scheme. The diagnosis should lead to the recommendation

of an individualized

and optimized

therapeutic approach providing maximal chances of conception (Completed and Published studies).

I

I

I
I
I
I
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Specific aim 1: To develop and validate an in vitro bioassay (the hemizona assay or
HZA) for the assessment of tight sperm binding to the homologous zona pellucida.

Hemizona assay and its impact on the identification

and treatment

of human sperm

dysfunctions
IS. Oehninger,

2

D. Franken, 3N. Alexander and G.D. 'Hodgen
Andrologia

1992; 24:307-321

IThe Jones Institute for Reproductive Medicine, Dept. Ob/Gyn, Eastern Virginia Medical School,
Norfolk, Virginia; 2Reproductive Biology Unit, Tygerberg Hospital, Dept. Ob/Gyn, University of
Stellenbosch, Cape Town, RSA; and 3National Institutes of Child Health and Human Development,
Bethesda, MD

Zona binding test
S. Oehninger
ESHRE Andrology Special Interest Group
Excerpts on Human Reproduction

1996; (3) 11-13

The Jones Institute for Reproductive Medicine, Dept. Ob/Gyn, Eastern Virginia Medical School,
Norfolk, Virginia
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Abstract

The HZA, a functional test for human gamete interaction, has become a useful and valuable
experimental tool for physiological and cellular analysis of the early events leading to fertilization.
The analysis of the conventional semen parameters with the emphasis on sperm morphology (as
judged by strict criteria) and motion characteristics

(evaluated by computer assisted analysis)

constitutes the first obligatory step for a critical evaluation of male factor patients.

Patients in

whom fertilization disorders are suspected should be evaluated through bioassays of sperm function
of established accuracy. The HZA, a bioassay of sperm-zona binding capacity is here proven to be
highly predictive of IVF outcome. Ultimately, our increasing knowledge of sperm biology and
dysfunction

will provide

metaboliclbiochemical
sperm disorders.

a basis for a better diagnosis

abnormalities?)

(membrane

receptor

defects

and

as well as better therapeutic interventions in patients with

It seems likely that the HZA man be eventually replaced by standardized test kit

in which recombinant

human DNA-derived

zona receptors mimic the natural function of the

hemizonae currently used. This ZP3 regent may also be a useful antigen for contraceptive
development. The HZA therefore constitutes a useful adjuvant in the armentarium for the diagnosis
and therapy of male-factor patients.
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Introduction

The hemizona assay (HZA) has been introduced as a new diagnostic test for the binding of
human spermatozoa to human zona pellucida to predict fertilization potential (Burkman et al.,
1998). In the HZA, the two matched zona hemispheres created by microbisection of the human
oocyte provide three main advantages:

I) the two halves (hemizonae)

surfaces allowing controlled comparison of binding and reproducible

are functionally
measurements

equal

of sperm

binding from a single egg, 2) the limited number of available human oocytes is amplified because
an internally controlled test can be performed on a single oocyte, and 3) because the oocyte is split
microsurgically,

even fresh oocytes cannot lead to inadvertent

fertilization

and pre-embryo

formation (Burkman et al., Hodgen et al., 1988).

Sperm-zona

pellucida

binding tests evaluate the first, crucial step of sperm-oocyte

interaction that leads to fertilization, that is, tight binding of spermatozoa to the zona pellucida
(Yangimachi,

1981). Overstreet and Hembree (1976) were the first to propose an assay for the

evaluation of zona pellucida penetration by human spermatozoa using human oocytes recovered
from the ovaries of cadavers. Initially developed as a zona penetration assay, sperm binding to the
zona was not defined as an endpoint for the assay. The two most common zona binding tests
currently used are the hemizona assay (HZA) (Burkman et al., 1988) and a zona pellucida-binding
test (Liu et al., 1988, 1989). Both bioassays
homologous

have the advantage

of providing a functional

test for sperm binding to the zona comparing populations of fertile and infertile

spermatozoa in the same assay. The internal control offered by the HZA represents an advantage by
decreasing the number of oocytes needed during the assay and diminishing the intra-assay variation
(Burkman et al., 1988; Hodgen et al., 1988; Oehninger and Alexander,

1991; Oehninger and

Hodgen, 1991; Oehninger et al., 1992d).

Before a spermatozoon can penetrate the zona pellucida there is a specific need for firm
attachment between the gametes. When spermatozoa and the zona are mixed in vitro, some of the
spermatozoa adhere rapidly and reversibly to the zona by a process called sperm 'attachment'.
Subsequently, ah irreversible adhesion occurs between the two gametes. This phase is called 'tight
binding'.

Tight binding is attributed to the presence of complimentary binding sites or receptors on

the surface of the gametes and typically these receptors manifest a high degree of species
specificity (Yanagimachi,

1981; Ahuja, 1985). Because of the binding of gametes is a critical step

in fertilization and pre-embryo development;

the HZA has many potential uses in reproductive
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medicine. Initially developed as a test to investigate male infertility and predict fertilization
potential, this bioassay has been used to assess sperm function after contraceptive

treatment

(Burkman, 1988; Hodgen, 1989; Oehninger and Alexander, 1991; Oehninger and Hodgen, 1991;
Oehninger et al., 199Id). As has often been the case, new findings in reproductive medicine can
usually be projected toward infertility or contraceptive technology depending on the focus of our
interest (Hodgen, 1989).

The objective of this chapter is to summarize studies that were performed in order to
develop and validate a model (an in vitro bioassay, the hemizona assay or HZA) for the assessment
of tight sperm binding to the homologous zona pellucida. Because the chapter is the results of
numerous studies I took the liberty to modify its format. Methodology, results and discussion have
been combined and in addition the information is presented in three sections including: 1) use of the
HZA to predict human spermatozoa fertilization potential, 2) use of the HZA in contraceptive
technology, and 3) use of the HZA to examine the biological basis of the human fertilization
process.

Methodology, results and discussion

Use of the HZA as a predictor of human spermatozoa fertilization potential

Male-factor infertility remains one of the most challenging barriers to successful (viable)
pregnancy despite the application of assisted reproductive technologies. While some cases of male
related infertility can be suspected based on standard evaluations

before attempting

in vitro

fertilization (IVF) or related techniques, some are unanticipated and alarming for couples involved.
A better way to identify and classify cases of sperm dysfunction would aid in prognostication

and

allow for a plan before failed or poor fertilization is confirmed.

Conventionally
criteria

(World

Health

measured features of semen using the World Health Organization (WHO)
Organization,

1987), including

morphology, all effect rates of fertilization

sperm

concentration,

motility,

and

in vitro and the outcome of assisted reproductive

techniques, as demonstrated in both IVF and gamete intrafallopian transfer (GIFT) (Mahadevan and
Trounson

1984; Acosta et al., 1989; Rodriguez-Rigau

et al., 1989).

The evaluation of sperm

morphology by a more stringent technique (strict criteria) has enhanced objectivity and decreased
intra- and inter-assay variations while examining this sperm parameter (Kruger et al., 1986, 1988).
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Using strict criteria, sperm morphology has been shown to significantly enhance the prediction of
IVF outcome (Acosta et al., 1989; Kruger et al., 1986,1988,1990). Although positively correlated
with fertilization rates in IVF, the assessment of sperm motion characteristics by computer assisted
semen analysis still cannot be reliably used to predict fertilization

outcome (Oehninger

and

Alexander, 1991; Oehninger and Hodgen 1991; Oehninger, 1992). Therefore, attention has focused
in bioassay of sperm-oocyte interactions (Overstreet and Hembree, 1976; Overstreet et al., 1980;
Burkman et al., 1988; Liu et al., 1988, 1989). Three categories of tests compose this battery of
bioassays: I) sperm-zona pellucida binding tests, 2) sperm-zona pellucida penetration tests, and 3)
sperm-oocyte fusion tests.

A highly specific type of binding is necessary for fertilization to ensure, and some disorders
of male infertility may be due to a failure of such sperm function. Therefore, the HZA provides a
unique homologous (human) bioassay to assess sperm function at the fertilization level (Fig 1).
Different sources of human oocytes can be used in the assay, oocytes recovered from surgically
removed ovaries or post-mortem ovarian tissue, and surplus oocytes from the IVF program. Since
fresh oocytes are not always available for the test, different alternatives have been implemented for
storage. Others have described the storage of human oocytes in dimethylsulfoxide
low temperatures

(Overstreet and Hembre,

1976). Additionally,

Yanagimachi

(DMSO) at ultra
and colleagues

showed that highly concentrated salt solutions provided effective storage of hamster and human
oocytes

such that the sperm-binding

characteristics

of the zona pellucida

were preserved

(Yanagimachi et al., 1979). In developing the HZA, we have examined the binding ability of fresh,
DMSO and salt-stored (under controlled pH conditions) human oocytes and have concluded that
the sperm binding ability of the zona remain interact under all these conditions (Yoshimatsu et al.,
1988; Franken et al., 1989a; Kruger et al., 1991). Subsequently, we have assessed the kineties of
sperm binding to the zona showing maximum binding at 4-5 h of gamete coincubation with similar
binding curves both for fertile and infertile semen samples (Burkman et al., 1988; Franken et al.,
1989a) (Fig.2) ..

Detailed description of oocytes collection, handling, and micromanipulation

as well as

semen processing and sperm suspension preparations for the HZA have been described elsewhere
(Burkman et al., 1988, 1990). The assay has been standardized to a 4 h gamete coincubation,
exposing each hemizona to a sperm droplet (l00 ul of a dilution of 500,000 motile sperm mr

1

prepared after swim-up). Ham's F-IO medium supplemented with foetal cord serum is usually the
medium utilized for sperm preparation and gamete coincubation. After coincubation, the hemizona
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are subjected to pipetting through a glass pipet through a glass pipet in order to dislodge loosely
attached sperm. The number of tightly bound spermatozoa on the outer surface of the zona is finally
counted using phase contrast microscopy (x 200). Results are expressed as the number of sperm
tightly bound to the hemizona for control and patient and also as hemizona index (HZ I) the number
of sperm tightly bound for the control sample (x 100) (Burkman et al., 1988). The assay has been
validated by a clear-cut definition of the factors effecting data interpretation,
binding, egg variability
concentration

and maturation

morphology,

Oehningeretal.,

status, intra-assay

motility and acrosome

i.e., kinetics of

variation and influence

reaction status (Coddington

of sperm

et al.,

1991;

1991e; Franken et aI., 1989a, 1990b, 1991b, 1991c) (Fig.3).

Over 90 days evaluation, spermatozoa from fertile men do not exhibit a time-dependent
change in zona binding potential, thus, reassuring their utilization as controls in the bioassay
(Franken et aI., 1991b). Within each pool of donor's utilized in the assay, a cut-off value or
minimal threshold of binding has to be established in order to validate each assay for the purpose of
identification of a poor control semen specimen and/or a poor zona. In our control population, this
cut-off value is approximate

20 sperm tightly bound to the control hemizona (fertile donor)

(Franken et al., 1991b). Therefore, each laboratory should statistically assess its own control data to
establish a reasonable lower limit assay acceptance.

If the control hemizona (matching hemizona exposed to fertile semen) has a good binding
capability, that is, tightly binds at least 20 spermatozoa after the 4 h incubation period (information
derived from a statistical evaluation of a pool fertile donors), then a single oocyte will give reliable
information about the fertilizing ability of test spermatozoa (sperm from infertile patients) under
IVF conditions.

Because of the defmition of the assay's

limitations and its small intra-assay

variation (less than 10%) the power of discrimination of the HZA has been maximized. Conversely,
for other sperm-zona binding tests, several oocytes have to be used because of the high inter-egg
variation and in fact an intra-assay coefficient of variation of 30% has been reported (Liu et al.,
1988, 1989).

The inter-egg variability is high not only for oocytes at different stages of maturation
(immature vs. mature eggs) but also within a certain population of eggs at the same maturation
stage.

However this factor is internally controlled in the assay by the utilization of matching

hemizona that allows a comparison of binding of a fertile vs. an infertile semen sample in the same
assay under the same oocyte quality conditions. Incubating matching hemizona from eggs at the
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same maturational stage with homologous spermatozoa from the same fertile ejaculate, we have
been able to determine

the intra-egg

(intra-assay

viability)

both for human

and monkey

(cynomolgus) oocytes (Oehninger, et al., 1989b, 1991e, 1992a). Overall, the mean value of the
difference between the two matching halves shows an intra-egg variability of approximately
for all categories of egg nuclear maturation (Table 1). Additionally,
meiotic competence

10%

we have shown that full

of human and monkey oocytes are associated with an increased binding

potential of zona pellucida. It would appear that zona maturation is associated with the nuclear
development

progression of the oocyte, perhaps in parallel with cytoplasmic

and membrane

maturation, leading to a fully fertilizable status.

The specificity of the interaction

between human spermatozoa

and the human zona

pellucida under HZA conditions is strengthened by the fact that the sperm tightly bound to the zona
are acrosome reacted (see below). Results of interspecies experimented

performed with human,

cynomolgus monkey and hamster gametes have demonstrated a high species specificity of human
sperm/zona pellucida functions under HZA conditions providing further support for the use of this
bioassay in infertility and contraception testing (Table 2).

In prospective

blinded studies, we have investigated

the relationship

between sperm

binding to the hemizona and IVF outcome (Franken et al., 1989b; Oehninger et al., 1989a, 1991c).
Results have shown that the HZA can successfully

distinguish the population

of male-factor

patients at risk for failed or poor fertilization. Using either a cut-off value of fertilization rate of
65% (mean minus 2 standard deviations of the overall fertilization rate in the Norfolk Program for
non-male-factor

patients), or distinguishing

between failed vs. successful fertilization (0% vs. I-

100%) the hemizona assay results expressed as HZI provide a valuable means to separate these
categories of patients (Oehninger and Hodgen, 1991; Oehninger,

1992; Oehninger, et al., 1992c)

(Table 3).

Powerful statistical results allow us to use the HZA in the prediction of fertilization rate
(Oehninger,

1992; Oehninger et al., 1992c) (Fig 4). Therefore,

the HZA can distinguish

a

population of male-factor patients that will encounter low fertilization rates in IVF, and when
combined with the information provided by other sperm parameters

(morphology

and motion

characteristics) gives reliable and useful information in the clinical arena. Of the classical sperm
parameters, sperm morphology is the best predictor of the ability of spermatozoa to bind to the zona
pellucida (Fig 4). Patients with severe teratozoospermia

('poor prognosis" pattern or less than 4%
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normal sperm scores as judged by strict criteria) have an impaired capacity to bind the zona under
HZA conditions (membranelreceptor

deficiencies?) (Oehninger,

1992). We agreed with Liu et al.,

that the ability of sperm to achieve tight binding to the zona pellucida might reflect multiple
functions of human spermatozoa (Liu, et al., 1988,1989).

In our studies, when the HZA was removed from regression analysis in order to identify the
predictive

value of other sperm parameters

(sperm concentration,

morphology

and motion

characteristics), the percent of progressive motility was the second best predictor of fertilization
outcome (Oehninger,

1992). We speculated that the relationship between sperm morphology and

IVF results depends upon an effect on zona binding. On the other hand, motility seems to affect the
prediction of fertilization rate outside the prediction of the HZA. It would appear that although
important in achieving binding, motility may be more important for cumulus penetration and zona
pellucida penetration, factors not directly evaluated in the HZA.

Logistic regression analysis

provided a robust HZI range predictive of the oocytes potential to be fertilized. This HZI cut-off
value is approximately 35%. Overall, for failed vs. successful and poor vs. good fertilization rate,
the correct predictive ability (discriminative

power) of the HZA was 80 and 85%, respectively

(Table 4). The information gained may be extremely valuable for counseling patients in the IVF
setting (i.e., considering a HZI below 35% the chances of poor fertilization are 90-100%, whereas
for the HZI over 35%, the chances of good fertilization are 80-85%) (Oehninger, 1992; Oehninger
eta!.,1992c).

Therefore, the assay has an excellent sensitivity and specificity with a low incidence of
false positive results (Table 4, Fig 5). For an HZI of35%, the positive predictive value of the HZA
is 79% and its negative predictive value is 100% (considering good vs. poor fertilization rates). In
the HZA, false positive results can be expected, since other functional steps follow the tight binding
of sperm to the zona pellucida and are essential for fertilization and pre-embryo development. Thus,
although binding is not crucial to achieve fertilization, it does not guarantee that fertilization will
ensue. However, tight binding to the zona is an absolute prerequisite for fertilization to follow
naturally.

Furthermore, in prospective studies we have examined the ability of the HZA to predict
IVF results in excess oocytes donated by patients in the same IVF/GIFT treatment cycle. In
addition, we assessed

the power of the HZA to prognosticate

the fertilization

outcome

III

subsequent IVF cycles in the same patients. Results have shown that for same and subsequent

I .'
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treatment cycles (repeating patients) an HZI value of 35% was again an excellent predictor
(discriminator) do success/failure.

Under HZA conditions, the minimum concentration of motile sperm from fertile donors
necessary to achieve valid results is approximately 250,000 motile spermatozoa

mr'. The

'effective

number of sperm' (morphological normal sperm with high motility) can be determined under theses
HZA conditions and may be indication of the actual number of normal spermatozoa necessary to
achieve binding and thereby anticipation successful fertilization (Franken et al., 1990b).

Others

have proposed that the HZA may be particularly useful for predicting which patients may benefit
from insemination within increased concentration (patients with severe oligozoospermiain
micro-insemination

in which

methods are utilized to try to enhance fertilization rates (Hammit et al., 1991).

Severe disorders of fertilization (failure or delayed fertilization) occur up to 8% of IVF
cycles (Oehninger et al., 1988, 1989c). We have analyzed couples with recurrent IVF failure in
order it establish a pathophysiologic
interactions during fertilization

diagnoses for specific functional defects of sperm-oocyte

process, and also to develop a serial, diagnostic

scheme for

managing these clinical problems (Oehninger et al., 1991a). The results of predictive fertilization
bioassay (HZA and hamster zona free egg/sperm penetration assay or SPA), IVF treatment, fertile
donor cross-match tests with either sperm or oocytes, and oocyte micromanipulation
assisted fertilization,

were analyzed

techniques for

in sequence (Table 5). All patients had recurrent

failed

fertilization in multiple IVF attempts.

The sequential analysis depicted here allowed us to establish a specific diagnosis of spermoocyte defects. Clearly, one should also take into consideration technical problems during the IVF
attempt, including iatrogenic failures due to sperm preparation techniques (sperm damage caused
by production of reactive oxygen species after repeated pelletting of unselected sperm populations)
(Aitken and Clarkson, 1987; Aitken, 1988; Aitken et al., 1991; Mortimer, 1991). Results using this
type of evaluation have indicated that specific defects could be demonstrated at the level of spermzona binding, zona penetration, and sperm-oocytes

fusion. Therefore, they could possibly explain

failure of fertilization at a particular point (Oehninger and Hodgen, 1991; Oehninger, et al., 1991a,
1991e, 1992c).

Failure of fertilization due to a defective sperm-zona pellucida interaction may be relatively
common problem, thereby underscoring the potential of the HZA as a diagnostic/predictive

test.

Stellenbosch University http://scholar.sun.ac.za
26

However,

one must realize that post-zona

binding defects may occur, thereby stressing the

necessity of evaluating patients with fertilization disorders utilizing other bioassays, which assess
complimentary

sperm functions. The order of progression of the predictive bioassays may be

important because those sperm defects that prevent tight binding to the zona pellucida or its
penetration will negate subsequent functional tests. Accordingly, the HZA should be applied first.
Men whose specimens show adequate tight binding or penetration under HZA conditions should be
examined next for acrosome reaction, oolema fusion, decondensation, and pronuclear formation in
sequence. The results of this sequential analysis help clinicians in the management of these difficult
cases and assist in the selection of optimal therapies (i.e., micro-insemination

methods (van der Ven

et al., 1989), medical therapies if they finally become validated (Acosta et al., 1991), or oocyte
micromanipulation

for assisted fertilization (Cohen et al., 1988; Ng et al., 1988; Palermo et al.,

1993) (Fig.6).

The presence of antisperm antibodies has been shown to negatively affect sperm function
In

several ways. Antibodies that agglutinate,

immobilize, or opsonize sperm impair migration

through the female reproductive tract and signifignificantly

reduce the number of sperm at the

fertilization site. Likewise, antibodies binding to the sperm surface may interfere with the normal
process

of sperm differentiation,

capacitation,

cumulus penetration,

acrosome

reaction,

zona

penetration, or sperm-oocyte membrane interactions (Alexander, 1989). In addition to the routinely
used serum and semen tests for the detection of antisperm antibodies, the HZA may be a test that
differentiates between those sperm populations that will have reduced fertility and those that will
not (Speroff et al., 1990; Alexander and Oehninger, 1991).

It has been previously shown that sperm specific isoantibodies and autoantibodies

inhibit

the binding of human sperm to the human zona pellucida and also that immobilizing antibodies
have a blocking effect on sperm penetration of human zona pellucida (Broson et al., 1989; Tsukui
et al., 1988). Sperm/zona binding assays provide another method of evaluation of the effect of
different subtypes of antisperm antibodies on this crucial step of gamete interaction (Franken et al.,
1991a; Liu et al., 1991; Mahony et al., 1991a; Mahony and Alexander,

1992). Although the

presence of antisperm antibodies seems to influence the transport capabilities of the gametes and
the fertilization

process

in vivo, IVF and GIFT have been successful

in treating

immunologic infertility (Acosta et al., 1989; Elder et al., 1990; van der Merwe et al., 1990).

patients
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We have utilized the HZA in order to try to determine the possible effect of peritoneal fluid
from patients with endometriosis on sperm/oocyte interactions. Although small numbers of patients
have been studied so far there appears to be a negative effect of peritoneal fluid obtained from
patients with endometriosis on zona-sperm interaction (Coddington

et al., 1992) (Fig. 7). This

might represent one multiple mechanisms of infertility in patients with endometriosis.

It is not

known whether detrimental changes are occurring at the level of the zona pellucida or the level of
sperm resulting in decreased tight binding, but the effect seems to be greater as the stage of
endometriosis

increases (Coddington et al., 1992). Not only can the HZA evaluate the effects of

endometriosis on sperm/oocyte interaction, but it might be useful as a marker to monitor this effect
in treated patients as well.

Use of the HZA in contraceptive technology

Being a functional bioassay that evaluates sperm-zona

pellucida oocyte interaction, the

requisite first step in fertilization and development, the HZA has a potential role in contraceptive
technology.

For example, contraceptive

vaccines that depend on blocking antigens essential to

sperm an oocyte functions involved in sperm binding require some means for prediction of clinical
success. Such biological endpoints would help to monitor effective antibody titer attainment and
maintance during and after the immunization regimen (Hodgen, 1989).

Similarly, the use of endocrine regimens to suppress spermatogenesis
control is fraught with concern that persistent oligozoospermia

to obtain fertility

or episodic escape phenomenon

might leave some subjects at risk for unwanted fertility. Even though there is evidence to suggest
that this residual sperm may be qualitatively

abnormal, their fertilizing potential may be high.

Achievement and maintenance of azoospermia in men receiving GnRH agonists or other hormonal
protocols for example, seems an exclusive and perhaps an impractical goal. Thus, a biological test
that can reliably show the fertility potential of sperm may be scientifically and ethically informative
during early clinical trials. Ongoing experiments

are assessing the potential use of HZA in

predicting contraceptive efficacy in these circumstances (antifertility assay) (Rodgers, et al., 1990).
Also, the HZA is an invaluable tool for the assessment
sperm monoclonal
Hodgen,

antibodies (Hodgen,

1991; Oehninger

et al.,

of antifertilizing

1989; Oehninger and Alexander

1991d; Mahony and Alexander,

capacity of antihuman
1991; Oehninger

1991; Oehninger,

and

1992).

Definition of the antigens involved in sperm-egg interaction (receptors) could provide important
advances in the development of a contraceptive vaccine.
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Since compelling evidence has demonstrated that sperm surface carbohydrates-binding
proteins mediate gamete recognition by binding with the high affinity and specificity to complexlike glucoconjugates

of the zona pellucida, we have investigated the role of complex saccharide

moieties using the HZA system (Ahuja, 1985; Oehninger et al., 1990). Fucoidin, a polymer of
sulfated L-fucose had an immediate, dose-dependant and potent inhibitory effect of sperm binding
to the zona pellucida, an effect that was present even after washing the sperm cells after the
preincubation

period (Fig. 8). This complex sugar has no effect on sperm viability or motion

characteristics and does not affect spontaneous rate of acrosome reaction (Oehninger et al., 1990,
1991b, 1992b). Furthermore, fucoidin inhibits the acrosome reaction exogenously stimulated with
solubilized human zona pellucida and does not effect acrosome reaction triggered by a calcium
ionophor (Mahony et al., 1991b) (Fig 9). This information points to an inhibition of a receptor
{

ligand-type interaction. Moreover, fucoidin has no effect on the influx of calcium triggered by
progesterone (Fig 10). Therefore, the binding event inhibited fucoidin seems to be rather specific,
although

further

contraceptive

experiments

are required

in order to validate

methods based on adding complex saccharides

spermicidal formulations

seem plausible if these carbohydrate

this hypothesis.

Potential

such as fucoidin (or others) to
moieties are effective and well

tolerated in vivo. Therefore, the HZA can be a system in which both spermicidal, anti fertilization
and virucidal compounds

can be tested for contraceptive

purposes (inhibitors

of sperm-egg

interaction) (Oehninger, 1992).

Use of the HZA to examine the biological basis of human fertilization

The specificity

of the interaction

between human spermatozoa

and the human zona

pellucida under HZA conditions is strengthened by the fact that the sperm tightly bound to the zona
are acrosome-reacted.

This has been established by transmission electron microscopic evaluation of

sperm bound to and penetrating through the hemizona and by the demonstration
induced acrosome

reactions using the T -6 monoclonal antibody immunofluorscent

of hemizona
techniques

(Coddington et al., 1990; Franken et al., 1991d; Fulgham et al., 1992). Results in interspecies
experiments

(see above) have also demonstrated

a high species specifity of human gamete

functions under HZA conditions, both in terms of tight binding as well as in the ability of the zona
glycoprotein to trigger the acrosome reaction.
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The HZA offers the arena in which prefertilization sperm events (capacitation and final
maturation changes) can be tested under the appropriate conditions,
temporal relationships between sperm-zona binding, hyperactivated

i.e., zona pellucida. The

motility, and the acrosome

reaction have been recently illustrated in human gametes. Spermatozoa from fertile men showed a
hyperactivation peak at about 2h, followed by a slow decline through 5 h, coincident at 3 h 30min
(Burkman,

1984, 1990). Under the conditions of this particular study (stimulated/synchronized

system) there was a shift in acrosomal status, which occurred between 2 and 3.5 h. As previously
reported, the kinetics of change in the extent of hyperactivation

and in acrosomal loss although

measured in different sperm population are consistent with and association between these two
events (Robertson et al., 1988). Furthermore, the kinetics of the acrosome reaction of human
spermatozoa may correlate with sperm fertilizing capacity under IVF conditions (Takahashi et al.,
1992).

Although the sequence of biochemical/physiologies

events leading to capitation is not fully

understood, an efflux of cholesterol from the sperm plasma membrane resulting in a modification
of membrane fluidity may be an important factor. In the mouse model, the binding of lP3 to a
sperm

receptor

initiates

gamete

interaction.

This

receptor-ligand

interaction

then

triggers

intracellular transduction signals resulting in exocytosis, i.e. the acrosome reaction (Greve and
Wasserman,

1985; Bleil and Wasserman,

1986; Jones, 1990; Wasserman

1990; Sailing, 1989,

1991). Based on the present evidence in the human model under HZA conditions, it seems that
capacitation-zona

binding-acrosome

reaction may occur in the same sequence. However, it has

been shown that acrosome intact and acrosome reacted human sperm can initiate binding to the
zona (Morales et al., 1989). Even so, the question remains about the physiological significance of
those two different sperm populations. Acrosome reactions may occur asynchronously both in vivo
as well as under in vitro conditions. Nevertheless, the physiologically relevant acrosome reaction in
human sperm may well be the one that occurs at the level of zona pellucida, triggered by this
structure after initial recognition and tight binding has occurred.

Time course studies using the HZA system support the concepts that 1) the human zona
pellucida is an important trigger for the acrosome reaction, and 2) that sperm are an asynchronous
population in regard to acrosomal status; those spermatozoa which achieve tight binding to the
hemizona progress rapidly through the acrosome reaction (lP3 induced"), while those sperm cells
not tightly bound have a very low frequency of spontaneous acrosome reaction. Bound sperm
would then be ready to penetrate the zona by binding to successive lP2 molecules

in their
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transverse through the matrix, while acrosin and possibly other proteases cleave the ZP2/ZP3
filaments in their path.

Studies have shown that progesterone can induce the acrosome reaction in capacitated
human sperm (Suarez et al., 1986; Thomas and Meizei, 1988). It has also been demonstrated that
progesterone can induce a rapid influx of calcium ions in either capacitated or non-capacitated
human sperm (Thomas and Meizei, 1988; Blackmore et al., 1990). The induction of the acrosome
reaction is believed to follow this influx of calcium ions.

This rapid effect of progesterone to

stimulate calcium influx indicates a non-genomic response and suggests that cell surface receptors
exist for progesterone (Blackmore, et al., 1990,1991). It has recently been shown that a distinct
non-genomic cell surface receptor for progesterone exists in human sperm (Blackmore et al., 1991).
High levels of progesterone are present in human follicular fluid. Therefore, we have investigated
the potential effects of progesterone on sperm functions associated with the fertilization process.
After a 1 h preincubation with sperm, progesterone at the dose of 1 ug/rnl' significantly enhanced
binding of sperm to the zona pellucida in fertile men. Additionally, progesterone at the same dose
enhanced the penetration of zona-free hamster eggs (SP A) both with an enhancement

of the

capacity to penetrate zona-free eggs after I hand 24 -h sperm preincubation (Sueldo et al., 1992)
(Table 6). Furthermore,

although progesterone

did not enhance acrosome

reactions

in short

incubations times, there was a positive effect after 24 h of coincubation. We have also observed a
significant enhancement of hyperactivation motility after exposure to progesterone (Mbizvo et al.,
1990). Therefore,

progesterone

could represent a means to enhance sperm function at the

fertilization level at the time ofIVF. Current studies are testing this hypothesis.

We have reported negative correlations between the percentage of morphologically abnormal
spermatozoa and the results of assisted reproduction techniques (Kruger et al., 1988; Acosta et al.,
1989). Patients with teratozoospermia demonstrated poor sperm binding to the sperm binding to the
zona pellucida and low IVF rates (Cohen et al., 1988, Franken et al., 1990b). Additionally, we have
reported a significant

linear relationship

between the number of sperm tightly bound to the

hemizona and the percentage of spermatozoa
according to strict criteria (Oehninger,

with normal morphology in the semen evaluated

1992). These findings suggested that a natural selection

occurs against morphologically abnormal spermatozoa at the site of zona pellucida. That is, under
in vivo conditions natural barriers are present minimizing migration and transport of abnormal
spermatozoa through the female genital tract and cumulus cells, thus diminishing the chances of
these abnormal spermatozoa to playa role in fertilization. These natural barriers of the reproductive
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tract are not present under IVF or HZA conditions except for the selection

In

motility and

morphology following swim-up separation.

Therefore, we investigated the morphology of those spermatozoa tightly bound to the zona
pellucida using HZA as a bioassay model and we compared the morphological normality of zonabound

spermatozoa

to the observed

in the original semen samples

and swim-up

fractions

(Menkveld et al., 1991). A significantly higher number of normal forms was found among the
zona-bound sperm, both for normospermic as well as teratozoospermia

patients (Menkveld et al.,

1991) (Table 7). These results indicate that a selection process against abnormal spermatozoa
occurs at the site of the zona pellucida. Spermatozoa classified as normal or slightly abnormal have
the potential

for selectively

achieving

binding to the zona in favor of abnormal

spermatozoa;

particularly those sperm cells with acrosome abnormalities

(bizarre)

and other sever head

defects are either actively excluded or simply cannot bind to the zona or do it with a low efficiency
due to inherent defects. This newly identified human zona property of sperm selectivity points to
another potential use of HZA (i.e., selection of sperm to be used in assisted fertilization). Examples
of this may include microinjection of a selected sperm directly into the ooplasm or transfer of
multiple

spermatozoa

purposes,

using

into the perivitelline

micromanipulators,

space to achieve assisted

morphologically

normal

fertilization.

For such

sperm can be identified

more

efficiently and removed from the hemizona after which they can be used for surgical fertilization
(Menkveld et al., 1991). Additionally, this would ensure that the physiological acrosome reaction
had occurred.

In support of this exciting development,
kinase-immunocytochemistry

Huszar and co-workers have utilized creatine

to evaluate human hemizona - sperm complexes to examine whether

the distribution of creatine kinase-stained cells bound to the hemizona would follow the incidence
of these sperm cells in semen samples, or if there is preferential binding by the normal sperm
(Huszar et al., 1994). Huszar et al., have previously shown a relationship between sperm creatine
kinase concentrations
1990).

and fertilizing potential in men (Huszar et al., 1990; Huszar and Vigue,

The binding to the hemizona

was selective for normal sperm as the incidence

of

intermediate and dark sperm in the semen samples was significantly higher than in those bound to
the hemizona (normal

=

clear heads; intermediate and immature

=

light and dark staining. Huszar

and co-workers have suggested that this high degree of selectivity is not related to the properties of
the zona, but rather to the fact that immature and abnormal spermatozoa are defective in the site(s)
of oocyte recognition and binding. Therefore, creatine kinase staining patterns in the hemizona

Stellenbosch University http://scholar.sun.ac.za

32

complexes support the use if strict criteria for identification of the male-factor population and the
use of the HZA in assisted reproduction and in assisted fertilization.
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Figure 9
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Legends to Figures
Figure 1. Hemizona assay: sperm-zona pellucida binding test.

Figure 2. The number of spermatozoa from fertile men tightly bound to the zona in the HZA
(oocytes stored in DMSO or salt-stored for 15 days). Each curve represents the mean binding of
two matching hemizonae: fertile male A ,~

; fertile male B,IIO

symbols

=

=

salt-stored oocytes; closed symbols

; fertile male

DMSO-treated oocytes.

<C4t

Open

(Adapted from: Franken

et al. 1989a).

Figure 3. Pooled zona pellucida-binding data for two fertile men (control) using increasing sperm
insemination concentration. (Adapted from: Franken et al. 1990b).

Figure

4. Relationship

between (a) HZ! and morphology

(strict criteria) and (b) HZ! and

fertilization rate under IVF conditions (Adapted from: Oehninger, 1992).

Figure 5. Cluster analysis of HZI and fertilization rate considering a cut-off HZ! of 35% (a) high
HZI, successful fertilization; (b) low HZ!, poor fertilization; (c) false positive results.

Figure 6. Fertilization disorders: establishing a pathophysiologic
application

of predictive

sperm/oocyte

bioassays,

diagnosis through the sequential

IVF and assisted

fertilization

techniques

(Adapted from: Oehninger et al., 199Ia).

Figure 7. (a) Average number of spermatozoa bound to the hemizona surface when exposed to
peritoneal fluid (PF) from endometriosis patients.

(b) Hemizona index (number of sperm bound to

the hemizona from test/number of sperm bound to the hemizona from control x 100) for each stage
of endometriosis

(Adapted from: Coddington et al., 1992)

Figure 8. Effect of fucoidin on human sperm-zona interaction.

(A) Dose-response curve (I h pre-

incubation of fucoidin with sperm prior to HZA with and without fucoidin
Oehninger et al., 1990).

(Adapted from:
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Figure 9. Effect of fucoidin on spontaneous (A) and (B) stimulated acrosome reaction

(Adapted

from: Mahony et al., 199Ib).

Figure 10. Evaluation of calcium influx into sperm: effect of progesterone and fudoidin
from: Oehninger et al., 1992b).

(Adapted
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Table I
HZA results according to nuclear maturation stage of human and cynomolgus monkey oocytes (Adapted
from: Oehninger et al., 1989b, 199Ie).

H._

Prophase I

Metaphase I

Melaphar

26

16

10

22±4
(2-73)

2H7
(2-94)

5O±11'
(15-94)

16

12

H

21±3
(5-52)

44±jb
(17-64)

69±6'
(25-115)

O«)IIS

HernÏ1.onae
TigbLly bound sperm
(X±SE)
(range)
M rRIhJ O«)les
Hemizonae
TigbLly bound sperm
(X±SE)
(range)

HZA results according lo nuclear maturation slage of human and cynomolgous monkey oocyte
• P<O.OI compared to prophase Ioocytes
..P<O.OI compared to prophase I and metaphase II oocytes

II
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Table II
Interspecies experiments

(a) HZA results
HUIDllD

Human zona

93.2± 15.8·
(JI=IO)
2.8± 1.6!
(M=~)
65±H!
(.=5)

Monley zona
Hamster zona

·P<O.OOI

Monkey speno

'penn

tP=O.02

3.9± 1.3·
(.= 10)
126.0±34.8t
(11=5)
6.2± LOt
(.=4)

fnot significant

(b) Pacentage of acrosome-readed
speno (human and monkey) after swim-up separation in the parallel droplets in sperm
exposed to but not bound to the hemizona (HZ), and in sperm tightly bound to the HZ under HZA condiuons.
Swim-up

Parallel
dropkt

Speno exposed to HZ but
Human

Human

7.3±1.I

'penn
Monkey

7.H

1.7

spenn

·P<O.OOI

tP<O.OOI

IO.6± 1.2

7.7 ± 1.3

12.1 ± 2.1

8.H2.1

DOt

bound

Sperm tightly bound

Monley

Hamster

Human

9.H

8.6±O.8

89.0±3.6*

5.0±2.1

22.0±6.8

1.3

IO.H2.2

10

Monley
9.8±6.9
905H.8t

tbr HZ
Hamster
10.5±4.8
5.5f5.6
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Table III
HZA results (absolute binding and HZI) according to fertilization rates in IVF (Adapted from Oehninger,
1992).

Concentration
(x 100mr')

Fertilization rate
M.a 13.1
~65%
'Good fertilily' (n=26)
FcrtiIizaLion rate
58.H8.7
<63%
'Poor fertility' (. = 18)
P value
0.04
Successful
fertilization
(1-100%) (11=30)
Failed
fertilization
(0%) (11=14)
Pvalue

Motility

Morphology

(%1

(~~)

HZA

Fertilization

Hemiaona
index

rate

Control

Tet

(HZI)

(~~)

82.6± 10.8

84.5±10.9

81.4±4.4

98.0± 1.2

68.6±8.7

27.3±7.3

36.H6.9

8.0±0.02

71.6±2.8

11.2± 1.0

46.8±3.8

4.HO.7

<0.0001

<0.0001

0.5

<0.0001

<0.0001

<0.0001

91.9± 11.8

68.8±3.1

10.2±J.0

82.2±9.5

77.8±10.2

75.9±5.2

90.014.2

54.3± 11.0

45.8±4-.9

65.4± 12.6

25.4-±9.5

35.1 ±9.3

0

<0.04

<0.0001

0.3

<0.0001

0.0006

<0.0001

4.6± 1.0

0.002
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Table IV
Overall predictive value of the HZA considering a cut -off HZI of 35%.

Faikd\-"S.
successful

Poor vs. good
fertilization

fertilization
True positive
False positive
False negative
Truc negative

27 (+ PV=82~~)
6

3
8( - PV = 73'~·~)

26( + P\'
7

= 79~~)

o
J I ( - PV = I OO~'o)
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Table V
Sequential analysis for the diagnosis of specific sperm/oocyte defects. HZI: hemizona index. SPA: hamster
egg/sperm penetration assay (Adapted from Oehninger, et al., 1991a).

Couple

H~mizona
ï.. dex
(n.c

SPA

IVF

Ooocvre
:Wicro

Cross-ma leh Irs!.

Con""" vs.
Test (%)

iOocy les fntilizcdl
inxminalcd)

manipulation

Donor
~nn

Oocyte

2(2

0/3

2/3

011

3/3

0[2

#1

30

i()--20

0f7

i!2

2ï

31-21

0/13

1/3

20

114

75

0/3
(PZD)
2f6

Donor

(PZD)

2/7;

2/5
(SZI)
0[2

(:WI)

(PZD)

0/12

28-21

0/11

;;5

65

100-0

0/18

116
1/7
118

0
100
12

32-0
25-20

0/4
0/7
0[20

Sequential diagnosi. of _pcnn/oocyl~ defects in parierns with
mieroinjcction; SZ/: subzonal sperm insertion i

6/10; 0/2
(MI) (PZD)

I/I
Of3
(SZI)
!"ttUfTCDI

wied

7/15

IVF. (PZD: Partial zoea dissection; MI: oocyte
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Table VI
Effect of progesterone in HZA, SPA and acrosome reaction (p4: l.Oug ml-I, 14 and 24 h sperm preincubation)

(Adapted from Sueldo et al., 1992).

HZA
(spnm IÏKhtly bound)

Control
Progesterone
·P<O.M compand

SPA

A<:nl5OIJKReation

(";,i

(':~)

Ih

24 h

Jh

35

•

52*
to control

4

24 h

Ih

24h

31

39

60-

66-

10
18

30-

9
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Table

vn

Distribution of spermatozoa (%) in the original sample, swim-up fractions and on the hemizona-sperm
complexes based upon morphology (strict criteria) (Adapted from Menkveld et al., 1991).

Semen

Nonnospennic

Hemiz.ona

S",-im-up

Nonnal

Sliptly
abnormal

Amorphous

Normal

Slightly
abnormal

Amorphous

Normal

Slighdy
abnormal

Amorphous

21

22

56

27

25

47

44'

25

29

3

9

87

S

13

81

15"

16

67

(.=4)

Teral~permic
(.=11)

·P<O.OS compared lO semen and swim-up fractions
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Specific aimZ: To develop and validate an in vitro bioassay (a micro volume assay) for the
evaluation

of the physiologically

induced acrosome reaction of sperm in suspension by

human solubilized zona pellucida.

Physiological induction of the acrosome reaction in human sperm: Validation
micro-assay
J

of a

using minimal volumes of solubilized, homologous zona pellucid a
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Abstract

The objective of these experiments was to develop a method that could accommodate
micro-volumes of solubilized human (ZP) and sperm for assessing the induction of the acrosome
reaction. For this purpose, we developed a micro-assay using 1~1 of 2.5, 1.25, 0.6, 0.3 and 0.125
ZP/~l incubated with I~L of a highly motile sperm suspension for 60 minutes. As a control and
parallel to the micro-assay a standard acrosome reaction technique was performed. Results: No
significant differences were observed between the percentage acrosome reacted sperm reported by
the two assays under basal conditions (spontaneous)
solubilized

ZP. At a ZP concentration

or after induction with a Cai'ionophore

of 0.6 ZP/~l, the percentages

of acrosome

or

reacted

spermatozoa in both techniques were significantly higher compared to the spontaneous acrosome
reaction results, namely 18% and 17%, compared to 10% and 10%, respectively. Approximately a
30% level ofacrosomal

exocytosis was induced with 2.5 ZP/~l in both methods. We concluded that

this newly devised micro-technique

is easy and rapid to perform, is repeatable and facilitates the

use of minimal volumes of solubilized

human ZP (even a single ZP) for assessment

inducibility of the acrosome reaction of a homologous sperm population.

of the
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Introduction

The andrologie evaluation of the male partner relies on a thorough history and physical
examination,

followed by a urologic and endocrinologic work-up as indicated. Still, the semen

analysis remains the cornerstone of diagnostic management. We and other, have been promoters of
a sequential, multi-step diagnostic approach for the evaluation of the various structural, dynamic
and functional sperm characteristics

(Oehninger, et al., 1991; Amman and Hammerstedt,

1993;

Oehninger, et al., 1997.) The proposed diagnostic scheme should include (i) assessment of the
"basic" semen analysis and (ii) functional testing of spermatozoa (World Health Organization,
1992; Oehninger, 1995).

Different laboratories have highlighted the diagnostic power of a variety of tests that
examine the functional competence
incorporated

of the male gamete. The World Health Organisation

has

some of them under the category of functional tests (WHO, 1992). At a recent

Consensus Workshop in Advanced Andrology (Consensus Workshop on Advanced Diagnostic
Andrology Techniques, 1996.) it was concluded that because of their validation and unquestioned
clinical value, the homologous sperm-zona pellucida (ZP) binding tests should be incorporated in
the advanced stages of the work-up. However, it was also agreed that better standardisation

of the

currently used acrosome reaction techniques should be implemented prior to their introduction as a
routine clinical tool. At the present time, there seems to be general agreement that more clinical
information can be gained by the analysis of a stimulant-induced acrosomal exocytosis compared to
the assessment of the spontaneous frequency of acrosome reactions (basal rate). The most widely
utilised method is the challenge with a calcium ionophore agent where the acrosome reaction is
identified

with defined lectins in combination

with indirect immunofluorescence

(Consensus

Workshop on Advanced Diagnostic Andrology Techniques, 1996).

The acrosomal response of

a: given

sperm sample has been illustrated to be a crucial event

leading to fertilisation and many reports have aimed to correlate acrosome reaction response with in
vitro fertilisation rates. Moreover, the precise timing of the acrosome reaction formed the rationale
for the development of the ARIC-test (Cummins, et al., 1991; Teasarik, 1996). The concept of
acrosomal inducibility (Henkel, et al., 1993; Henkel et al., 1998) and the ARIC-test have gained
more recognition, and there seems to be agreement that this method of evaluation is a more reliable
predictor

of sperm fertilising

spontaneous

ability than those tests that simply measure the frequency

acrosome reactions.

of

The inducibility of the acrosome reaction, i.e. the difference
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between

spontaneous

and percentage

acrosome

reacted

sperm

after

induction,

correlates

significantly with in vitro fertilization outcome (Henkel, et al., 1993).

The ZP in both the intact and solubilized state has been demonstrated to be a powerful and
physiological inducer of the acrosome reaction (Cross, et al., 1988; Mahony, et al., 1991Bielfeld, et
al., 1994; Liu & Baker, 1994; Franke, et al., 1996; Franken, et al., 1997). During fertilisation,
acrosome

reaction failure can be caused by multiple factors; such as (i) inadequate

capacitation;

sperm

(ii) an inability of the sperm membrane to undergo specific structural-functional

changes after binding to the ZP; or (iii) an impaired capacity of the ZP of a specific oocyte to
induce the acrosomal cascade.

In this investigation, we aimed to develop and validate a simple and rapid micro-assay for
the accurate determination of the human sperm acrosome reaction mediated by minimal volumes of
solubilized (or even a single ZP) homologous ZP.

Materials and methods

Preparation of sperm samples

Ejaculates from fertile men (donors) were used in these studies after approval by the local
ethics committee.

The sperm parameters

deviation): concentration,
(strict criteria), 17±2%.

117.4±16 xl06/ml;

of samples used were as follows (mean±standard
sperm motility, 60±5 %, and normal morphology

Motile sperm fractions (1Ox106 cells/ml, >90% motility) were retrieved

using a double wash swim-up technique (15, 16). Before the onset of acrosome reaction studies,
sperm were allowed to capacitate at 37°C in 5% CO2 in air for 3 hours in synthetic human tubal
fluid medium (HTF) supplemented with 3% BSA (17).

Preparation of solubilized ZP
Human oocytes were retrieved from post-mortem derived ovarian tissue following approval
by the local ethics committee. Oocytes were stored in DMSO/sucrose at -196°C in liquid nitrogen
(Hammit, et al., 1993). Twelve hours prior to each experiment, oocytes were removed from storage
and thawed at 3·7°C. Oocytes were placed in 0.25 M sucrose and 3% BSA in HTF medium for 20
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minutes at room temperature, after which the oocytes were placed under mineral oil (Sigma Chem
Co, St Louis, MO USA Cat no. M-3516) until used.

On the day of each experiment, 50 oocytes were vigorously pipetted with a small-bore
glass pipette (inner diameter 80 microns) to separate the ZP from the ooplasm. The separated ZP
were then placed in a plastic Eppendorftube

containing HTF medium supplemented with 3% BSA.

The tubes were centrifuged for 15 minutes at 1,800x g, after which the HTF medium was carefully
removed under microscopic vision (Olympus SZ40, Wirsarn Scientific, Cape Town, South Africa),
leaving only 50 ZP at the bottom of the tube. A total volume of 5f..ll10mM HCI was added to the
zonae pellucidae. Solubilization of the ZP was microscopically observed and controlled after which
5 f..llof 10mM NaOH was added to the ZP to render a fmal zona volume of 10f..l1,containing 5ZP/f..l1.
The final pH of the zona solution was 7.4.

Acrosome Reaction
Two sets of experiments, each using different volumes of solubilized ZP, were performed in a
parallel fashion, namely, a micro-assay

and a standard acrosome

reaction assay.

Following

solubilization zona pellucidae were kept at 4°C for 7 days during which all experiments were
performed.

Ongoing studies in our laboratory currently evaluate the acrosome reaction inducibility

of solubilized zona pellucidae recorded over an extended time period.

For the micro-assay,

lul of ZP solution (concentration,

5ZP/f..l1 stock solution), was

aspirated into a Teflon pipette tip (Hamilton Pipette-tip, Cat 84254, Separations, Cape Town, South
Africa), fitted to a micro-syringe (Hamilton 702, Separations, Cape Town, South Africa) with IIlI
of sperm (lOx106 sperm/ml, >90% motility), to render a final ZP concentration of2.5 ZP/Ill. Serial
dilutions were made from the 5ZP/1l1 solutions (I: I, vol: vol) using HTF to equal final zona
concentrations of 2.5, 1.25, 0.6, and 0.3ZP/1l1. One microlitre of each dilution was separately added
to lul of sperm to equal a final ZP concentration

of 1.25, 0.6, 0.3 and 0.15 ZP/Ill.

Prior to

aspiration into Teflon tips, all sperm/ZP suspensions were gently mixed in a well of a micro-titre
plate (Microtest plate cat No. P43 Laboratory and Scientific, Cape Town South Africa). To prevent
evaporation from the Teflon tips, aspirating HTF droplets into both sides of the Teflon tip sealed
off sperm-ZP suspensions. Each sperm-ZP suspension was separated from the HTF droplets by air
bubbles on both sides.
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Due to the small volumes involved, progressive motility and percentage live cells (4), for
both acrosome reaction techniques were manually performed on spotted slides (MAGV, Germany,
XER 20 IB). Control and treated sperm samples were carefully removed from the teflon tips and
placed on separate spots on the spotted slide and immediately evaluated for percentage live sperm
under inverted phase contrast microscope (Nikon TMS-F, Research Instruments, Johannesburg,
South Africa). During both techniques the percentage live acrosome reacted cells were recorded by
aspirating/adding

If..LI(Iug/rnl) Hoescht-dye

(supravital

stain Hoechst 33258, B-2883; Sigma

Chemical Co, St Louis, MO, USA) 5 minutes before termination of incubation of sperm and
solubilized zona. During the evaluation of the acrosome status of each experiment,

only live

acrosome reacted spermatozoa were recorded.

In each study, negative and positive control experiments

consisted

of llllof

sperm

2

suspension plus Iul HTF or IIII IOIlM Ca+ -ionophore (Sigma, Chemo MO, USA, Cat C7522)
incubated as the test conditions at 37°C, 5% CO2, 95% humidity for I hour.

For the standard

acrosome reaction assay, larger volumes (i.e., 5111of the sperm suspension plus 51lL of the above
mentioned zona solutions (i.e. 2.5, 1.2, 0.6, 0.3, and 0.15 ZP/Ill), were incubated in 0.4 ml
Eppendorf tubes, under similar laboratory conditions for I hour. Prior to the onset of the study
control experiments (i.e. exposure of sperm to HTF and Ca2+-ionophore) were also included in the
standard acrosome assay as described above.

Following the motility assessments, sperm droplets were allowed to air dry, after which the
sperm were fixed in 70% ethanol for 20 minutes and evaluated for percentage live cells. Acrosomal
status for both assays
isothiocianate

(and respective

(FITC)-Pisum

control

sativum agglutinin

conditions)

was evaluated

using fluorescein

(PSA) staining (Sigma Chemicals,

MO, USA,

L0770.), with epi-fluorescence microscopy (Olympus BX40, Wirsam Scientific, Cape Town, South
Africa) (Cross, et al., 1998; Morales et al., 1989; Morales & Cross, 1989; Mahony, et al., 1991).
Two hundred cells were counted in a blinded fashion in each well of the spotted slide and results
were expressed as % acrosome-reacted

sperm.

The following staining patterns were evaluated as

acrosome reacted spermatozoa; (i) patchy staining on acrosomal region, (ii) distinct staining in the
equatorial region occurring as a equatorial bar and (iii) and no staining observed over entire sperm
surface.

Intact ZP-induced acrosome reaction
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Additional acrosome reaction studies were performed on intact ZP. Using the same sperm
samples, parallel experiments to the micro- and standard acrosome assays were performed where
the acrosomal status of ZP-bound sperm was examined after co-incubation of the male gametes
with intact, previously salt-stored human oocytes. It has been demonstrated that oocytes stored
under these conditions retain biophysical, biochemical and functional properties (Yanagimachi, et
al., 1979; Burkman, et al., 1988; Franken et al., 1991). At the time of the experiments, the oocytes
were desalted, washed in culture medium and microbisected into matching hemizonae as previously
described (Burkman, et al., 1988). A total of 60 hemizonae (matching pairs from 30 oocytes) were
individually incubated under oil in 50 ul, droplets containing 25 x 106/ml motile sperm (post-swimup) for 60 min at 37°C in 5% C02 in air. The hemizonae were then removed from the suspension
and after pipetting using a fme glass pipette to remove loosely attached sperm, the number of sperm
tightly bound to each hemizonae were counted under phase-contrast microscopy (Burkman, et al.,
1988; Franken, et al., 1991).

Thereafter, the sperm tightly bound to the zona were removed (stripped) by a shearing
action, using a small-bore glass (60 microns inner diameter) pipette.

Individual sperm were then

placed on a spot glass slide, allowed to air dry, after which the acrosome reaction was determined
as described above. The number of sperm tightly bound to each hemizona under these conditions
was always >300 cells. Most of the zona-bound sperm could be stripped during the experiments for
all hemizonae evaluated and at least 200 spermatozoa

(per hemizona) could be assessed for

acrosomal status.

Statistical Analysis
Comparisons of the percentage acrosome reaction for both methods (micro- and standard
assays) Under different experimental conditions (i.e., spontaneous, Ca2+-ionophore and ZP-induced
conditions) were performed with Fisher's exact paired t-test. The overall dose-dependency
varying solubilized

ZP concentrations

on acrosomal

exocytosis

effect of

was assessed by analysis of

variance (ANayA).

Results.

The percentage
Ca2+ionophore-induced

acrosome

reaction

recorded for spontaneous

(in HTF medium) and

did not differ between the micro- and standard acrosome reaction assays
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(Table I). (Table II) shows acrosome reaction results for the various solubilized ZP concentrations
used. Again, there were no differences
methods.
addition,

in the induction of acrosomal exocytosis for the two

The percentage of live acrosome reacted sperm in both techniques were >80%. In
an obvious dose-dependent

effect of solubilized ZP on the acrosome reaction was

observed reaching an approximate 30% induction using a maximum dose of 2.5 ZP/f-ll for both the
micro- and standard assays.

Following a I hour incubation with intact hemizonae (intact ZP), on

the other hand, the % acrosome reacted zona-bound sperm was significantly higher than the levels
with solubilized ZP or the Ca2+-ionophore agent (84±9 % versus 32±2 and 28±3,

obtained

respectively, p< 0.001).

Discussion

The need for a micro-volume

assay to assess acrosome reaction has been identified

previously (Morales, et al., 1989). This is due to the fact that diagnostic andrology laboratories often
lack sufficient biological material (i.e., human ZP) to perform a defined and specific test such as the
examination of the physiological acrosome reaction. This is true for the natural ZP protein(s), but
will also be relevant when recombinant human ZP proteins are to be tested for corroboration of
their biological activity (Brewis, et al., 1996; Chapman & Barratt, 1996).

The newly described assay is simple, can be performed quickly, and the results are reliable
and repeatable.

Therefore, because of the small volumes employed, it is an ideal technique for

testing native and recombinant ZP (highly precious or scant material). The results of the present
study indicated the use of a single ZP to be adequate for mediating the acrosome reaction of a
sperm population in suspension.

At a ZP concentration of 0.6 ZP/flL, the percentage acrosome

reacted sperm, as determined by both the standard and micro- assays, was significantly higher than
the spontaneous

reaction, i.e. 18% (standard assay) and 17% (micro assay) compared to the

spontaneous reaction namely, 10% (standard assay) and 10% (micro assay). The maximum levels
of acrosomal

exocytosis

(28%) induced with the highest ZP concentration

(2.5 ZP/f-lL fmal

concentration)

in the micro-assay were similar to the ones observed with the standard assay in our

laboratory and in those of others (Franken, et al., 1996; Mahony, et al., 1991, Liu & Baker, 1994).

On the other hand, acrosome reaction induction by intact zonae pellucidae as detected
during sperm-zona binding control assays was, as expected, higher than with the use of solubilized
ZP. The incidence of zona-bound acrosome reacted spermatozoa found here is similar to the one we
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reported using the hemizona assay model combined with transmission electron microscopy and the
monoclonal T-6 antibody (Coddington,

et al., 1990; Franken, et al., 1991). A more adequate

configuration of the ZP proteins in the intact zona matrix and a higher number of zona protein
molecules in the hemizona (as compared to lower numbers present in the very small volumes of
solubilized ZP used here) are a possible explanation for this finding.

The routine introduction
physiologically-induced

of a simple and reliable assay for the evaluation

of the

acrosome reaction as a component of the previously proposed sequential

diagnostic work up programme, will assist in the identification of specific sperm defects and may
allow the development of more directed therapies.

Andrology testing remains, in our opinion as

well as those of others (Mortimer, 1994), an ever-growing component in the work up of the infertile
couple. We enter the next millennium with many questions that remain to be answered by thtl hand
of efficacious screening techniques and a new formidable therapy in ICSI (Oehninger, et al., 1995).
The analysis of the inducibility of the acrosome reaction, a critical step during fertilisation, aids the
clinician in the management

of male infertility. Finally, it is accepted that, once available, a

biologically active recombinant human zona pellucida protein 3 (rhuZP3) will be the ultimate
agonist or trigger substance for human sperm AR. Such a test will most certainly become the basis
of the ideal acrosome reaction test (Tesarik, 1996). Once available in sufficient amounts, rhuZP3
moieties will have to go through comparative evaluation studies, using natural (solubilized) ZP as
controls in subsequent (micro-volume) acrosome reaction assays.
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Table I.
Acrosome reaction results recorded with a micro assay and a standard technique using
calcium ionophore-induced and spontaneous reactions.

Standard assay*

Intact

Micro assay*

zona
pellucida
%ARof

Spontan.-

Calcium

Spontan.-

Calcium

AR

ionophore-

AR

ionophore-

zona-

induced

induced

bound

AR

AR

sperm

47±14d

84±9%

lO±2a

51±2b

lO±3c

* mean % ±SD
a vs c: not significant, Fisher's exact paired t-test.
b vs d : not significant, Fisher's exact paired t-test.
AR: percentage acrosome reacted spermatozoa
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Table II
Mean (SD) percentage acrosome reacted spermatozoa recorded for varying solubilized
ZP concentrations .•

Zona

pellucida

cone.

Standard

Assay

Micro Assay

(ZP/J.1I)
Percentage AR

Percentage AR

(Mean±SD)

Mean±SD

2.5

32*±2%

28±3%

1.25

26*±2%

23±2%

0.6

18*±3%

17±3%

0.3

14±2%

16±2%

0.15

14±3%

14±3%

Spontaneous

10*±2%

10±3%

Overall dose-dependency effect for both methods, P<O.OOOIby analysis of variance.
•

p=<0.05 for 2.5, 1.25 and 0.6 ZP/Ill when compared to spontaneous
reaction results.

acrosome
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Chapter 2.

Background
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2a. Normal Fertilization
Fertilization involves a complex sequence of events leading to embryogenesis. Obligatory
requirements for the successful completion of normal fertilization include a mature, metaphase II
oocyte and spermatozoa that have completed the process of capacitation. The newly formed zygote
undergoes early cleavage divisions depending upon the oocytes endogenous machinery and at the 4
to 8-cell stage initiates transcription of the embryonic genome (Braude, et al., 1988). In vivo, these
processes

are synchronized

with the preparation

of the endometrial

mucosa

(window

of

implantation) thereby ensuring an adequate milieu receptive of the blastocyst. In vitro conditions
can successfully

mimic these physiological

events. The clinical application

of the knowledge

gained in the disciplines of endocrinology, andrology and embryology has allowed many infertile
couples achieve their reproductive goals through the therapeutic modality of in vitro fertilization
(IVF) followed by embryo transfer. IVF and subsequently developed techniques such as embryo
cryopreservation,

intracytoplasmic

have revolutionized
undoubtedly,

sperm injection (IeSI) and pre-implantation

the field of human

reproductive

medicine.

genetic diagnosis

These techniques

will be,

the basis for future improved therapies that will help alleviate and even prevent

human disease. Here, it is my aim to present current knowledge of the human fertilization process
with emphasis on clinically relevant data.
The trip from oocyte to blastocyst
During the natural cycle, typically, a single preovulatory oocyte is released at the time of
ovulation. Functionally competent (capacitated) spermatozoa, upon timely arrival to the fertilization
site, will be able to successfully

interact with the oocyte resulting in oocyte activation

and

pronuclear formation. This is followed by transport of the developing blastocyst to the implantation
site. The ultimate goal in IVF, on the other hand, is to achieve the transfer of high quality embryos
to the uterine cavity, thereby providing the infertile couple with maximal chances of conception.
This goal is dependent upon the accomplishment

of several inter-related sequential processes.

These processes include: (a) the recruitment of multiple fertilizable oocytes; (b) the achievement of
high normal (diploid) fertilization rates in vitro; (c) an adequate pre-implantation

embryo growth

under extra-corporeal culture conditions; and (d) the acquisition of an appropriate developmental
potential of the transferred

embryos resulting in timely implantation.

A current priority of

programs offering assisted reproductive technologies (ART) is the one to minimize the incidence of
multiple pregnancies; in this regard, various culture conditions as well as selection policies are
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being examined in order to transfer (and/or cryopreserve) those embryos demonstrating

highest

developmental competence.

Ovarian folliculogenesis,

supported by a changing endocrine-paracrine

milieu, requires

dynamic interactions between the maturing oocyte, the nurturing granulosa cells and factors present
in the follicular fluid.

The onset of follicle growth involves physiologic, genetic and metabolic

changes in the oocyte, as it prepares for the completion of meiosis, the prevention of polyspermy,
and the initial stages of embryogenesis following fertilization. Both an adequate oocyte quality and
quantity are needed for IVF. The number of recruited-growing follicles depends upon an inherent
ovarian reserve, related to the woman's chronological age and basal serum FSH levels. Oocyte
quality, on the other hand, is a direct consequence of metabolic changes, chromosomal-spindle
apparatus

intactness and an adequate genetic control of the mechanisms

leading to growth-

differentiation and to inhibition of programmed cell death (or apoptosis). Controversial data exist
related to an increased incidence of apoptosis in poor quality oocytes such as observed in advancing
age (Fujino, et al., 1996; Perez, et al., 1997; Van Blerkom, et al., 1997).

Each embryo has a unique developmental potential and only a relatively small proportion
of cleavage stage embryos is competent to implant following IVF and develop through gestation
(Acosta et al., 1988; Van Blerkom, 1997). There are developmentally
the female gamete prior to insemination.
chromosomal

disorders

(aneuploidism)

lethal defects that occur in

Mature oocytes are known to contain

and cytoplasmic

structural

numerical

defects (vacuolization

and

fragmentation) that predispose the fertilized oocyte to developmental failure (Van Blerkom, 1997;
Van Blerkom et al., 1997; Van Blerkom, 1998). These abnormalities may be the result of altered
intra-follicular

conditions during preovulatory

during controlled ovarian hyperstimulation.

oocyte maturation occurring either naturally or

The extent to which aneuploidies detectable in mature

human oocytes are a consequence of chromosomal defects that occur prior to the arrest of meiosis
at the prophase I stage is unknown (Van Blerkom, 1997; Van Blerkom et al., 1997; Van Blerkorn,
1998). Clearly, poor culture conditions including use of suboptimal culture media, may generate or
be additive to pre-existing defects.

Unfortunately, no single follicular factor(s) (secreted into the circulation or present in the
follicular fluid) has been demonstrated

to provide definitive prediction

of the developmental

competence of the oocyte or embryo. Recently, this issue was addressed by analyzing follicular
fluid biochemistry (ATP, p02. pH, vascular growth factors), granulosa cell behavior in vitro (i.e.,
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presence and polarization of oocyte regulatory proteins) and peri-follicular blood flow (using color
pulsed Doppler ultrasonography) and correlating results with various oocyte/embryo developmental
capacities under in vitro conditions. (Van Blerkom, 1997; Van Blerkom, et al., 1997; Van Blerkom,
1998; Antczak and Van Blerkom, 1997). The demonstration of an association between follicular O2
content, peri-follicular blood flow and embryo quality may provide a non-invasive and indirect
indication of follicle health and possible of the developmental

competence of the corresponding

oocyte.

Following this line of investigation, we have also observed that follicles with a low perifollicular blood flow resistance index (assessed by color Doppler the day after hCG administration)
are associated

with oocytes that after fertilization

originated

embryos

of superior cleavage

characteristics. More data are needed in order to define the correlation between peri-follicular blood
flow and follicular homeostasis, and to determine whether changes in the follicular milieu (degree
of hypoxia/acidosis

or altered secretion

of paracrine/autocrine

factors)

affect oocyte/embryo

developmental competence.

Various clinical strategies are being used to try to improve oocyte quality in patients having
repeated IVF cycles with poor ovarian response/oocyte

morphology, fragmented embryos and/or

multiple implantation failures. These strategies followed pre-clinical

studies performed in non-

human primates aiming at conferring maturity to prophase I oocytes by transferring cytoplasmic
factor(s) from metaphase II oocytes (Flood et al., 1990). Pregnancies

have been achieved

in

preliminary clinical trials after cytoplasmic transfer in mature human oocytes (Cohen et al., 1997;
Cohen et al., 1998).

Therefore, this technique

or modified therapeutic

alternatives

may be

promising for p~tients with compromised embryos. Theoretically, cytoplasmic transfer may be able
to rescue compromised

oocytes by providing metabolic factors or regulatory products leading to

stimulation of growth and/or suppression of apoptosis.

Embryo implantation potential in IVF can be correlated with morphological scores and
cleaving status. However, the overall predictive value of these embryo features is relatively low.
Embryos showing fragmentation or other obvious morphological abnormalities and retarded growth
may have chromosomal

abnormalities

presence of multinucleated

blastomeres

(Kligman, et al., 1996).

It has been suggested that the

at the 2-cell stage is indicative of failure to progress

(Kligman, et al., 1996; Sakkas, et al., 1998). Therefore, the practice of embryo selection before
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transfer can only be efficacious if inspections

In

the clinical laboratory are made at frequent

intervals of observation (Van Blerkom, 1997).

For cryopreserved-thawed

embryos, we found a significant relationship between average

morphology and implantation rate (r= .41) with embryo grades 1-2 (highest morphology scores)
showing odds ratio indicative of a 3-times higher chance of pregnancy. However, the positive
predictive value for pregnancy was only 0.30. For fresh embryo transfers, we found that the average
cleavage status on day 3 was a significant predictor of pregnancy (r= .26, p<O.OOI) better than
average morphology score (r= .2, p<O.OOI). Pregnancy rates correlated positively with the number
of good quality embryos transferred, but had a stronger and negative correlation with the number of
poor quality embryos transferred. We also observed that the age-related decline in pregnancy was
associated with impaired embryo cleavage rate and not poorer morphology scores. Results also
revealed that IVF-derived embryos had better cleavage rates and morphology scores than ICSIderived embryos; however, the implantation potential was similar for both groups. These results
underscore the need for improved, non-invasive methods to assess pre-implantation embryo quality.
It remains to be determined if measures of metabolic activity or other secreted proteins by cultured
human blastocyst can be used as biomarkers of embryo developmental competence.

The ability to culture embryos to the blastocyst stage should help achieve the goals of
selection of best quality embryos for transfer and reduction of multiple pregnancies. Therefore, the
optimization and standardization of embryo culture media that support human embryo growth to
the blastocyst stage should be considered an immediate priority for IVF programs. Recent data have
been presented to support the move to blastocyst culture and transfer in human IVF (Sakkas et al.,
1998; Scholtes, et al., 1996). We have performed a prospective randomized evaluation of two
culture

systems

using

cryopreserved-thawed

development, trophoblast/inner

human

embryos

and

examined

blastocyst

cell mass ratios and cell death. Preliminary results demonstrated

that blastocyst formation rates vary depending upon culture conditions and that the percentage of
cell death is relatively low in embryos reaching blastocyst stage. Moreover, some culture media
stimulated blastocyst formation of "deselected"

embryos (embryos with poor morphological

grades) thereby offering a means of separating human embryos with sub-optimal morphology into
viable and non-viable categories. One of the major morphological

anomalies observed in many

human embryos is extensive cellular fragmentation. Embryo fragmentation seems to be associated
with activation of programmed

cell (Gardner,

1997).

Advancements

in clinical results should
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follow acquisition of new knowledge in the areas of early embryo development and its control
mechanisms.

Sperm capacitation

Spermatozoa are highly differentiated cells whose main function is to fertilize the oocyte
leading to embryo development. They are the result of the complex process of spermatogenesis,
which involves the phenomena of differentiation,

multiplication (mitosis), determination

haploid stage (meiosis) and a dramatic metamorphosis
function and gametogenesis

(spermatogenesis).

Seminiferous

of the
tubule

occur under strict endocrine and paracrine control. Spermatozoa are

released into the epididymis (spermiation), where further maturational structural, biochemical and
functional

changes

spermatozoon

occur (capacitation).

In order to successfully

fertilize

the oocyte,

the

must be able to perform these functions: migration (allowing transport to the

fertilization site through adequate motion patterns), recognition and binding to the zona pellucida
(an event dependent upon specific receptor-ligand interactions), penetration of the zona pellucida
(secondary to the release of enzymes following the induction of the acrosome reaction by zona
components), binding to the oolemma (also dependent upon interaction of complementary gamete
molecules), oocyte activation, nuclear decondensation

and participation in pronuclear formation

leading to syngamy (Yanagimachi, 1994).

Only capacitated

spermatozoa

demonstrate

the ability

to respond

to the adequate

physiologic stimuli that result in the display of adequate motion characteristics, acrosome reaction
responsiveness and competence to interact with the oocyte and its vestments (Figure 1). Several
cellular changes that are manifested

during capacitation

include, among others, removal or

modification of-surface proteins, efflux of cholesterol from the membranes, changes in oxidative
metabolism,

achievement

phosphotyrosine

of hyperactivated

pattern

of motility

and

an

increase

content of several proteins. In addition to tyrosine phosphorylation

in the

of specific

proteins, other modifications of cellular regulators occur such as a decrease in calmodulin binding
to proteins

and an increase

in calcium

uptake,

intracellular

pH and cAMP

concentration

(Yanagimachi, 1994; Visconti and Kopf, 1998) .

. The patterns of sperm hyperactivated

motility are expressed in a reversible fashion under

capacitating conditions (Jurisicova, et al., 1996). Acrosome reaction, however, is an irreversible
phenomenon,

indicative of the completion

of capacitation.

Sperm tail protein phosphorylation
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correlates positively and significantly with hyperactivated motility, indicating that phosphorylation
of the tyrosine residues of sperm tail proteins could be one of the mechanisms through which
hyperactivation occurs (Burkman, 1991). This stimulation is probably dependent on stimulation of a
cAMP-dependent protein kinase (Yanagimachi, 1994).

Although hyperactivation is considered to be an integral part of capacitation, it has been
suggested that the two processes may not be coupled (Nassar, 1998). There seems to be a temporal
correlation

between

hyperactivated
al.,1996).

increased

protein

tyrosine

phosphorylation

and

the

development

motility in human spermatozoa. (Burkman, 1991; Suarez, et al.,1987;

These results do not preclude a possible role for tyrosine phosphorylation

of

Leclerc, et
in additional

events such as sperm binding to the zona pellucida or the acrosome reaction (Suarez et al., 1987).
Low levels of oxidative stress, as measured by the generation of reactive oxygen species (ROS) in
spermatozoa, are able to support capacitation (Tomes et al., 1998). An endogenous putative oxidase
system located in the sperm plasma membrane plays an important biological role in supporting the
tyrosine phosphorylation events associated with capacitation. Reports indicate that there is a causal
association between basal ROS generation, tyrosine phosphorylation and sperm functions crucial
for fertilization (Aitken, et al., 2000) (Figure 2).
Sperm-zona

pellucida interaction:

binding and induction of the acrosome reaction

The early events that occur during fertilization may be viewed as a special form of
highly complex cell-to-cell recognition.

Cell-cell recognition mechanisms in many somatic cell

systems involve carbohydrate side chains of membrane glycoproteins and several observations
indicate that similar molecules may have a role in spermatozoa-oocyte

binding in mammals.

Compelling evidence has now demonstrated that carbohydrate-binding

proteins on the sperm

surface mediate gamete recognition by binding with high affinity and specificity to complex
glycoconjugates

of the zona pellucida

(Fraser

and Ahuja,

1988; Sailing,

1989,

1991

Yanagimachi, 1994; Miller, et al., 1992; Oehninger, 2001).

In the mouse, the best characterized species so far; tight binding is achieved through
interaction of the zona pellucida protein 3 (ZP3) and complementary

sperm-binding protein(s)

present in the plasma membrane. ZP3 triggers the acrosome reaction that is then followed by a
secondary binding process involving the zona pellucida protein 2 (ZP2) and the inner acrosomal
sperm membrane leading to zona penetration. Glycosylation appears mandatory for ZP3-ligand
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function. It has been demonstrated that O-glycosylation,
residues of O-linked oligosaccharides,

and particularly terminal galactose

are essential for maintaining mouse gamete interaction.

Others have provided evidence that the amino sugar N-acetylglucosamine

(NAG) is the key

terminal monosaccharide involved in sperm-zona interaction in the mouse. In contrast, acrosome
reaction-triggering
(Wassarman,

activity of ZP3 seems to depend upon the integrity of the protein backbone

1990a; Chapman

and Barratt,

1996). Peptides synthesized

based upon the

published DNA sequence of ZP3 proteins are able to induce acrosomal exocytosis in some
species (Wassarman, 1990a,b).

The molecular identity of the sperm surface receptor(s) for ZP3 is beginning to be
unveiled.

A number of candidate ZP3 receptor molecules have been proposed

including

proteins such as sp56, p95, B-1-4 galactosyltransferase

and a D-

potential carbohydate-binding

mannosidase (Bleil and Wassarman,

1990; Leyton and Saling, 1989a,b; Miller, et al., 1992;

Cornwall, et al., 1991).

A 95 kDa mouse (and human) protein with characteristics of a protein tyrosine kinase
has also been proposed as a receptor for ZP3 (Leyton and Saling, 1989a,b; Leyton, et al., 1992;
Burks, et al., 1995). Synthetic peptides corresponding to regions of the predicted extracellular
domain of this receptor protein inhibited human sperm binding to the homologous

zona

pellucida (Burks, et al., 1995). On the other hand, it has been proposed that sp56 is the mouse
sperm protein responsible for recognition of ZP3 (Bleil and Wassarman,

1990; Bookbinder, et

al., 1995). According to this model, multiple interactions of ZP3 at the sperm surface would lead
to aggregation (patching) of sp56, which in tum would generate the signal to trigger membrane
fusion (Bleil and Wassarman,
mechanism

is consistent

1980, 1983, 1988, 1989, 1990). This possible

with the following observations:

patching

(a) soluble ZP3, but not ZP3

glycopeptides

induces the acrosome reaction (Florman, et al., 1984) and (b) inability of ZP3

glycopeptides

to induce the acrosome

reaction

can be overcome

by dimerizing

those

glycopeptides with IgG directed against the ZP3 polypeptide chain (Leyton and Saling, 1989b).

In the mouse, ZP3-binding and ZP3-induced acrosomal exocytosis can be dissociated
from each other, that is, seem to represent two independent processes (Kopf, 1990). There are
differences

in the concentration-dependency

acrosome reaction-inducing

of ZP3 to express sperm binding activity and

activity. Specifically, the concentration

response curve for ZP3-

acrosome reaction inducing activity is shifted to the right of the concentration response curve for
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ZP3-ligand activity. A model has been proposed predicting that ZP3 is composed of multiple
"functional

ligands", and that the interaction of these ligands with the sperm surface is

responsible for both the sperm binding activity (through glycosylated epitopes) and the ability to
induce a complete acrosome reaction (Kopf, 1990). Gamete recognition and adhesion probably
depend upon a multivalent ligand interaction where the sperm protein receptor(s) binds to a
number of different epitopes within the ZP3. These functional ligands do not necessarily have
to be identical. The data concerning the involvement of either 0- or N-linked glycosylation sites
are also equivocal, particularly in the human. The lack of native human zona pellucida to
perform direct carbohydrate analyses has made an unambiguous structural definition impossible
so far. In the human, there is so far unequivocal data regarding the nature and specific
function(s) of the zona binding protein(s) on the sperm surface.

Recently, full-length cDNA clones of ZP3 and ZP2 for different mammalian

species

(including mouse, hamster, human, rabbit, marmoset, pig, cat, cow and dog) have been isolated
(Ringuette, et al., 1986; Liang, et al., 1990; Chamberlin and Dean, 1990; Kinloch, et al., 1990;
Liang and Dean, 1993; Lee, et al., 1993; Thillai-Koothan,
Yurewicz,

et al., 1993; Schwoebel, et al., 1991;

et al., 1993; Harris, et al., 1994). There is confusion

in the literature as to the

nomenclature of zona pellucida proteins. The names ZP 1, ZP2 and ZP3 usually refer to molecular
mass, although the terms ZPA, ZPB and ZPC have been coined to express functions and respective
genes coding for these proteins. Genes encoding ZP2 and ZP3 are conserved among mammals and
the DNA sequences of ZP3 cDNA coding regions show extensive homology between species
studies do far.

Initially it was believed that cloning of the human ZP3 gene would circumvent this obstacle
since a constant supply of recombinant material would be available. However, several of the
laboratories dedicated to this task have been generally unable to purify a biologically active product
so far (Chapman dn barratt, 1996). It seems clear that this is probably due to an inadequate and
heterogeneous

glycosylation of the protein by the different cell lines used. Very recently, we have

been able to express and purify a human recombinant ZP3 that appears to demonstrate the full
spectrum of biological activities (Dong et al., 2001).

Signaling cascades involved in the acrosome reaction
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Different views also exist in regard to the signaling cascades that follow the interaction
between ZP3 and its receptor(s) leading to acrosomal exocytosis. It has been proposed that
murine (and human) sperm-zona pellucida interaction leads to tyrosine phosphorylation

of p95

(referred to as zona receptor kinase - ZRK); ZRK, therefore, contains intrinsic transmembrane
signaling potential (Leyton and Saling, 1989a; Burks, et al., 1995). Others have proposed that
activation of GTP-binding proteins (Gi class) by ZP3 functions as a signal-transducing

element

distal to ZP3-mediated interactions. This results in coupling of receptor occupancy to changes in
ionic conductance and/or a variety of intracellular second messenger cascade systems (Kopf, et
al., 1986; Kopf, 1990). Pertussis toxin can cross the plasma membrane and functionally
inactivate G, by ADP-ribosylating its a subunit (Casey and Gilman, 1988). This toxin does not
affect the ability of mouse sperm to become capacitated but inhibits zona pellucida induced
acrosome reaction in a dose-dependent manner (Kopf, 1990).

Increase of intracellular calcium concentration and a transient rise of internal pH also
playa central role in acrosomal exocytosis. Recently, Arnouit, et al., (1996, 1999) demonstrated
in bovine and mouse spermatozoa that solubilized zona pellucida proteins depolarize sperm
membrane

potential

by activating

a pertussis

toxin-insensitive

characteristics of a poorly selective caution channel.

pathway

that

has

the

However, zona pellucida proteins also

activate a second pertussis toxin-sensitive pathway that produces transient elevations of sperm
internal pH. Subsequently, voltage-sensitive calcium channels function as a coincidence detector
by integrating two separate zona pellucida-induced signals.

In addition to the zona pellucida,

another physiological

inducer of the acrosome

reaction, progesterone, has been demonstrated (Suarez, et al., 1986; Thomas and Meizei, 1988;
Osman, et al., 1989; Blackmore, et al., 1990). Progesterone stimulates calcium influx in sperm,
a cellular event directly related to the acrosome reaction (Thomas and Meizei, 1989; Blackmore,
et al., 1990). The steroid's action is specific and presumably occurs through interaction with a
surface receptor that is not modulated by pertussis toxin sensitive G proteins (Blackmore, et al.,
1990; Blackmore and Lattanzio, 1991; Tesarik, et al., 1993a,b). Nevertheless, these results do
not exclude the involvement of a pertussis toxin insensitive G protein, the presence of which has
been demonstrated in bovine and human sperm (Hinsch, et al., 1992, 1994a).

Moreover, it has recently been shown that when mouse spermatozoa were exposed first
to progesterone and then to the zona pellucida, acrosomal exocytosis was enhanced to a greater
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extent than when the agonists were presented together or in the inverse order (Roldan, et al.,
1994). This suggests that progesterone exerts a priming effect. The steroid similarly primed the
generation of another intracellular messenger evoked by the zona pellucida, i.e., diacylglycerol
(DAG) (Roldan and Harrison,

1992).

Cross talk between pathways activated by ZP3 and

progesterone

may therefore be possible.

progesterone

may trigger intracellular

These authors

suggested

calcium rises (Blackmore,

that small amounts

of

et al., 1990) that may be

sufficient for DAG generation, but ZP3 may be needed for a further rise in calcium necessary
for a complete acrosomal exocytosis (Roldan, et al., 1994). Schematic diagrams of acrosomal
exocytosis in mammals in general, and in humans in particular, are presented in (figures 3 and
4) (De Jonge, 1995; Doherty, et al., 1995; Florman, et al, 1998; Wassarman, 1999).

Sperm-oocyte interaction: fusion, oocyte activation, pronuclear formation and contribution
early embryogenesis.
Spermatozoa

that have undergone

the acrosome

reaction after interaction

to

with and

penetration through the zona pellucida are able to bind to the plasma membrane of the oocyte
(oolemma). This also seems to be a specific recognition event involving putative molecules located
in the equatorial segment of the sperm (sperm fusion proteins) and yet unidentified

oocyte

acceptors. Binding of the gametes leads to fusion of the membranes with incorporation of the entire
spermatozoon

into the ooplasm. The contact of the spermatozoon

triggers electrical membrane changes in the oocyte (membrane

with the oocyte membrane

depolarization)

cortical granules, which represent fast and delayed protective mechanisms

and release of

against polyspermy

(Yanagirnachi, 1994; 199).

There is still controversy as to the intimate mechanism(s) through which the spermatozoon
activates the oocyte. Oocyte activation occurs in association

with changes in the intracellular

concentration of calcium ions, possibly modulated by a factor released by the spermatozoon

once

inside the oocyte. In the hamster, this protein has been identified as oscillin (Parrington,

et al.,

1996). However, unequivocal identification of this factor in the human and other species has not yet
been achieved. Sperm-oolemma binding and fusion is followed by activation of the oocyte's second
messenger systems (calcium, PIP2), pH changes, protein synthesis, cyclin accumulation,

DNA

synthesis, nuclear envelope breakdown and the first cleavage division in some species. An increase
in intracellular calcium is associated with microtubular
(Yanagimachi, 1994).

rearrangement and pronuclear formation
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There

IS

obviously extensive cross talk between the spermatozoon

and the oocyte. In

addition to the effects secondary to membranes fusion and the release of the oocyte activating
factor(s)

by the

spermatozoon,

the oocyte

uses

molecules

that

induce

the

sperm

head

decondensation

(male pronucleus growth factor) and the substitution of protamines by histones

(Yanagimachi,

1994; Thibault, et al., 1975). Fertilization is achieved after the oocyte completes

meiosis, female and male pronuclei are formed and syngamy (pronuclei union) is accomplished.

Abnormalities

lessons from IVF and leSI

of fertilization:

Failure of fertilization during IVF treatment points out to one of three problems: (a)
defective spermatozoa (intrinsic or due to poor preparation techniques), (b) poor quality oocytes
(intrinsic or ovarian stimulation-derived),

and/or (c) overall poor laboratory conditions (Oehninger

et al., 1988). We have been promoters of a sequential, multi-step diagnostic approach to assess
those critical sperm functions involved in fertilization (Oehninger et al., 1991; Oehninger et al.,
1997).

Hopefully,

pathophysiological

based

on such scheme

we will soon be able to diagnose

specific

defects in cases of fertilization failure.

We and others have reported that sperm-zona pellucida is a crucial step and reflects
multiple sperm functions (Oehninger, et al., 1992; Liu and Baker, 1992). Many patients that are
unable to fertilize oocytes under IVF conditions have a severe impairment of this functional step. A
defective capacity to undergo the acrosome reaction is probably also a significant factor in some
patients (ESHRE Andrology Special Interest Group,

1996).

It has been recently shown that

acrosomal exocytosis can be studied in vitro using small volumes of solubilized human zonae
pellucidae and that G-proteins are involved as mediators. (Franken, et al., 1996). This confirms
previous studies that demonstrated the involvement of heterotrimeric G proteins in the induction of
the acrosome

reaction

in other species

funtional/biochemical/morpholgicl

(Kopf,

1990). It has also been demonstrated

sperm immaturity

that

(i.e., high content of creatine kinase) is

present in many cases of male infertility resulting in fertilization deficiencies (Huszar and Vigue,
1994).

In recent studies, we investigated the structure of the human zona pellucida using antisera
generated against synthetic ZP3 peptides (Hinsch, et al., 1994a). Human metaphase II oocytes
studied under a variety of conditions (i.e., fresh, refrigerated or salt-stored) normally reveal a strong
immuno-reactivity

to the specific anti-ZP3 antisera (Hinsch, et al., 1994b). Of interest, in cases of
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failed fertilization with either a poor ovarian response or morphologically defective oocytes (and in
the presence of normal sperm parameters),

we observed a marked alteration in the immuno-

reactivity to the antisera (Oehninger, et al., 1996). This finding demonstrates

the presence of

structural defects of the protein backbone of the zona pellucida and suggests that this defect may be
a possible cause of fertilization failure.

Fertilization failure can be also due to sperm-oolemma

fusion defects or an abnormal

communication between the penetrating spermatozoon and the oocyte (i.e., lack or deficient spermoocyte activating factor, male pronucleus growth factor or other). Recent evidence from the ICSI
setting clearly demonstrates

that post-gamete

fusion abnormalities

may occur. Advances

in

fluorescent imaging by laser scanning confocal microscopy and other novel techniques permit a
sophisticated high-resolution examination of gametes and embryos, including the fate of the sperm
centrosome,

the oocyte's

microtubule

organizing

center,

mitochondrial

distribution

~d

the

initiation of embryo cleavage (Schatten, 1994). We remain enthusiastic about ongoing studies that
may help in the elucidation of the contribution of the gametes (functional, biochemical-molecular
and genetic) to early embryogenesis and in the identification of specific fertilization disorders.
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Legends to figures

Figure 1. Principal steps of sperm capacitation and sperm-oocyte interaction and cellular
mechanisms involved (modified from Frazer and Ahuja, 1988).
Figure 2. Possible regulatory mechanisms involved in the activation of sperm motility and
the induction of capacitation (modified from Aitken, 2000).
Figure 3. Schematic diagram of the acrosome reaction
Florman et al, 1998 and Wassarman, 1999).

In

mammals (modified from

Figure 4. Hypothetical signaling pathways through which biological effectors stimulate
acrosomal exocytosis in human spermatozoa (from De Jonge, 1995 and Doherty et al.,
1995).
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2b. Molecular basis of human sperm-zona pellucida interaction

The recognition of carbohydrate sequences by complimentary receptors has been shown to
be a critical factor in gamete interaction in many different animal species. We have proposed the
hypothesis that, in the human., sperm binding to the zona pellucida requires a "selectin-like"
interaction. We have used the hemizona assay (a unique internally controlled bioassay that
evaluates tight binding of human sperm to the homologous zona pellucida) and advanced methods
of carbohydrate analysis to test this hypothesis. We have provided compelling evidence that
demonstrates that oligosaccharide recognition is also required for specific, tight human gamete
binding. Hapten-inhibition tests, zona pellucida lectin-binding studies and removal/ modification of
functional carbohydrates by chemical and enzymatic methods provide evidence for the involvement
of defined carbohydrate moieties in initial binding. Our studies suggest the existence of distinct
zona-binding proteins on human sperm that can bind to selectin ligands. Additionally, results
suggest a possible convergence in the types of carbohydrate sequences recognized during initial
human gamete binding and immune/inflammatory

cell interactions. Full characterization of the

glycoconjugates that manifest selectin-ligand activity on the human zona pellucida will allow for a
better understanding of human gamete interaction in physiologic and pathologic situations.

Clinical aspects

Fertilization involves a complex sequence of events leading to embryogenesis.

Obligatory

requirements for the successful completion of normal fertilization include a mature, metaphase II
oocyte and sperinatozoa that have completed the process of capacitation. The newly formed human
zygote undergoes early cleavage divisions depending upon the oocyte's endogenous machinery and
at the 4 to 8-cell stage initiates transcription of the embryonic genome (Braude et al., 1988). In
vivo, these processes are synchronized with the preparation of the endometrial mucosa (window of
implantation) thereby ensuring an adequate milieu receptive of the blastocyst. In vitro conditions
can successfully mimic these physiological events.

Advances in basic science and the clinical application of such knowledge have allowed
many infertile couples achieve their reproductive
assisted reproduction.

These techniques

goals through the therapeutic

will be, undoubtedly,

treatments that will help alleviate and even prevent human disease.

modalities

of

the basis for future improved
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Why is it important for the discipline of reproductive medicine to unveil the mechanisms
that operate during normal gamete interaction? The answer to this question can be readily obtained
from the lessons of in vitro fertilization therapy.

Failure of fertilization under in vitro conditions

points out to one of three problems: (a) defective spermatozoa, (b) poor quality oocytes, and/or (c)
overall poor laboratory conditions
sequential,

(Oehninger

et al., 1988). We have been promoters

of a

multi-step diagnostic approach to assess those critical sperm functions involved in

fertilization (Oehninger et al., 1991 a; 1997). An elusive goal, so far, has been that of being able to
diagnose specific pathophysiological

defects in cases of fertilization failure. Sperm-zona pellucida

binding is a crucial step and reflects multiple sperm functions. Many patients that are unable to
fertilize oocytes under IVF conditions have a severe impairment of this functional step.

A defective capacity to undergo the acrosome reaction is probably also a significant factor
in some patients (Liu and Baker, 1992). It has been recently shown that acrosomal exocytosis of
human spermatozoa

can be studied in vitro using small volumes of solubilized human zonae

pellucidae and that G-proteins are involved as mediators (Franken et al., 1996). This confirms
previous studies that demonstrated the involvement of heterotrimeric G proteins in the induction of
the acrosome reaction in other species (Kopf, 1990).

The structure of the human zona pellucida can be examined using antisera generated
against synthetic ZP3 peptides (Hinsch et al., 1994a).

Human metaphase II oocytes studied

under a variety .of conditions normally reveal a strong immuno-reactivity

to the specific anti-

ZP3 antisera (Hinsch et al., 1994b). Of interest, in cases of failed fertilization with either a poor
ovarian response or morphologically
parameters),

we observed

defective oocytes (and in the presence of normal sperm

a marked alteration

in the immuno-reactivity

to the antisera

(Oehninger et al., 1996). This finding demonstrates the presence of structural defects of the
protein backbone of the zona pellucida and suggests that this defect may be a possible cause of
fertilization failure. There is virtually no information about putative abnormalities

that could

operate at the level of receptor-ligand interaction during human gamete binding.

Since the bulk of clinical evidence highlights the impact of disorders of sperm-zona
pellucida

interaction,

(carbohydrates

it is our goal is to unravel the relative contribution

.and proteins) and functional

reaction) components of this process.

of the structural

(gamete binding and induction of the acrosome
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Physiologic/biochemical

aspects

The early events that occur during fertilization may be viewed as a special form of highly
complex cell-to-cell recognition.

Cell-cell recognition mechanisms in many somatic cell systems

involve carbohydrate side chains of membrane glycoproteins and several observations indicate that
similar

molecules

may have a role in spermatozoa-oocyte

evidence has now demonstrated that carbohydrate-binding

binding in mammals.

Compelling

proteins on the sperm surface mediate

gamete recognition by binding with high affinity and specificity to complex glycoconjugates
zona pellucida (Macek and Shur, 1988; Yanagimachi,

of the

1994; Chapman and Barratt, 1996) (Figure

1). In the initial interactions between spermatozoa and zona pellucida, both non-enzymatic (lectinlike) and enzymatic events may be involved depending upon the species, and may have in common
the ability to recognize carbohydrate
investigate

moieties. Four different approaches

the role of surface carbohydrates

saccharide moieties in hapten-inhibition

in gamete interactions:

have been used to

(I) the use of specific

tests; (2) lectin binding studies; (3) the use of enzymes to

remove functional carbohydrates from the cell surface; and (4) the use of inhibitors of glycoprotein
synthesis.

The zona pellucida is a transparent, extracellular matrix constructed from only three
glycoproteins,

which build its typical fibrogranular structure by noncovalent interactions. Each

of the glycoproteins
glycosylation

with respect to molecular weight due to the extensive

of a unique polypeptide

oligosaccharides.
heterogeneity

is heterogeneous

with both asparagine-

and serine-threonine-linked

The oligosaccharides are both sulfated and sialylated with additionally adds to

and makes all three glycoproteins

relatively acidic. Reports concerning

the

properties of the zona in the mouse provided insight into the molecular organization of the
matrix. According to their electrophoretic mobility the glycoproteins are denoted ZPl, ZP2 and
ZP3. In the mouse, these glycoproteins are exclusively secreted by the growing oocyte. Two of
the glycoproteins,
periodically

ZP2 and ZP3, interact with each other forming hetrodimeric units that are

arrenage in long filaments. These filaments appear to be interconnected by ZP 1.

The architecture of the zona pellucida changes during maturation of the oocyte and fertilization
(for review see Sinowatz et al., 2000).

In the mouse, the best characterized

species so far; tight binding is achieved through

interaction of the zona pellucida protein 3 (ZP3) and complementary sperm-binding protein(s)
present in the plasma membrane. ZP3 triggers the acrosome reaction which is then followed by
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a secondary binding process involving the zona pellucida protein 2 (ZP2) and the inner
acrosomal sperm membrane leading to zona penetration (Bleil and Wassarrnan,

1980; 1983;

1988). Glycosylation appears mandatory for ZP3-ligand function. It has been demonstrated that
O-glycosylation, and particularly terminal galactose residues of O-linked oligosaccharides,

are

essential for maintaining mouse gamete interaction. Others have provided evidence that the
amino sugar N-acetylglucosamine

(NAG) is the key terminal monosaccharide

sperm-zona interaction in the mouse (reviewed in Wassarrnan,
1996). In contrast, acrosome reaction-triggering
integrity of the protein backbone (Wassarman,

involved in

1990; Chapman and Barratt,

activity of ZP3 seems to depend upon the

1990; Saling, 1991). Peptides synthesized based

upon the published DNA sequence of ZP3 proteins are able to induce acrosomal exocytosis in
some species (Hinsch et al., 1998).

Although several components have been suggested as putative sperm receptors, the identity
and unambiguous function of these molecules remains to be elucidated. For example, in the mouse,
several sperm surface proteins with high affinity for the extracellular matrix of the egg have been
proposed as sperm receptors. In the human, there is so far unequivocal data regarding the nature
and specific function(s) of the zona binding protein(s) on the sperm surface.

We have been interested in determining the carbohydrate

dependence of human sperm-

zona pellucida interaction. For this purpose, we exploited a unique test for the assessment of the
tight binding of human sperm to the homologous zona pellucida, a binding interaction that leads to
triggering of the acrosome reaction under in vitro conditions. This test, the hemizona assay (HZA),
provides distinctive

advantages:

(1) oocytes are microbisected

into identical,

matching

zona

hemispheres (hemizonae) thereby allowing for an internally controlled assay of sperm binding
under identical conditions; (2) splitting of the oocyte allows to obtain statistically valid results with
a limited number of oocytes compared to whole-oocyte assays; and (3) because the oocyte is split
microsurgically,

ethical concerns about inadvertent fertilization are eliminated (Burkman et al.,

1988).

Here I summarize recently published studies (Oehninger et al., 1990, 1991 b, 1992, 1995;
Mahony, et al., 1991; Patankar, et al., 1993; Clark, et al., 1995; Dell, et al., 1995; Koistinen, et al.,
1996; Morris, et al., 1996; Patankar, et al., 1997; Ozgur et, al., 1998; Oehninger, 2000) where we
have utilized

the HZA

and advanced

methods

of carbohydrate

glycobiological ,aspects of human sperm binding to its homologous

analysis

to investigate

zona pellucida. These
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experiments were built on the work of previous investigators that had begun to address this issue in
other animal species (Huang et al., 1982; Ahuja, 1985; Lopez et al., 1985; Macek and Shur, 1988).
The results presented herein provide evidence in support of our novel hypothesis that initial human
sperm-zona pellucida binding requires a selectin-Iike interaction between the human gametes
(patankar et al., 1993; Clark et al., 1995; Oehninger et al., 1998).

Studies of the glycobiology of human sperm-zona

pellucida interaction

All carbohydrates and charged polymers tested in theses studies were purchased from
Sigma

Chemical

Monosaccharides

Company

(St.

Louis,

MO)

and

used

without

further

purification.

examined were d-fucose, l-fucose, d-glucose and d-mannose. The following

complex saccharides were evaluated: fucoidan, dextran sulfate, dextran, heparin, heparin sulfate,
chondroitin sulfates A and B and hyaluronic acid. Charged polymers and salts tested included:
polyglutamic acid, polyphosphates

types 5 and 15, and sodium phosphate. Other saccharide

moieties analyzed were: Le"-, Leb-, Let- active oligosaccharides,

lacto-N-fucopentaose

3-fucosyllactose,

lactodi-N-fucohexaose

purified

oligosaccharides

and high mannose-type

I,

and

highly

glycopeptides

II and III,

mannose-containing

derived from ovoalbumin

(Oxford

Glycosysterns, UK). Human o.l-acid glycoprotein (orosomucoid) and fetuin were obtained from
Sigma. Sialyl LeX was obtained from Dextra Biochemicals

(UK). Glycodelin-A

(previously

called placental protein 14 or pp 14, obtained from amniotic fluid» and glycodelin-S (obtained
from seminal plasma) were purified by antibody affinity and ion exchange chromatography
previously described (Riittinen et al., 1991; Koistinen et al., 1996). FITC-conjugated
BSA (Bovine Serum Albumin), glucose-BSA,

galactose-BSA

as

mannose-

and fucose-BSA were obtained

from Sigma. Monoclonal antibodies directed against P-, E- and L-selectins were obtained from
Becton-Dickinson (USA).

Carbohydrate and protein analysis

Methods of carbohydrate

analysis

for determination

of fucoidan's

structure

included

infrared analysis, sulfation and methylation, desulfation, synthesis of methylated derivatives, paper
chromatography and gas chromatography-electron
al., 1993). Analysis of glycodelins
mapping by high-performance
immunoblotting,

N-terminal

impact mass spectrometric analysis (Patankar et

involved peptide mapping by fingerprinting,

liquid chromatography,
amino acid sequence

tryptic peptide

isoelectric focusing, lectin immunoassays,
analysis

and sugar analysis by fast atom
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bombardment-

and electrospray mass spectrometry

(Julkunen, et al., 1988; OeH, et al., 1995;

Morris, et al., 1996; Koistinen, et al., 1996).

Lectins and enzymatic-chemical

treatment of the human zona pellucida

Floureseein isothiocyanate (FITC) - labelled erythroagglutinating

phytohemagglutinin

(E-

PHA), Sambucus nigra agglutinin (SNA), Wisteria floribunda agglutinin (WF A), Maalcia amurensis
agglutinin (MAA), Wheat germ agglutinin (WGA) and Pokeweed mitogen (PWM) were purchased
from E-Y Labs (San Mateo, CA, USA). Endo-l3-galactosidase

was obtained

from V-Labs

(Covington, LA, USA); neuraminidase and sodium m-periodate were obtained from Sigma.

Human gametes and HZA

Semen was obtained from fertile men and the motile sperm fractions were prepared by
wash/swim-up

effected

in Ham's

F-IO medium

(Gibco Lab., Grand

Island, NY,

USA)

supplemented with 0.3% HSA (Human Serum Albumin, Irvine Sci., Santa Anna, CA, USA).
Human oocytes were obtained from surgically removed ovarian tissue or from IVF following
protocols described elsewhere and after Institutional Review Board consent was obtained. Before
the HZA, the salt-stored oocytes were washed and microbisected into matching hemizonae using
Narishige mieremanipulators

(Narishige, Tokyo, Japan) mounted on a phase-contrast inverted

microscope (Nikon Diaphot, Garden City, NY) as previously described (Burkman et al., 1988). The
sperm were preincubated with the sugar moieties for 60 min at 37°C, in 5% C02 in air, then
washed and coincubated with the hemizonae. HZA results were expressed as hemizona index (HZI)
calculated as follows: number of sperm bound for test/control x 100. For any given sugar
concentration tested, a paired t-test was used to examine statistical significance. Dose- dependent
studies were evaluated by analysis of variance.

Hapten-inhibition assays

Results demonstrated that different monosaccharides

(at a maximum dose of 1 mg/ml)

manifested various effects in the HZA. Whereas d-galactose and d-glucose had rio effect on sperm
binding to the zona, I-fucose and d-glucose showed a moderate stimulatory activity. Although d-
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mannose had a slight inhibition, mannose-containing

oligosaccharides and high-mannose

glycopeptides were not inhibitory. Chondroitin sulfates A and B, hyaluronic acid, heparin and
dextran did not affect binding. Fucoidan (a complex polymer of I-fucose), dextran sulfate and
heparin sulfate produced significant inhibition. Fucoidan showed a potent, fast and the strongest
inhibition of binding. Different charged polymers and salts tested had only a slight inhibitory effect
or no effect at all. When analyzed by immunofluorescence,

FITC-BSA-monosaccharides

(fucose,

glucose, galactose and mannose) were shown to bind to the acrosomal region of capacitated sperm.
Fucose-BSA depicted maximum binding to spermatozoa under these conditions.

Further studies revealed a new, revised molecular arrangement of fucoidan indicating
that this fucan is a close structural analogue of the sulfated carbohydrate ligands that bind to
selectins. Fucoidan is also a potent inhibitor of L- and P-selectin mediated adhesions. Since
oligosaccharides

with fucose branches and sulfate groups are ligands to selectins we sought to

determine whether a relationship existed between selectin-mediated

adhesions of leukocytes and

human sperm-zona pellucida binding. This relationship would support our hypothesis that initial
gamete binding in the human involves a selectin-like interaction. This was further proven by the
confirmation of inhibitory effects of sialyl Lex and a I-glycoprotein,

other blockers of selectin-

mediated adhesions, and the abolition of this activity by desialylation of this glycoprotein. On
the other hand, antibodies directed against selectins did not bind to human spermatozoa. This
observation was not surprising since expression of selectins is not detected in human testicular
cDNA libraries. Thus, our results suggested that human sperm-zona pellucida binding has a
selectin-like specificity (selectin-like ligands present may be present on the zona) but does not
involve the known selectin molecules as complementary receptors on the surface of the sperm.

Glycodelyn-A, an endometrial epithelial protein, produced a potent and dose-dependent
inhibition in the HZA. This turned out not to be surprising since it was found that the
oligosaccharides associated with this glycoprotein (fucosylated lacdiNAc antennae among others)
also potently block selectin-mediated adhesions. Our present results also indicate the possibility
that the carbohydrate binding specificity of the receptors mediating gamete recognition and
lymphocyte/leukocyte

adhesion have converged, at least to some extent. This concept is further

supported by the demonstration of contraceptive (inhibition of sperm-zona binding) and
immunosuppressive

properties ofGlycodelin-A

and their carbohydrate dependence. Of

significance, purified Glycodelin-A suppresses the lysis of K562 cells by natural killer (NK) cells
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within the same concentration dependence of its HZA effects, possibly due to its expression of
unusual N-linked glycans (Figure 2).

Lectin binding studies

It has been shown that lectins that recognize specific polylactosaminoglycan

structures

such as WGA (Wheat germ agglutinin), Con-A (Concanavalin A), LCA (Lens culinaris) and
Ricinus communis agglutinin, have the ability to bind to the human zona pellucida. Following this
approach, we investigated whether other defined lectins that recognize carbohydrates present in
Glycedelin-A might bind to the human zona pellucida. Sambucus nigra agglutinin (SNA, a lectin
that recognizes 6' -sialyllactosomine sequences) and Wisteria floribunda agglutinin (WF A, a lectin
that recognizes terminal fucosylated lacdiNAc type sequences) showed no detectable binding to the
human zona pellucida although both were shown to react with Glycodelin-A in a carbohydratedependent manner. Conversely, E-PHA (Erythroagglutinating

phytohemagglutinin,

a lectin that

recognizes biantennary and triantennary N-linked glycans bearing a bisecting GIcNAc linked J31-4
to the J3-linked mannose) showed strong binding to the human zona pellucida. These types of
glycans are known to suppress NK cell activity. This interaction was also carbohydrate specific
since specific glycopeptide mixtures could block it. Human spermatozoa also bind E-PHA.

Therefore, our data demonstrated that the human oocyte (as well as the sperm) is coated
with a carbohydrate sequence that is associated with the inhibition of NK cell function. Since
the innate imm~ne response in the uterus is primarily mediated by NK cells our results indicate
that human gametes may be protected from this response by expressing specific bisecting type
N-Iinked glycans on their surfaces. In addition, these results support the concept of the possible
convergence

in the types of carbohydrate sequences that are recognized during initial human

gamete binding and immunelinflammatory

Chemical

cell reactions (Clark, et al., 1996 a and b).

treatment and u.se of enzymes to remove functional

carbohydrates from the cell

su.rface

We have performed specific chemical and enzymatic treatments of the human zona
pellucida to further assess the specific, functional role of carbohydrate sequences on human gamete
binding. Results have demonstrated, for the first time, that there are sialic acid dependent binding
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sites in the surface of the human zona pellucida. Periodate oxidation of the human zona under very
mild conditions that attack only terminal sialic acid resulted in a 30% loss of human sperm binding
in the HZA. Periodate oxidation under mild conditions caused a 40% decrease in binding.

On the other hand, treatment of the human zona pellucida with neuraminidase caused a
substantial increase in sperm binding. These findings indicated that there are sialic acid dependent
sites coexisting with binding sites that are obscured by sialic acid. Sequential zona treatment with
neuraminidase and periodate oxidation reduced sperm binding by 79%. Human sperm-zona
pellucida interaction was also increased by digestion of the zona by endo-jf-galactosidase

indicating

that potential binding for spermatozoa is also obscured by lactosaminoglycan sequences. All these
treatments were monitored by lectin-binding studies using specific probes for the carbohydrates
being analyzed.

Interpretation of presented studies

Here we have provided compelling evidence to support the hypothesis that human spermzona pellucida binding involves a selectin-like interaction (Patankar, et al., 1993). This evidence
can be summarized as follows: (1) fucoidan, a polymer of al-3 linked fucose with sulfate groups
substituted at the 4 position on some of the fucose residues and with fucose also attached to form
branch points, inhibits sperm-zona binding in a fast, potent and dose-dependent fashion; (2)
fucoidan's range of inhibition (10 to 50 ug/ml) in the HZA is similar to the one that blocks selectinlike mediated adhesions (Varki, 1994); (3) fucoidan blocks human, solubilized zona pellucidainduced acrosome reaction; (4) sialyl-Lewis" and cel-glycoprotein

(that carries sialyl-Lewis"

epitopes) show a moderate inhibitory effect in the HZA; (5) glycodelin-A

(which carries

fucosylated lacdiNac antennae previously shown to potently block selectin-mediated adhesions)
inhibits sperm-zona pellucida binding in the same range of concentration of 10 to 100 ug/ml; and
(6) glycodelin-S (which is a differentially glycosylated form of a similar protein and that carries
Lewis" and Lewis' epitopes known not to react with selectin-mediated processes) does not interfere
with sperm-zona pellucida binding.

The inhibitory effects of defined glycoconjugates

such as fucoidan, sialyl-Lewis" and

glycodelin-A on human sperm-zona pellucida binding certainly suggests that oligosaccharide
recognition is required for initial human gamete binding. Our data strongly suggest that the egg
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binding protein(s) on human spermatozoa recognize selectin ligands. If selectin ligands can bind to
the sperm's egg binding protein, it is possible that the zona pellucida oligosaccharides that mediate
initial human gamete binding interact with these "selectin-like" receptors to ensure recognition and
attachment (Clark, et al., 1995; 1996a). This system of oligosaccharide recognition need not be
limited to the "selectin-like" receptors nor does it negate the co-participation of peptidic structures
in initiating and maintaining binding.

The concentration dependence of fucoidan's inhibitory effect on lymphocyte homing and
human sperm-zona pellucida binding is nearly identical (Yednock, et al., 1989; Oehninger, et al.,
1990). Based on this correlation and the structural similarity of fucoidan to the natural sulfated
ligands for the selectins, we initially presented our hypothesis on the involvement of a "selectinlike" interaction for human gamete binding (patankar, et al., 1993; Clark, et al., 1995). Our present
results also indicate to us the possibility that the carbohydrate binding specificity of the receptors
mediating gamete recognition and lymphocyte/leukocyte adhesion have converged, at least to some
extent (Monroy and Rosati, 1979; Clark, et al., 1966 a and b). This concept is further supported by
the

demonstration

of

contraceptive

(inhibition

of

sperm-zona

pellucida

binding)

and

immunosuppressive properties of glycodelin-A and their carbohydrate dependence (Oehninger, et
al., 1995; Dell, et al., 1995; Seppala, et al., 1997). Glycodelyn-A manifests several biological
activities when tested in immunological systems. Of significance, purified glycodelin-A suppresses
the lysis of K562 cells by natural killer (NK) cells within the same concentration dependence of its
HZA effects, possibly due to its expression of unusual N-linked glycans (Okamoto, et al., 1991;
Oehninger, et al., 1995; Dell, et al., 1995). Also, it is possible that the oligosaccharides bearing
sialylated lacNac or lacdiNac antennae may manifest immunosuppressive effects by specifically
blocking adhesive and activation-related events mediated by CD22, the human B cell associated
receptor (Powell and Varki, 1994; Dell, et al., 1995).

Our initial approach to study the involvement
recognition was to use specific saccharide
Thereafter,

we performed

lectin-binding

of surface carbohydrates

moieties in hapten-inhibition

on cell-to-cell

tests (Ahuja,

1985).

studies and utilized enzymes to remove functional

carbohydrates from the zona pellucida and sperm surface. We have demonstrated

that the outer

surface of the human zona pellucida potently binds a lectin probe specific for bisecting type glycans
in a carbohydrate dependent manner (Patankar, et al., 1997). These sugar epitopes may protect the
egg from cytotoxic responses mediated by NK cells (Clark, et al., 1996 a and b). Additionally,
chemical and enzymatic treatments of the human zona pellucida have provided results which are
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the first unequivocally direct evidence that human gamete binding is at the very least partially
dependent upon glycoconjugate dependent interactions (Ozgur, et al., 1998).

In summary,

our studies indicate that: (I) the binding protein(s)

on human spermatozoa

recognize selectin ligands or molecules alike on the zona pellucida to ensure recognition and
attachment. This system of oligosaccharide

recognition need not be limited to the selectin-like

receptors nor does it negate the co-participation of peptidic structures in initiating and maintaining
binding. (2) The human zona pellucida expresses glycans

linked to NK cell inhibition. (3)

Enzymatic and chemical treatment of the human zona pellucida have provided direct evidence for
the presence of specific carbohydrate

moieties that are involved in primary binding. In current

studies we plan to define more specifically those carbohydrate and protein sequences involved in
human sperm-zona pellucida binding.
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Legends to figures
Figure 1. Schematic diagram of sperm-zona pellucida interaction at a molecular level. A
putative sperm carbohydrate
complex glycoconjugate

binding protein binds with high affinity and specificity to a

(probably a carbohydrate motif of ZP3) present in the extracellular

zona pellucida matrix (from Macek and Shur, 1988).

Figure 2. Carbohydrate sequences present in fucoidan, Sulpho-Lewis" antigen, Syalil-Lewis"
antigen and LacdiNAc-Type Glycan from Glycodelin A. Ris fucosylated di-Nacetylchitobiose (GlcNAcBl-4 [Fucal-6] GINAc) (from Clark et al., 1996a).
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Chapter 3.

Use of the newly developed bioassays to address physiological questions
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3a. Specific aim 3: To examine the capacitation-dependency

of the spontaneous and agonist-

induced acrosome reaction of human spermatozoa.

Spontaneous and agonist-induced acrosome reaction in human sperm: roles of capacitation
time and conditions, protein tyrosine phosphorylation

and plasma membrane translocation

of

phosphatidylserine
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Hakon E. Duran, Zhi-Yong Lin, Mahmood Morshedi, Daniel R.
Franken' and Sergio Oehninger
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Abstract

The objective of these studies was to assess the relationships between capacitation time and
conditions,

plasma

phosphorylation,
spermatozoa.

membrane

and

translocation

the spontaneous

of phosphatidylserine

and

agonist-induced

(PS) and protein tyrosine

acrosome

reaction

of human

Purified populations of highly motile sperm were incubated in human tubal fluid

(HTF) supplemented with varying doses of human serum albumin (HSA) and examined at 0, 3, 6,
12 and 24 hours. Acrosome reaction of live sperm was detected by fluorescein isothiocyanatelabelled

Pisum

translocation;
acrosome

Sativum

Aggluhnin/Hoechst;

annexin

V binding

was used to monitor

tyrosine phosphorylation was examined by immunoblotting. The percentage of live,

reacted sperm and the percentage of live sperm depicting PS translocation

increased

significantly over time, both under spontaneous- and calcium ionophore- treated conditions.
spontaneous conditions
acrosome

PS

there was a significant positive correlation between the percentage of live,

reacted sperm and the percentage

phosphorylation

Under

of live sperm with PS translocation.

Tyrosine

increased over time and with higher doses of HSA, and was associated with

increased PS externalization.

Taken together, these results suggest that the spontaneous acrosome

reaction of human spermatozoa

incubated under conditions

that support capacitation

is time

dependent, is positively associated with changes in plasma membrane lipid distribution resulting in
externalization

'of PS, and is accompanied

by tyrosine phosphorylation.

The responses to the

agonistic effect of a calcium ionophore appear to result in different membrane dynamics.

Key words: acrosome reaction I capacitation I phosphatidylserine
phosphorylation

translocation I tyrosine
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Introduction

Human spermatozoa must undergo the process of capacitation in order to respond to the
physiologic stimuli that trigger the acrosome reaction, a prerequisite for successful fertilization.
Such agonists include follicular fluid, the steroid progesterone and the zona pellucida (Tesarik,
1985; Cross et al., 1988; Thomas and Meizei, 1989; Kopf, 1990; Blackmore et al., 1990, 1991; Lee
et al., 1992; Yanagimachi, 1994; Franken et al., 1996; Florman et al., 1998).

There is also a variety of pharmacological stimuli reported to trigger the acrosome reaction,
either by driving extracellular calcium into the sperm cells (such as calcium ionophores) or by
acting on intracellular second messengers involved in cascade reactions that couple the calcium
entry with the activation of the effectors of the exocytotic response, such as pentoxifylline and
others (Zaneveld et al., 1991; Cummins et al., 1991; Tesarik et al., 1993; Nassar et al., 1998).

Capacitation is a priming process that programmes the spermatozoa to arrive at the site of
fertilization in a timely fashion and to rapidly undergo the acrosome reaction upon making contact
with specific components of the zona pellucida (de Lamirande et al., 1997; Aitken, 1997). During
capacitation,

sperm

undergo

a variety

of metabolic,

functional

and

membrane

structure

modifications, eventually preparing the cell for membrane fusion and acrosomal exocytosis. In vitro
studies suggest that some of these changes include alterations in sperm energy metabolism, an
increase in sperm membrane calcium permeability leading to a rise in intracellular calcium levels,
an eftlux of cholesterol from the plasma membrane to a protein acceptor decreasing the cholesterolphospholipid ratio, and a rise in the intracellular pH (Langlais and Roberts, 1985; Yanagimachi,
1994; Visconti et al., 1998; Visconti and Kopf, 1998; Cross, 1998).

Capacitation is also associated with a global increase in tyrosine phosphorylation,
as a consequence

of reactive oxygen species-induced

probably

changes in the redox status of the cells

(Aitken et al., 1995, Aitken, 1997, 2000) and an increase in cAMP generation (Visconti et al.,
1995). Recent studies have established a correlation between capacitation and phosphorylation

on

tyrosine residues of various proteins in human spermatozoa (Aitken et al., 1995; Carrera et al.,
1996; Leclerc et al., 1996; Luconi et al., 1996; Emmiliozi and Fenichel, 1997; Brewis et al., 1998;
Tomes et al., 1998, Osheroff et al., 1999).
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Addition

of

cholesterol

and

an

actively

maintained

asymmetric

transmembrane

phospholipid distribution characterize the membrane of mature spermatozoa during epididymal
storage. In spermatozoa, as in somatic cells, the two leaflets of the plasma membrane bilayer differ
in composition

(Muller

aminophospholipids

1994; Nolan

et al.,

1995; GadelIa

phosphatidylserine (PS) and phosphatidylethanolamine

inner leaflet whereas
preferentially

et al.,

the choline

distributed

phospholipids

sphingomyelin

et al.,

1999). The

are concentrated in the

and phoshatidylcholine

in the outer leaflet. In somatic cells, this asymmetric

distribution

are
is

maintained by the action of a variety of enzymes, including flippases, floppases and scrambiases
(Bevers et al., 1998). An amino phospholipid translocase (also known as flippase) transfers PS from
the outer to the inner lipid leaflet. Scramblases, on the other hand, transfer the various lipid species
in both directions (GadelIa and Harrison, 2000).

During capacitation,
calcium permeability,

efflux of cholesterol,

phospholipid

lead to an increase of intracellular

movement

and an enhanced

calcium and a depletion

of ATP

concentration. These effects, in tum, cause a decrease in translocase activity preparing the plasma
membrane for the fusion events that characterize the acrosome reaction (Nolan et al., 1995). The
cholesterol-poor,

lipid symmetric plasma membrane has a destabilized inner leaflet that facilitates

membrane fusion upon receiving appropriate stimuli. As a result, conditions become therefore
favorable for sperm to undergo the acrosomal exocytosis (Nolan and Hammerstedt, 1997).

In the present studies we aimed to further characterize the process of acrosomal exocytosis
in human spermatozoa. For this purpose, we obtained purified sperm populations of high motility
from fertile men (donors) and examined the spontaneous and agonist-induced
and their

relationships

with various

capacitation

time and conditions,

acrosome reaction
plasma

membrane

translocation of PS and protein tyrosine phosphorylation.

Material and Methods

Patients inclusion criteria and study design
These studies were performed under approval of the Institutional Review Board at Eastern
Virginia Medical School. Ejaculates from fertile men participating in our artificial insemination
donor program were studied. Semen specimens were collected after a 2-4 day sexual abstinence
period. All men were healthy, had a normal physical examination and were non-smokers.

All

6
samples had less than 1 x 10 leukocytes/mL (peroxidase staining). In order to provide sufficient
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number of cells for all tests, ejaculates with a concentration of motile spermatozoa ~ 30 x 106/mL in
the original sample were included in the study.

Sperm preparation, motion analysis and morphology assessment
After liquefaction for 30 minutes at 37°C, a basic semen analysis was performed. Sperm
concentration and motion parameters (i.e., the percentage progressive motility, the percentage rapid
cells defined as >50 um/s, the average path velocity or VAP, straight [VSL] and curvilinear [VCL]
velocity, and linearity) were objectively evaluated using the HTM-IVOS semen analyzer (Hamilton
Thorne Research, Beverly, MA, USA, version GS 771) with fixed parameter settings (Oehninger et
al., 1990; Oehninger,
monitored

1995, 2000). Sperm concentration

and corrections

were made as appropriate.

and motility readings were manually

Sperm concentration

and motility were

assessed according to the World Health Organization criteria (WHO, 1999) and sperm morphology
was examined according to strict criteria after Diff-Quik staining (Kruger et al., 1986). The semen
analysis was immediately followed by separation of the motile sperm fraction by density gradient
separation.

The sperm fractions with high motility were isolated using discontinuous Percoll (Sigma
Chemical Co, St. Louis, MO, USA) gradient separation (90% and 40% layers) and Human Tubal
Fluid (HTF, Irvine Scientific, Santa Anna, CA) as diluent. Up to 2 mL of semen was carefully
placed on Percolllayers,

centrifuged at 380xg for 20 min and the pellet of the 90% layer was mixed

with HTF and then centrifuged at 380xg for 10 min. The supernatant was discarded, the pellet was
resuspended in 1 mL of capacitating medium and the sperm concentration was adjusted to 2-10 x
106/mL depending on the experiment (see below).

Assessment of acrosome reaction of live spermatozoa
The proportion of acrosome-reacted

spermatozoa from initial suspensions of 2 x 106/mL

motile spermatozoa was determined with the fluorescent probe fluorescein isothiocyanate-Iabeled
Pisum Sativum Agglutinin (FITC-PSA) (Sigma) as published earlier (Cross et al., 1986; Cummins
et al., 1991; Mahony et al, 1991; Tesarik et al., 1993; Oehninger et al., 1993; Nassar et al., 1998).
The supravital stain Hoechst 33258 (Sigma) was used to simultaneously

assess sperm viability

(Cross et al., f986). Under capacitating conditions, the percentage of spermatozoa
spontaneous

acrosome reaction was evaluated. To assess the agonist-induced

undergoing

acrosome reaction,

the calcium ionophore A23187 (Sigma) was added to the sperm suspension for 60 min at a final
concentration of 5 J..lMfrom a stock solution of 10 mM ionophore in DMSO.
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At least 200 sperm per sample were evaluated in a blind fashion at a magnification of x
1,000 using an epifluorescent microscope equipped with phase-contrast optics (Eclipse 600, Nikon,
Melville, NY, USA), and using a digital camera with a high pressure mercury lamp power supply
(SPOT RT, software version 3.2, Diagnostic Instruments, Augusta, GA). The following staining
patterns were evaluated as live, acrosome reacted spermatozoa: (i) distinct staining in the equatorial
region occurring as an equatorial bar; (ii) no staining observed over the entire sperm surface; and
(iii) patchy staining on the acrosomal region (Cross et al., 1986, 1988; Mahony et ai, 1991;
Oehninger et al., 1993; Franken et al., 1996; 2000).

Detection of Membrane PS Translocation
We used annexin V Cy3.18 (Annex in V-Cy3; Sigma) for detection of PS externalization
with simultaneous assessment of cell viability as per manufacturer's

instructions. This technique

was described previously (Duru et al., 2000, 2001; Schuffner et ai, 2001). Briefly, in order to
differentiate between live cells with and without PS translocation and necrotic cells, we used 6carboxyfluorescein

diacetate (6-CFDA) in combination

with Ann V-Cy3. By microscopy, Cy3

fluoresces more brightly than the FITC conjugate. The non-fluorescent 6-CFDA enters the cell and
is converted to the green fluorescent compound 6-carboxylfluorescein

(6-CF). This conversion is a

function of esterases present only in living cells. Thus, no fluorescence is observed in necrotic cells.

Three patterns of fluorescence are typically observed: I. Live, normal cells that stain only
with 6-CF (green, annexin V·, live cells); 2. Live cells with translocation of membrane PS that stain
with both 6-CF (green) and Ann V-Cy3 (red) (annexin

Y, live cells); and 3.Dead cells that stain

only with Ann V-Cy3 (red, necrotic).

6
A fifty J!L aliquot of sperm suspension (lO x I0 /mL) was placed on a poly-Lslysine-coated

slide and stained with the 6-CFDNAnn

V-Cy3 solution. After incubation in the dark for 10 min,

the slide was covered with a 24x50 mm cover slip and immediately
investigators at a magnification

of I,OOOx by epifluorescence

read blindly by two

microscopy as mentioned above

(excitation filter: 450-490 nm, barrier filter: 515 nm). At least one hundred spermatozoa
counted per slide. The intra-observer

and inter-observer

variability for this technique

laboratory are <7% and <5%, respectively (Duru et al., 2000,2001).

were
in our

Stellenbosch University http://scholar.sun.ac.za
123

Electrophoresis and protein immunobloting
Sperm proteins under different incubation conditions were prepared according to Osheroff
et al., (1999).

Briefly, after incubation, spermatozoa from the sperm fractions with high motility

were centrifuged at 20,000 g for 2 min at room temperature and then washed with phosphatebuffered saline (PBS) at room temperature. The sperm pellet was then resuspended in sample buffer
(Laemmli, 1970) without mercaptoethanol and boiled for 5 min. After centrifugation at 20,000 x g
for 2 min, the supernatant was removed, 2-mercaptoethanol was added to a final concentration of
5%, the sample boiled for another 5 min, and then subjected to sodium dodecyl sulphatepolyacrylamide

gel electrophoresis

(SOS-PAGE).

according to Laemmli (1970). Electrophoresis

SOS-PAGE

was performed on 10% gels

was carried out at 200 constant voltage and was

continued until the tracking dye run out of the gel after loading each lane of the gel with a sperm
lysate (originally containing 1 x 106 spermatozoa).

After the samples were resolved by gels the sperm protein on the gel was electrically
transferred to nitrocellulose membrane by using the Trans-Blot SO Semi-Dry Transfer Cell column
(Bio-Rad, Mercules, CA). Membranes were blocked with blocking buffer (5% non-fat dry milk,
0.1 % Tween-20

in PBS, pH 7.4) overnight at 4 °C with shaking. The primary antibody (a

monoclonal anti-phosphotyrosine

antibody,

P3300 catalog number, Sigma) was diluted in the

blocking buffer and incubated with the membranes for 1 hour at room temperature. The membrane
was then washed with 0.4% Tween-20

in PBS for three times, each time 15 minutes.

The

membranes were then incubated with a secondary antibody (anti-mouse IgG) conjugated with
Horse-Radish Peroxidase (Pierce, Rockford, IL) diluted in blocking buffer (1:3,000) for I hour at
room temperature.

After three time 15 min washes with PBS/0.3% Tween-20 and three time 5 min

washes with PBS/O.l % Tween-20, the blot was developed using enhanced chemiluminescence
detection with ECL kit (Amersham, NJ, USA) according to the manufacturer's

instructions.

Experimental design
Experiment I. In the first experiment the purified fractions of spermatozoa high motility
from 5 different donors were incubated under capacitating conditions in HTF supplemented with
0.3% HSA (Irvine) for up to 24 hours at 37°C under 5% CO2 in water-saturated air in order to
examine the time-dependency

of the spontaneous and agonist-induced acrosome reaction and their

relationship with PS translocation.
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At 3, 6 and 24 hours, an aliquot of sperm suspension was removed and divided into two
parts: (i) the first one was kept under the same capacitating conditions for 60 min and then analyzed
for CASA, spontaneous acrosome reaction and annexin V binding assay results; (ii) the other one
was treated with the calcium ionophore A23187 (5 11M) for 60 min under similar capacitating
conditions and then subjected to CASA, (induced-) acrosome reaction and annexin V binding assay
testing.

Experiment IL In the second experiment, we examined the time dependency of protein
tyrosine phosphorylation

under different capacitating conditions. In experiment Ha, the purified

motile fractions from 3 different donors were incubated for up to 24 hours at 37°C under 5% CO2 in
water-saturated

air under 2 different capacitating conditions:

(i) HTF supplemented with 0.3%

HSA; and (ii) HTF supplemented with 3% HSA, in order to further assess the impact of two
different doses of protein supplementation on tyrosine phosphorylation. At 3, 6, 9,12 and 24 hours
an aliquot of sperm suspension was removed, washed and lysed for preparation of SOS-PAGE and
protein irnmunoblots.

In experiment Ilb, we simultaneously

assessed the time dependency of PS extemalization

and tyrosine phosphorylation using the same capacitating conditions described in experiment I. The
purified motile fractions from 3 different donors were incubated in HTF supplemented with 0.3%
HSA for up to 24 hours at 37°C under 5% CO2 in water-saturated air. At 3, 6, 12 and 24 hours two
aliquots of sperm suspension were removed; one was used for assessment of PS extemalization by
annexin V binding, and the other for protein tyrosine phosphorylation by immunoblotting.

Statistical analysis
The data were analyzed by using a linear mixed effects model for repeated measures. The
analyses included examination of relationships between treatment groups (spontaneous conditions
and after calcium ionophore), proportion of acrosome reacted live spermatozoa,
sperm depicting PS translocation (annexin V positive, live spermatozoa

proportion of

or green-red cells, see

above), and incubation time. Analysis of variance and Pearson's correlation coefficient were used
as appropriate. Data were analyzed independently by a bio-statistician (see acknowledgement).
results are presented as mean±standard deviation. Pvalues < 0.05 were considered significant.

All
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Results

Experiment I
Table I shows the changes in motion parameters and viability (mean±standard deviation)
throughout the 24-hour incubation period. Motility, the percentage of rapid cells, VAP, VSL, VCL
and linearity declined significantly over time (p< 0.001 for all). Values for calcium ionophoretreated conditions were significantly lower than for spontaneous conditions (p< 0.002 for all motion
parameters), but the rate of decline over time was statistically the same (p> 0.1 for all). Viability
declined significantly over time for both spontaneous and calcium ionophore conditions (p< 0.01)
as can be observed by the increase in the percentage of dead sperm assessed by Hoechst staining.

Acrosome reaction results are shown in Figure 1. There was a time-dependent, significant
increase in the. percentage of live, acrosome reacted sperm throughout the 24 hour period (p<
0.002) for both spontaneous

and calcium

ionophore-treated

conditions.

Calcium

ionophore

responses were significantly higher that the spontaneous rates at any time point (p< 0.001).

Results of time-dependent changes of the annexin V binding assay for spontaneous (panel
A) and calcium ionophore-treated conditions (panel B) are shown in Figure 2. The figure presents
results of live sperm depicting
translocation

PS translocation

(PS translocation),

live cells without

PS

(live, normal) and dead (necrotic) cells. There was a significant increase of live

spermatozoa showing PS translocation

over time for both spontaneous and calcium ionophore-

treated conditions (p< 0.001). However, there was no significant difference between spontaneous
and calcium ionophore-treated results at any point (p> 0.1).

Under spontaneous conditions, there was a significant positive correlation between the
percentage of live, acrosome reacted sperm and the percentage of live sperm with PS translocation
(r= 0.67, p< 0.005). However, such a correlation was not observed following calcium ionophore
stimulation (r= 0.45, p= 0>0.5).

Experiment II
Experiment Ila showed that there was a time- and HSA-dependency
phosphorylation

profiles of highly motile spermatozoa.

A representative

of protein tyrosine

immunoblot (panel A:

0.3% HSA; panel B: 3% HSA) is shown in figure 3. As can be observed,

a subset of

phosphorylated proteins of M, (molecular mass ratio) ranging from 40,000 to 101,000 was observed
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at time 0 and throughout 24 hours of incubation. A time-dependent increase of phosphorylation was
observed for most proteins, but particularly for the subset of proteins of Mr 95-97,000, 80-83,000
and 50-55,000. In addition, 3% HSA resulted in increased protein tyrosine phosphorylation

when

compared to 0.3% HSA.

Experiment lIb showed similar temporal changes observed for PS externalization

(over

time increase in the percentage of live cells with PS translocation, p<0.05) that was associated with
increased protein tyrosine phosphorylation.
binding

assay

Figure 4, panel A, depicts the results of annexin V

(average results of the three studied

donors),

whereas

panel B presents

a

representative immunoblot from one of the donors.

Discussion

We hypothesized that the rate of spontaneous acrosome reaction of purified populations of
highly motile spermatozoa from normal, fertile men is (i) time- and capacitation

conditions-

dependent, and (ii) associated with changes in membrane lipid symmetry. Our first experiment
(experiment

I) validated such hypothesis in that the non-stimulated acrosome reaction increased

with time of incubation under capacitating conditions and acrosomal exocytosis was significantly
and positively correlated with the degree of plasma membrane PS externalization.
results of the second experiments
conditions

resulted

Furthermore,

(experiments Ha and lib) confirmed that identical capacitation

in a time-dependent

enhancement

of PS externalization

and tyrosine

phosphorylation of a subset of proteins, and furthermore, that such effect was HSA-dependent.

Capacitation conditions promote efflux of cholesterol from the sperm plasma membrane
and destabilization

of the phospholipid

bilayer (Nolan and Hammerstedt,

1997; GadelIa and

Harrison, 2000). Here, capacitating conditions that lead to cholesterol efflux to a protein acceptor
(i.e., HSA) were associated with increased annexin V binding indicating that live spermatozoa had
increased membrane PS externalization. We speculate that such phenomena resulted in facilitation
of membrane fusogenic effects and increased the rate of spontaneous acrosomal exocytosis.

This loss of membrane phospholipid asymmetry may be due to changes in the activities of
intracellular sperm flippases and/or scrambiases (GadelIa and Harrison, 2000). These authors have
demonstrated

that bicarbonate levels, a major determinant of capacitation (Boatman and Robbins,

1991; Visconti et al., 1995) alters greatly the steady-state distribution of aminophospholipids

in

Stellenbosch University http://scholar.sun.ac.za
127

boar sperm as examined by labeled phospholipid probes and flow cytometric analysis (GadelIa and
Harrison,

2000).

Such methodology

obviates

a possible

"overestimation"

of outer

leaflet

phospholipid distribution as a consequence of the acrosome reaction resulting in exposition of
previously sequestered membranes.

We and others have also demonstrated that under other "stress-induced"
cryopreservation)

conditions (i.e.,

ram and human spermatozoa also show evidence of increased PS extemalization

providing indirect evidence for modification of the activity of such regulatory enzymes (Muller et
al., 1999; Glander and Schaller, 1999; James et al., 1999 Duru et al., 2001; Schuffner et al, 2001).
The present results also extended a recent communication

from our laboratory

showing that

prolonged incubation of human spermatozoa from fertile and infertile men at body temperature was
associated with significant motility loss and membrane changes as revealed by PS translocation
(Schuffner et al, 2002). Those observations as well as the results of the present studies show that
although the temporal pattern of PS translocation

is similar among fertile men there is inter-

individual variability.

Our results also extended previous contributions that indicated that capacitation of human
spermatozoa is associated with phosphorylation of multiple proteins at tyrosine residues (Aitken et
al., 1995; Carrera et al., 1996; Leclerc et al., 1996; Emiliozzi and Fenichel, 1997; Tomes et al.,
1998; Osheroff et al., 1999). Further, we have corroborated

that the presence

of a higher

concentration of serum albumin in the culture medium results in enhanced tyrosine phosphorylation
of such proteins. Osheroff et al., (1999) previously demonstrated that maximum phosphorylation

of

human sperm under capacitating conditions was also achieved with 3 mg/ml of bovine serum
albumin and that this requirement for albumin correlated with the ability of sperm to undergo the
acrosome

reaction.

Moreover,

these

authors

elegantly

showed

that

capacitation-dependent

cholesterol release is associated with the activation of protein kinase A-tyrosine kinase second
messenger systems resulting in protein tyrosine phosphorylation.

The ability of sperm to undergo acrosomal exocytosis in response to the agonistic effect of
the calcium ionophore A23187 was also time-dependent

under the capacitating conditions studied

herein. However, the lack of a significant correlation with PS translocation suggests that the plasma
membrane changes of the spontaneous and calcium ionophore-induced

acrosome reaction may be

different. These results need to be further validated by larger studies and of interest, should be
compared to the effects of the physiological agonists of the acrosome reaction. Studies using either
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solubilized human zona pellucida and/or a biologically active recombinant human ZP3 may provide
further insight into such mechanisms (Van Duin et al., 1994; Whitmarsh et al., 1996; Franken et al.,
2000; Dong et al., 2001).
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I: Experiment

(Hoechst

staining)
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1: Time-dependent

changes

of human sperm incubated

incubation

with the calcium

of motion parameters

(CAS A) and sperm viability

in HTF and 0.3% HSA under spontaneous

ionophore

conditions

A23187

Hour
Oa
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6

24

20.0±O.O
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Cal
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Rapid cells (%)'
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(%

t

Dead (%)d

'Time 0- following separation of the motile sperm fraction and resuspension.
b

Cal= calcium ionophore A23187.

, For spontaneous-

and Cal-treated

conditions all motion parameters had a significant decline over time

and Cal-treated

conditions viability had a significant decline over time (p< 0.01)

pOO.OOI
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For spontaneous-
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Legends to figures

Figure 1. Experiment I: Time-dependency

of the spontaneous (control) and calcium ionophore-

induced (Cal) acrosome reaction of human sperm incubated in HfF and 0.3% HSA (results of 5
fertile donors).

Figure 2. Experiment I: Time dependency of annexin V binding assay results of human sperm
incubated

in HfF

and 0.3% HSA. Panel (A): spontaneous

conditions;

panel (B): calcium

ionophore-treated conditions (Ca I) (results of same 5 fertile donors shown in figure 1).

Figure 3. Experiment Ua: Time course of protein tyrosine phosphorylation of human spermatozoa
incubated under capacitating conditions with two different HSA doses. Panel (A): HTF and 0.3%
HSA; panel (B) HfF and 3% HSA.

Numbers on the left of the figure represent markers of

molecular weight (results of a representative fertile donor).

Figure 4. Experiment lIb. Time course of simultaneously assessed (A) annex in V binding and (B)
protein

tyrosine

phosphorylation

by immunoblotting.

Spermatozoa

were

incubated

under

capacitating conditions with HfF and 0.3% HSA (results of3 fertile donors assessed for annexin V
binding and a representative fertile donor for immunoblotting).
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3b. Specific aim 4: To examine the intracellular

cascades involved in the zona pellucida-

induced acrosome reaction.

Zona pellucid a-induced acrosome reaction in the human: dependency
pertussis toxin-sensitive

on activation of

G protein and calcium influx, and priming effect of progesterone
j

and

follicular fluid.
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Abstract

In these studies we aimed to characterize the effects of the physiological, homologous agonists of
the acrosome
spermatozoa.
solubilized

reaction,

i.e., the zona pellucida

and progesterone/follicular

The specific aims of our studies were: (I) to examine the dependency
zona pellucida-induced

of the

acrosome reaction on G, protein activation and presence of

extracellular calcium; and (2) to determine whether progesterone/follicular
synergist

fluid, on human

effect on the solubilized

zona pellucida-induced

acrosome

fluid exert a priming or
reaction. Highly motile

spermatozoa from fertile donors were exposed to the agonists in a micro assay and acrosomal status
of live spermatozoa

was determined by indirect immunofluorescence

using PSA-FITC/Hoechst

double staining. Pre-treatment with pertussis-toxin (l00 ng/mL) and EGTA (2.5 mM) significantly
inhibited the zona pellucida-induced

acrosome reaction without affecting the spontaneous rate of

exocytosis. Progesterone (1.25 ug/ml.) and human follicular fluid (10%) exerted a priming, timedependent

effect on the zona-induced

acrosomal

exocytosis

pellucida

of capacitated

acrosome reaction. These studies demonstrated
human spermatozoa

triggered

that: (i)

by the homologous

zona

is dependent on activation of Gj-proteins (pertussis toxin sensitive) and presence of

extracellular calcium; and (ii) progesterone and follicular fluid exerted a priming role on the zona
pellucida-induced

acrosome reaction.

Key words: acrosome reaction/calcium/follicular
spermatozoa/progesterone/solubilized

fluid/G protein/human

zona pellucida
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Introduction

The acrosome

reaction

IS

a pre-requisite

for fertilization

1994). In the mouse, one of the species best characterized

(Yanagimachi,

exocytosis is physiologically

Florman and Wassarman,

spermatozoa

so far, acrosomal

induced by components of the zona pellucida (ZP), particularly the

zona pellucida protein 3 (ZP3) (Bleil and Wassarman,

receptor(s)

in mammalian

1980, 1983; Florman and Storey, 1982;

1985; Ward, et al, 1992). Binding of ZP3 to putative complementary

on the sperm surface activates transmembrane

signals that trigger cellular cascades

resulting in the acrosome reaction (Wassarman, 1990a and b; Saling, 1991; Wassarman, 1999).

Several cellular pathways are involved in the stimulation of the acrosome reaction. It has
been demonstrated that activation of pertussis toxin-sensitive heterotrimeric G proteins (Gi-class) is
necessary for the ZP-induced acrosome reaction in the murine model (Kopf et ai, 1986; Kopf,
1990). Gj -protein acts as a signal transducing element downstream ofZP3-receptor

interactions and

couples receptor occupancy to changes in ionic conductance and/or a variety of intracellular second
messenger cascade systems whose activation in tum results in release of acrosomal contents (Kopf,
1990). One of such elements is likely to be a pH regulator, resulting in a transient alkanization of
intracellular pH (Florman, et al, 1989, 1998; Kopf, 1990). Second messengers include the adenylate
cyclase-cAMP

system resulting in activation of protein kinase A (PKA) leading to phosphorylation

of specific, putative proteins resulting in exocytosis. Also, the activation of phospholipase C (PLC)
may

lead to

1,2 diacylglycerol

(DAG)

and

inositol

1,4-5 trisphosphate

(IP3) formation.

Diacylglycerol may stimulate protein phosphorylation through protein kinase C (PKC) whereas IP3
may activate

intracellular

calcium release through

modulation

of IP3- sensitive

intracellular

calcium stores (Kopf, 1990; Florman, et al, 1998; Wassarman, 1999).

It has also been proposed that the ZP may alternatively activate a low voltage- activated T
type calcium channel that is pertussis toxin-insensitive

(Florman, et al, 1992; Florman, et al, 1998;

O'Toole, et al, f_000). Activation of pertussis toxin-sensitive and -insensitive mechanisms leads to
significant and sustained changes in intracellular calcium levels, a prerequisite for the acrosome
reaction {Kopf, 1990; Florman, et al, 1998).

Progesterone,

present in high concentrations

10

the. follicular fluid, is also a known

stimulator of the acrosome reaction. It has been shown that progesterone exerts a priming effect on
the Zl'-stimulated

acrosome reaction in the mouse (Roldan, et ai, 1994). In such studies, treatment
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with progesterone followed by ZP led to maximal generation of DAG and maximal breakdown of
phosphatidylinositol-4,5-bis-phosphate

(PIP2) signaling a priming role for progesterone

in the

initiation of exocytosis.

Relatively few studies have addressed the role of the physiologic, homologous inducer of
the acrosome reaction, the ZP, in human spermatozoa. This is probably due to the difficulty in
obtaining human material (oocytes) to perform such experiments. Zona pellucida can be obtained
from oocytes recovered

from ovarian tissue (post-surgical

or post-mortem)

or from in vitro

fertilization treatment following appropriate patients' consent for donation.

Cross et al (1988) were the first to report that treatment of human spermatozoa
suspension with acid-disaggregated

human ZP (2 to 4 zona pellucida -ZP/f.lL) increased the

incidence of acrosome reacted spermatozoa.
treatment of human spermatozoa

in

Lee et al (1992) demonstrated that pertussis toxin

inhibited the (solubilized)

ZP-induced

acrosome reaction. In

contrast, acrosomal exocytosis induced by the calcium ionophore A-23187 was not inhibited by
pertussis toxin pre-treatment.

Studies by Franken et al (1996) showed a dose-dependent effect of

solubilized human ZP on the acrosome reaction in the range of 0.25 to 1 ZP/f.lL and also confirmed
the involvement of Gi-protein during ZP-induced acrosome reaction of human spermatozoa.

Capacitated human spermatozoa also respond to a progesterone stimulus in vitro by a rapid
increase in intracellular free calcium due to promotion of calcium influx

(Thomas and Meizei,

1989; Blackmore, et al, 1990, 1991). Progesterone activates a calcium channel that has yet to be
defined at the molecular level in the human (Blackmore and Eisoldt, 1999). Recent findings have
revealed the molecular structure of such ion channel in the murine species (Ren et ai, 2001). The
entire increase in intracellular

calcium levels induced by progesterone

is abolished when the

extracellular calcium is removed by the addition of the calcium chelator EGT A to the extracellular
medium (Blackmore et al, 1990). There is evidence for both L- and T -type calcium channels in
mouse and human spermatozoa (Blackmore, et al, 1990; 1991; Benoff, et al, 1994; Arnouit, et al,
1996, 1997; Shiomi, et al, 1996; Florman, et al, 1998; Blackmore and Eisoldt, 1999). It has been
proposed that progesterone reacts with a multireceptor system on the sperm surface and that this
system cooperates with that used by the zona pellucida to control the physiological
reaction (Mendoza
spermatozoa,
1993).

et ai, 1995; ESHRE Andrology

progesterone

Special Interest Group,

acrosome

1996). In human

effects are not associated with G, protein activation (Tesarik, et ai,
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The first signal transduction-second

messenger pathway demonstrated to have a role in

human sperm acrosome reaction involved the cAMPIPKA system (De Jonge, et aI, 1991a). Also,
the PLC-PKC system was demonstrated to playa role in human sperm exocytosis (De Jonge, et ai,
1991b: Bielfeld, et aI, 1994; Doherty, et aI, 1995). However,

it is unclear which of such

mechanisms is the most significant under physiologic conditions and how the various systems cross
talk.

Although transmission

electron microscopy

still represents the gold standard for the

evaluation of acrosornal status, this method is expensive and laborious and cannot be therefore used
routinely (Zaneveld, et aI, 1991; Kohn, et ai, 1997). Other well-established methods are currently
being used to assess the acrosome reaction in the human. The most widely used method involves
lectins (i.e., Pisum Sativum

agglutinin

fluorescein isothiocynate -FITC-).

-PSA- and others)

labelled with fluorescence

(i.e.,

The inducibility of the acrosome reaction following calcium

ionophore challenge (ARIC) using PSA-FITC has been recommended as the presently available
optimal way to assess this physiologic event under in vitro conditions to test human spermatozoa
(Tesarik,

1985, 1989; Cummins, et al, 1991; ESHRE Andrology Special Interest Group, 1996;

Kohn, et al, 1997; Oehninger, et al, 2000a and b).

Recently, Franken et al (2000) reported on the validation of a new micro assay using
minimal volumes of solubilized, human ZP to test the physiological
reaction in human spermatozoa.

In such studies, a dose-dependent

induction of the acrosome
effect of solubilized ZP on

acrosomal exocytosis was observed reaching maximal induction using 1.25-2.5 ZP/~L for both the
micro assay and the standard (macro) assay. Furthermore, the inducibility of the acrosome reaction
by a calcium ionophore was similar in both assays.

Here, we aimed to further characterize
agonists of the acrosome

reaction,

the effects of the physiological,

i.e., the ZP and progesterone/follicular

homologous

fluid on human

spermatozoa. The specific aims of our studies were: (I) to examine the dependency of the ZPinduced acrosome reaction on Gj protein activation and presence of extracellular

calcium; and (2)

to determine whether progesterone or follicular fluid exerts a priming or synergist effect on the ZPinduced acrosome reaction. Purified populations of highly motile spermatozoa were recovered from
the ejaculates of fertile donors and exposed to the agonists in a micro volume assay. Acrosomal
exocytosis of live spermatozoa
FITClHoechst double staining.

was determined

with indirect immunofluorescence

using PSA-
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Materials and methods

Preparation of sperm samples
Ejaculates from fertile men participating in our artificial insemination donor program were
used in these studies. Approval for the studies was obtained from the Institutional Review Board of
Eastern Virginia Medical School, where most experiments were performed. Sperm concentration
and the percentage progressive motility were objectively evaluated using the HTM-IVOS semen
analyzer version GS 771 (Hamilton Thome Research, Beverly, MA, USA) with fixed parameter
settings (Oehninger

et al, 1995). Sperm concentration

monitored and corrections

were made as appropriate.

and motility readings were manually
Sperm concentration

and motility were

assessed according to the World Health Organization criteria (WHO, 1999) and sperm morphology
was examined according to strict criteria after Diff-Quik staining (Kruger et al, 1986).

The sperm fractions with high motility were isolated by discontinuous

Percoll (Sigma

Chemical Co, St. Louis, MO, USA) gradient separation (90% and 40% layers) using Human Tubal
Fluid (HTF, Irvine Scientific, Santa Anna, CA) as diluent. Up to 2 mL of semen was carefully
placed on Percoll layers, centrifuged at 380xg for 20 min and the pellet of the 90% layer was mixed
with the HTF and then centrifuged at 380xg for 10 min. The supernatant was discarded and the
pellet was resuspended to achieve a sperm concentration of 10 x lO6/mL.

The original sperm parameters of samples used were as follows (mean±Standard deviation):
concentration,

101±l0 xl06/ml; sperm motility, 60±5 %, and normal morphology (strict criteria),

15±3%. The motile sperm fractions recovered form the 90% Percoll layers (lOx I06 cells/ml, >90%
motility) were allowed to capacitate for 3 hours at 37°C under 5% CO2 in water saturated air in
HTF supplemented with 3% Human Serum Albumin (HSA, Irvine).

Preparation of solubilized zona pellucid a
Human oocytes were retrieved from post-mortem derived ovarian tissue following approval
by the local ethics committee at Stellenbosch
DMSO/sucrose

University. Oocytes were stored in HTF using

at -196°C in liquid nitrogen (Franken et ai, 1989).

Oocytes were shipped to

Norfolk and twelve hours prior to each experiment were removed from storage and thawed at 37°C.
The oocytes were placed in 0.25 M sucrose and 3% HSA in modified HTF medium for 20 minutes
at room temperature, after which they were placed under mineral oil (Sigma) until used.
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Prior to each experiment, oocytes were vigorously pipetted with a small-bore glass pipette
(inner diameter 80 microns) to separate the zona pellucida from the ooplasm. The separated ZP
were then placed in a plastic Eppendorf tube containing modified HTF medium supplemented with
3% HSA. The tubes were centrifuged for 15 minutes at 1,800 x g, after which the HTF medium
was carefully removed under microscopic vision, leaving only the ZP at the bottom of the tube.
Solubilization

of the ZP was performed

in a micro-volume

and microscopically

controlled

following addition of 10mM HCI after which IOmM NaOH was added to the zona to render a fmal
ZP concentration of 2.5 ZP/).!!' The final pH of the ZP solution was 7.2 to 7.4 (Franken et al, 1996,
2000).

Calcium ionophore
The calcium
dimethylsulfoxide

ionophore

A23187

(Sigma)

was prepared

in a stock solution

with

(Sigma) and then diluted in modified HTF to be tested at a fmal concentration of

5 11Min the acrosome reaction micro assay (Franken et ai, 2000).

Progesterone
Progesterone (Sigma) was prepared in a stock solution with ethanol and then diluted with
PBS to be tested at a fmal concentration

of 1.25 ug/ml, (Sueldo, et ai, 1993; Oehninger, et ai,

1994).

Human follicular fluid
A pool of follicular fluid was obtained from women participating in our IVF program and
receiving gonadotropin

stimulation after obtaining approval from the Institutional Review Board.

Individual fluids were used following oocyte identification and only fluids from follicles containing
a mature metaphase II oocyte were studied. Each tube of follicular fluid was centrifuged at 4°C for
15 min at 1,500 x g and stored at -20°C until used (Marin-Briggiler,

et ai, 1999). For acrosome

reaction the follicular fluid was tested at a final concentration of 10% in PBS.

Acrosome Reaction
The assessment of the acrosome reaction was performed using a micro assay as described
by Franken

et al (2000) and modified

as described

below.

Briefly,

lul

of ZP solution

(concentration, 2.5 ZP/).!l) (or 1 ).!lof the agonists A23187, progesterone or human follicular fluid)
was aspirated into a Teflon pipette tip (Hamilton Pipette-tip,

Separations,

Cape Town, South

Africa), fitted to a micro-syringe (Hamilton 702, Separations) with lul of sperm, to render a final
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zona pellucida concentration of 1.25 ZP/Jll (or 5 JlM A23187, 1.25 ug/rnl, of progesterone or 10%
human follicular fluid). Prior to aspiration into Teflon tips, all sperm/ZP suspensions were gently
mixed in a well of a micro-titer plate (Laboratory and Scientific, Cape Town South Africa).

To

prevent evaporation from the Teflon tips, HTF was aspirated into both sides of the Teflon tip to seal
off sperm-ZP suspensions. Each sperm-ZP suspension was separated from the HTF droplets by air
bubbles on both sides.

Control and treated sperm samples were carefully removed from the teflon tips and placed
on separate spots on the spotted slide and immediately evaluated for motility under inverted phase
contrast microscope (Nikon, Garden City, New York). The percentage live cells were recorded by
adding IJ.Ll (0.3J.Lg/ml) Hoechst-dye

(Bis-Benzimide

supravital stain, Hoechst 33258, B-2883;

Sigma) for 5 minutes to each spot.

Following motility assessment, the sperm droplets were allowed to air dry, then fixed in
70% ethanol for 20 minutes, and then simultaneously
acrosomal

status

by HoechstIFITC-PSA

(Sigma)

magnification of x 1,000 using a phase-contrast

evaluated for percentage live cells and
with

epi-fluorescence

microscopy

at

a

microscope (Eclipse 600, Nikon, Melville, NY,

USA) equipped with a digital camera with a high pressure mercury lamp power supply (SPOT RT,
software version 3.2, Diagnostic Instruments, Augusta, GA). Two hundred cells were counted in a
blinded fashion. in each well of the spotted slide and results were expressed as % live, acrosomereacted sperm.

The following staining patterns were evaluated as acrosome reacted spermatozoa;

(i) distinct staining in the equatorial region occurring as an equatorial bar; (ii) no staining observed

over entire sperm surface; and (iii) patchy staining on acrosomal

region (Cross et al, 1988;

Cummins et al, 1991; Mahony, et al., 1991; Franken et al, 1996; 2000).

Experimental design
In the first experiment (experiment I) we compared the acrosome reaction-inducing

ability

of solubilized ZP and the calcium ionophore, and also examined the impact of inactivation of G
protein by pertussis toxin and calcium chelating from the extracellular

medium by EGT A. An

ejaculate from each of 5 different donors was subjected to a separation of the motile fraction
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followed of a 3-hour capacitation period as described above. Each sample was then aliquoted into 5
parts and incubated under the following different conditions at 3rC
saturated air: (i) control medium (HTF supplemented

under 5% CO2 in water

with 3% HSA for 60 min; (ii) calcium

ionophore at a final concentration of 5 JlM for 60 min; (iii) solubilized zona pellucida at a final
concentration

of 1.25 ZP/ JlL for 60 min; (iv) pre treatment with the calcium chelator EGTA

[ethylene (oxyethylenenitrilo) tetraacetic acid] (Sigma) at a final concentration of 5 JlM for 30 min,
followed by solubilized ZP at a final concentration of 1.25 ZP/JlL for 60 min; and (v) pretreatment
with the functional inactivator of G protein, pertussis toxin (Calbiochem, San Diego, CA) at a final
concentration of 100 ng/mL for 30 min, followed by solubilized ZP at a final concentration of 1.25
ZP/JlL for 60 min. After incubation, each condition was tested for the percentage of live, acrosome
reacted spermatozoa in the micro assay as detailed above.

In the second experiment (experiment

2) we compared the acrosome reaction-inducing

ability of solubilized ZP and progesterone, and also examined the impact of sequential treatment of
ZP and progesterone

in reversed order. Twenty-seven

ejaculates from 5 different donors were

subjected to a separation of the motile fraction followed of a 3-hour capacitation

period as

described above. Each sample was then aliquoted into 5 parts and incubated under the following
different conditions at 37°C under 5% CO2 in water saturated air: (i) control medium (HTF
supplemented with 3% HSA) for 30 min; (ii) solubilized ZP at a final concentration of 0.5 ZP/ JlL
for 30 min; (iii) progesterone at a final concentration of 1.25 ug/ml, for 30 min; (iv) solubilized ZP
at a fmal concentration of 0.5 ZP/JlL for 15 min followed by progesterone at a final concentration
of 1.25 ug/ml, for an additional 30 min; and (v) progesterone at a fmal concentration of 1.25 ug/rnl,
for 15 min followed by solubilized ZP at a final concentration of 0.5 ZP/JlL for 30 min. After
incubation, eac~ condition was tested for the percentage of live, acrosome reacted in the micro
assay as detailed above.

In the third experiment (experiment

3a) we compared the acrosome reaction-inducing

ability of solubilized ZP and follicular fluid, and also examined the impact of sequential treatment
with follicular fluid followed by solubilized ZP. An ejaculate from each of 3 different donors was
subjected to a separation of the motile fraction followed of a 3-hour capacitation

period as

described above. Each sample was then aliquoted into 5 parts and incubated under the following
different conditions at 37°C under 5% CO2 in water saturated air: (i) control medium (HTF
supplemented with 3% HSA) for 60 min; (ii) calcium ionophore at a final concentration of 5 JlM
for 60 min; (iii) solubilized ZP at a final concentration of 1.25 ZP/JlL for 60 min;

(iv) human
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follicular fluid (10%) for 60 min; and (v) pretreatment with human follicular fluid at 10% for 30
min followed by solubilized ZP at a final concentration of 1.25 ZP/ilL for 60 min. After incubation,
each condition was tested for the percentage of live, acrosome reacted spermatozoa.

In a subsequent follow-up experiment (experiment 3b) we examined the kinetics (time
dependency) of the acrosome reaction-inducing

ability of solubilized ZP following pretreatment

with follicular fluid. An ejaculate from each of 3 different donors was subjected to a separation of
the motile fraction followed of a 3-hour capacitation period as described above. Each sample was
then incubated for 30 min with human follicular fluid (10%) at 3rC

under 5% CO2 in water

saturated air. Thereafter, the sample was aliquoted into 4 parts and further incubated with human
solubilized ZP (final concentration of 1.25 ZP/ilL) for 4 different time periods: 15, 30, 45 and 60
min. An aliquot exposed to follicular fluid under the same conditions served as control. After
incubation, each condition was tested for the percentage of live, acrosome reacted spermatozoa.

Statistical Analysis
Comparisons of the percentage of live, acrosome reacted spermatozoa under the different
experimental conditions were performed using one-way or repeated measures analysis of variance
(ANOVA) as appropriate.
individual differences

The Tukey-Kramer

among conditions

multiple comparisons

tested. Pvalues

test was used to assess

< 0.05 were considered significant.

Results are expressed as mean±standard error.

Results

The results of experiment

I are depicted in Figure I. The overall results analyzed by

ANa VA had a p<O.OOOI, exhibiting an extremely significant difference. The calcium ionophore
A23187 significantly

increased acrosome reaction from l2±2% (control conditions) to 29±3%

(p<0.001). The solubilized ZP produced an increase in acrosomal exocytosis (49±5%) that was
significant higher than control and calcium ionophore treatment conditions (p<O.OOI versus both
conditions). Pre-treatment with EGTA followed by ZP resulted in a significantly lower acrosome
reaction (22±2%) than ZP alone (p< 0.001), but this percentage of acrosomal exocytosis was
significantly higher than control conditions (p< 0.0 I). Pre-treatment with pertussis toxin followed
by ZP also resulted in a significantly lower acrosome reaction (25±3%) than ZP alone (p< 0.001),
but this percentage of acrosomal exocytosis was also significantly higher than control conditions
(p< 0.00 I). The results of this experiment

demonstrated

that (i) the calcium ionophore and
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solubilized ZP are powerful stimulators of acrosomal exocytosis under micro assay conditions; and
(ii) that the functional inactivation of G, proteins (pertussis toxin-sensitive)

and the absence of

extracellular calcium are capable of inhibiting the solubilized ZP-induced acrosome reaction.

Figure 2 shows the results of experiment 2. The overall results analyzed by ANOVA had a
p< 0.0001, exhibiting an extremely significant difference. Both progesterone

(27±3%) and ZP

(28±2%) resulted in a significant enhancement of the acrosome reaction when compared to control
conditions

(12±1%;

p< 0.001 for both comparisons).

Pre-treatment

with ZP followed

by

progesterone (28±3%) resulted in a significant increase in acrosomal exocytosis versus control (p<
0.00 I). Pre-treatment with progesterone followed by ZP (36±3%) also resulted in a significant
increase in acrosome reaction versus control (p< 0.001). However, pre-treatment with progesterone
followed by ZP resulted in a significant increase in acrosome reaction when compared to pretreatment with ZP followed by progesterone (p <0.01). Pre-treatment with progesterone followed
by ZP increased acrosome reaction significantly when compared to progesterone alone (p <0.01)
and ZP alone (p< 0.01). On the other hand, pre-treatment with ZP followed by progesterone had a
non-significant effect when compared to progesterone or ZP alone (p>0.05 for both comparisons).
The results of this experiment demonstrated that (i) progesterone, as the solubilized ZP, enhances
acrosomal

exocytosis

under micro assay conditions;

and (ii) the sequential

treatment

with

progesterone followed by ZP results in a significantly higher increase in acrosome reaction than the
reverse order, providing evidence for a priming effect of progesterone (and not a synergistic one)
on the ZP-induced exocytosis.

The results of experiment 3a are shown in Figure 3. The overall results analyzed by
ANOVA had a p<O.OOOI, exhibiting an extremely significant difference. The calcium ionophore
A23187 significantly

increased acrosome

(p<0.00 I). The solubilized

reaction from 9± I% (control conditions)

to 23±1 %

ZP produced an increase in acrosomal exocytosis (47±1 %) that was

significantly higher than control and calcium ionophore treatment conditions (p<O.OOI versus both
conditions). Human follicular fluid -stimulated acrosome reaction (21±1 %) was significantly higher
than that of control (p< 0.00 I), but was not different than that of calcium ionophore (p> 0.5), and
was significantly lower than that of ZP (p< 0.001). Pre-treatment with follicular fluid followed by
ZP (53±1%) resulted in a significantly higher acrosome reaction than control (p< 0.001), calcium
ionophore (p< 0.001), follicular fluid alone (p< 0.001) and ZP alone (p< 0.01). The results of this
experiment

demonstrated

that (i) follicular

fluid, as progesterone,

is a potent inducer of the
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acrosome reaction under micro assay conditions; and (ii) pre-treatment with follicular fluid also
results in a priming effect on the solubilized ZP-induced acrosomal exocytosis.

The results of experiment 3b are shown in Figure 4. The overall results of the subsequent
treatment with follicular fluid and solubilized ZP analyzed by repeated measures ANOV A had a
p<0.0002, exhibiting an extremely significant difference. Upon pre-treatment with follicular fluid
for 30 min hour, a time-dependent effect of ZP was observed. The induction of acrosome reaction
at 45 and 60 min was significantly higher than that at 15 min (p< 0.01 and p<O.OOI, respectively).
The induction of acrosome reaction at 45 and 60 min was also significantly higher than that at 30
min (p< 0.01 and p< 0.001, respectively). There were no significant differences observed for the
effect of follicular fluid at the different time points. This experiment examined the kinetics of the
solubilized

ZP-induced

acrosome

reaction after exposure

to human follicular

fluid. Results

demonstrated that upon exposure to follicular fluid there is a time-dependent effect of solubilized
ZP on acrosomal exocytosis, with increased exocytosis after 45-60 min incubation.

Discussion

Franken et al (2000) devised a new micro assay that is easy and rapid to perform, and
facilitates the use of minimal volumes of solubilized ZP (even a single zona) for assessment of the
human sperm acrosome reaction. The micro assay has been validated as compared to the standard
macro assay and consequently offers a unique arena to test for the physiological

induction of

acrosomal exocytosis by the homologous ZP. Moreover, preliminary clinical studies using the
micro assay have demonstrated that the zona pellucida-induced

acrosome reaction (ZIAR) can

predict fertilization failure in the IVF setting. The micro assay ZIAR can therefore refine the
therapeutic approach for male infertility prior to the onset of therapy (Esterhuizen, et ai, 2001 a and
b).

We hypothesized that, in human spermatozoa, solubilized ZP triggers acrosomal exocytosis
via a transmembrane
sensitive);

signaling cascade

and that an alternative

involving heterotrimeric

or complementary

pathway

intracellular calcium levels by modulation of calcium influx.
capacitated

spermatozoa

were

treated

with

heterotrimetric G; protein by ADP-ribosylating

pertussis

toxin

G proteins (pertussis
may involve

regulation

To test this hypothesis,
(that

toxin-

functionally

of

human

inactivates

its u-subunit) (Casey and Gilman, 1988) or EGTA

(a calcium chelator), prior to induction of acrosome reaction with solubilized zona pellucida.
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Results 'of experiment 1 confirmed that under the micro assay conditions, the solubilized
ZP induced a high level of acrosomal exocytosis. Importantly, pre-treatment with pertussis toxin
significantly

inhibited the ZP-induced

acrosome reaction (although it did not affect basal or

spontaneous levels of exocytosis) (Franken et ai, 1996). These results confirmed and extended
those of Lee et al (1992), Tesarik, et al (1993) and Franken, et al (1996, 2000), who reported on the
G, protein-dependency of human acrosome reaction triggered by the homologous ZP.

Calcium appears to be essential for several sperm functions. It has been shown that
elevated

intracellular

determinants

of

free calcium

sperm

concentrations

capacitation

and

that

and protein
extracellular

tyrosine

phosphorylation

calcium

modulates

are

tyrosine

phosphorylation and tyrosine kinase activity in human spermatozoa (Luconi, et ai, 1996; Osheroff,
et al, 1999; Visconti, et ai, 1999a and b). The acrosome reaction necessary for fertilization in many
species also requires an increase in intracellular calcium levels. Incubation of human sperm in a
calcium-depleted

medium inhibited or delayed capacitation

A23187-induced

acrosome reacted sperm (Perry et ai, 1997). In the mouse, ZP3 produced

sustained increase in intracellular
persistent

activation

of a calcium

resulting in fewer spontaneous

or
a

calcium leading to acrosome reaction, probably due to the
influx mechanism

during the late stages of ZP3 signal

transduction (O'Toole et ai, 2000).

Here, the calcium chelator EGT A significantly inhibited the ZP-induced acrosome reaction.
These results demonstrated that extracellular calcium is required for signal transduction resulting in
agonist-induced

acrosome reaction. But as such, the design of these experiments does not allow

discriminating between cell surface requirements for calcium (i.e., calcium might be required for
sperm-ZP initial attachment, that subsequently leads to induction of exocytosis) or a role of calcium
influx itself in the cascade of events leading to the acrosome reaction. Experiments performed in
other species have demonstrated the presence and significance of calcium channels and calcium
influx in the activation of the acrosome reaction (see above). In addition, two recombinant human
ZP3 products have been reported to trigger calcium influx in human spermatozoa (Whitmarsh et ai,
1996; Bray et ai, 2002). We therefore conclude that our data provide further indirect evidence for
the role of calcium influx on the induction of human acrosome reaction. In our experiments, pretreatment with EGT A did not inhibit the basal or spontaneous acrosome reaction, suggesting that
intracellular sources of calcium may be sufficient for sustaining basal levels ofexocytosis.
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The results
progesterone
stimulators

of experiments

(which

is present

of the acrosome

2 and 3 confirmed
at high

reaction

that human

concentrations

(Blackmore,

follicular

in follicular

fluid)

et aI, 1990). Controversy

precise time at which the physiologic

acrosomal

follicular

or at the level of the zona pellucida.

fluid-cumulus

that a population

cell products

of spermatozoa
acrosome

may undergo
reaction

exocytosis

exocytosis

the most

functional

leading

interaction

with ZP3, maybe primed by follicular

fluid and
are potent

surrounds

the

occurs, i.e., during exposure

to

We hypothesized

before reaching the zona, but that

to zona

penetration

takes

place

after

fluid constituents.

In the mouse, Roldan, et al (1994) ha ve elegantly shown that progesterone exerts a priming
effect on ZP-induced exocytosis. Here, we provided further data in support of this priming effect as
related to progesterone and follicular fluid in human spermatozoa. Progesterone priming effect was
evident even after 15 min of preincubation. Moreover, experiments revealed that the priming effect
produced by follicular fluid on the ZP-induced

acrosome

reaction was time-dependent,

with

maximal results observed in the range of 45-60 min zona incubation following steroid exposure.

In conclusion, our studies demonstrated that: (i) acrosomal exocytosis of capacitated human
spermatozoa triggered by homologous solubilized ZP is dependent on both the activation of G,«
protein

(pertussis

toxin sensitive)

and on the presence

of extracellular

progesterone and human follicular fluid exert a priming, time-dependent

calcium;

and (ii)

effect on the ZP-induced

acrosome reaction. The operative mechanisms downstream to Gi-protein activation (ZP-dependent)
and increase in intracellular calcium levels (ZP and progesterone/follicular

fluid-dependent),

and

cross talk between such pathways leading to acrosornal exocytosis in human spermatozoa remain to
be further characterized.
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Legends to figures

Figure

1. Results of experiment

I. C: control conditions; Cal: calcium ionophore (5J.lM), ZP:

solubilized zona pellucida (1.25 ZP/J.lL); EGTA (2.5 J.lM)+ ZP (1.25 ZP/J.lL); PTx: pertussis toxin
(100 ng/mL) + ZP (1.25 ZP/J.lL). "ZP vs C, Cal, EGTA + ZP and PTx +ZP: p< 0.001.
bCal vs C: p< 0.001. "C vs EGTA + ZP and PTx + ZP: p< 0.01 and p< 0.001, respectively.

Figure 2. Results of experiment 2. C: control conditions; P4: progesterone

(1.25 ug/ml.); ZP:

solubilized zona pellucida (0.5 ZP/J.lL); P4 (1.25 ug/ml.) + ZP (0.5 ZP/J.lL); ZP (0.5 ZP/J.lL) + P4
(1.25 ug/ml.), "C vs all other conditions: p< 0.001; bp4 + ZP vs ZP, P4 and ZP + P4: p< 0.001 p<
0.01 and p< O.OI,'respectively).

Figure 3. Results of experiment 3a. C: control conditions. CaI: calcium ionophore. (5J.lM); ZP:
solubilized zona pellucida (1.25 ZP/J.lL); FF: follicular fluid (10%); FF (10%) + ZP (1.25 ZP/J.lL).
"C vs all other conditions: p< 0.001. bZp vs Cal and FF: p< 0.001. cFF + ZP vs FF and ZP: p< 0.001
and p< 0.01, respectively.

Figure 4. Results of experiment 3b. Spermatozoa were treated with follicular fluid (10%) for 60
min followed by solubilized zona pellucida (1.25 ZP/J.lL) for 15, 30 45 and 60 min. "45 min vs 15
and 30 min: p< 0.01, and vs 60 min: p< 0.05. b 60 min vs 15 and 30 min: p< 0.001. Control
experiments were performed with incubation of spermatozoa with follicular fluid (10%) alone.
cThere were no significant differences for follicular fluid exposure at the different time points.
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4a. Specific aim 5: To establish the predictive value of the HZA for fertilization

outcome in

IVF

Clinical significance of human sperm-zona

pellucida binding

'Oehninger S, 'Mahony M, 'Ozgur K, /Kolm p, 2Kruger T, 2 Franken D.
Fertility and Sterility 1997,67:1121-1127

I

The Jones Institute for Reproductive Medicine,
Department of Obstetrics and Gynecology,
Norfolk, Virginia 23507, USA, and
2Tygerberg Reproductive Unit,
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Abstract

The objective is to assess the relationship
parameters

and sperm-zona-pellucida

between sperm morphology

and motion

(ZP) binding capacity under hemizona assay (HZA)

conditions and to determine the discriminatory

power of the HZA for the prediction of the in

vitro sperm fertilizing ability. There were 196 couples undergoing IVF therapy participating in
this study, (Hemizona assay and IVF results were determined for each couple).
outcome measure(s)

were computerized

Each main

sperm motion analyses, sperm morphology

criteria), and HZA results were correlated with fertilization outcomes.

(strict

The results among the

sperm parameters from the original ejaculates, morphology was the best predictor of sperm-ZP
binding ability; hyperactivated

motility was the best predictor of HZA results after swim-up

separation of the motile sperm fractions. The HZA index provided the highest discriminatory
power for fertilization success/failure,

with an overall accuracy of 86%. In conclusion,

the

sperm morphology and hyperactivated motility showed a high correlation with the capacity of
sperm to achieve tight binding to the ZP. The excellent positive and negative predictive values
of the HZA for fertilization outcome provide additional support for the use of this functional
bioassay in the decision-making process within the assisted reproduction setting.
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Introduction
The prediction of the capacity of human sperm to achieve fertilization under in vitro
conditions has been a major goal within the assisted reproductive technology setting. However,
because fertilization entails a complex series of events leading to early embryo development, it
is unlikely that the evaluation of a single sperm feature

a function

can be predictive in an

absolute fashion of fertilization potential of the male gamete. For the correct identification of
sperm dysfunctions, we have been promoters of a sequential, multistep diagnostic scheme that
includes [I] the so-called "basic" semen analysis, [2] the assessment of the variety of sperm
functions and biochemical

features, and [3] bioassays that directly examine sperm-oocyte

interaction (Oehninger et al., 1991; Oehninger et al., 1992, Oehninger et al., 1995).

Different laboratories have highlighted the diagnostic power of variety of such assays,
and the World Health Organization has incorporated some of these assays under the category of
functional

tests (World Health Organization,

1992). Nevertheless

at a recent Consensus

Workshop in Advanced Andrology (ESHRE Special Interest Group), it was agreed that better

I .'

standardization

of the majority of these methods should be implemented

before they are

introduced as routine clinical tools (Consensus Workshop on Advanced Diagnostic Andrology
Techniques,

1996). It was concluded and recommended that because of the powerful evidence

for prediction

of fertilization

success/failure

binding tests should be incorporated
Diagnostic Andrology Techniques,
1988). Notwithstanding

in the IVF arena, sperm-zona

pellucida

(ZP)

in the workshop (Consensus Workshop on Advanced

1996; Liu, et al., 1988; Liu, et al, 1989; Burkman, et al.,

some practical

limitations

of the sperm-ZP

assays

(mainly

the

availability of human oocytes), we have included the hemizona assay (HZA) as part of our
routine advanced diagnostic scheme. The HZA offers the main advantages of [I] amplification
of the required number of oocytes by using a single oocyte per experiment; [2] an internally
controlled

assay (provided by matching hemizona

fertilization by splitting the egg microsurgically

surfaces); and [3] avoiding

inadvertent

(Oehninger, et al., 1991; Oehninger, et al.,

1992; Burkman, et al., 1988).

In our laboratories

in Norfolk,

Virginia and Cape Town, South Africa, we have

implemented identical methods of semen analysis at both the basic and functional levels. The
same techniques have been used for the performance of the semen analysis and the HZA, and
similar standards are used for the identification and diagnosis of male infertility and patient
selection for IVF therapy (Acosta, 1992: Franken, et al., 1993).
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Here, we have combined our experiences to evaluate the clinical significance of spermZP binding as assessed by the HZA. Our specific objectives

were [I] to determine the

relationship between different sperm characteristics (from the original ejaculates and from the
processed motile fractions) and sperm-ZP binding potential; and [2] to examine the role ofHZA
as a diagnostic tool for prognosticating fertilization in vitro. We prospectively studied a large
number of infertile couples before IVF therapy;

results from robust statistical

analyses

corroborate the discriminatory power of the HZA as predictor of fertilization and its validity to
direct patients to intracytoplasmic sperm injection (ICSI) therapy.

Materials and Methods

Patients

These studies were performed under the approval of the Institutional Review Board of
the Eastern Virginia Medical School and the University of Stellenbosch. A total of 196 couples
who underwent 361 IVF cycles were included during the period from January 1993 through
March 1995. One hundred fourteen couples (220 IVF cycles) were studied in Norfolk, whereas
82 couples (141 IVF cycles) were studied at Tygerberg. The female partners either were normal
or were diagnosed as having tubal infertility.

Study Design

Semen samples were provided (n
sperm concentration,
HZA (n

=

196) before IVF therapy and were assessed for

motion parameters, and morphology after liquefaction. The procedure of

= 196) was performed in the same ejaculates after separation of the motile sperm

fraction wash/swim-up (Oehninger et al., 1991: Oehninger, et al., 1992). For a subset of patients
(n

= 33), motion parameters also were assessed immediately after the swim-up procedure. All

196 couples underwent IVF therapy within 3 months of the semen evaluation.

Semen Evaluation

Semen samples were obtained by masturbation after 2 to 4 days sexual abstinence and
were studied after liquefaction was complete and within 1 hour of collection. Samples had a
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normal seminal 'Volume (range 1.1 to 5 mL), had <1 x 106round cells (leukocytes, by peroxidase
staining,

and immature sperm cells), and were negative

immunobead

test) (Oehninger,

for antisperm

antibodies

(direct

1995; van der Merwe, et al., 1990). Fertile men (10 donors

routinely used as controls in the HZA) had fathered a pregnancy within 2 years and had negative
bacteriologic semen cultures. After liquefaction, samples were subjected to a computer-assisted
evaluation

of sperm concentration

and motion parameters

while a slide was prepared for

morphology assessment.

Sperm motion was evaluated with the HTM-IVOS Motility Analyzer (Hamilton-Thorne
Research Inc., Danvers, MA). Each sperm sample (a 3-!-lL fraction of liquefied semen or swimup fraction) was loaded onto a four-chamber micro cell slide (20 urn deep) (Vitro Dynamics,
Rockaway, Nl). Each chamber was transferred to the HTM-IVOS where it was maintained at
37°C for 1 minute before the start of data acquisition.

Data collection was completed

on

randomly selected fields along the length of the microcell chamber until ~ 100 motile sperm
were analyzed (Mahony et al., 1991).

The peninent

settings used during HTM-IVOS

assessment

were as follows: frame

acquired, 30; frame rate, 60 Hz; minimum contrast, 85; minimum cell size, 4 pixels; low average
path velocity (VAP) cutoff 5.0 um/s; medium VAP cutoff, 25.0j.!mls; head size, nonmotile, 12
pixels; head intensity nonmotile, 130; and straightness threshold, 80.0%. At the outset of each
experiment,

we verified that the settings permitted accurate differentiation

of motile sperm

versus nonmotile sperm debris by using "playback" option. During playback, the motions of
sperm in the previous field where replayed; a red dot was located over the head of the all-motile
sperm for each frame and a blue dot was positioned over the head of nonmotile spermatozoa.
When errors were detected, the settings were adjusted until the spermatozoa were identified
correctly as motile and nonmotile (Mahony, 1991). The parameters assessed by the computer
were sperm concentration (l06/mL), total motile concentration, (106); and VAP (um/s), straight
line velocity (VSL, um/s), curvilinear velocity (VCLj.!mIs), lateral amplitude (ALH, urn), beat
frequency (Hz), straightness (%), linearity (%), and hyperactivated motility (%). To differentiate
hyperactivated

sperm from those that were not hyperactivated, the following settings were used

in the automatic
(Burkman,

SORT program for the HTM-IVOS,

as previously described by Berkman

1984): VCL (the velocity derived from all 20 head positions),

linearity (VSLNCL,

100 to 500 um/s;

a measure of the straightness of the trajectory), 0 to 65; maximal lateral

head displacement (ALH, a measure if the side-to-side movement of the head), 7.5 to 100 urn;
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VSL (the velocity based on the first and the last head positions only) 20 to 500 um/s and VAP
(five-point running average), 40 to 500 um/s.

Morphology slides were prepared for each patient after semen liquefaction and were
stained by the Quick stain technique (Kruger et al., 1986). The slides were read on the same day
at a magnification of x 1,000. Two independent observers each evaluated sperm morphology
pattern counting 200 cells and using strict criteria (Kruger et al., 1986: Kruger et al., 1988). This
method of evaluation had an inter-technician coefficient of variation (CV) and an intra-technical
variability that are not significant in our laboratories (Spearman rank correlation coefficient, r

=

0.87 and 0.97, respectively) (Kruger et al., 1988).

Hemizona Assay
Salt-stored, immature human oocytes (obtained from surgically removed ovarian tissue,
postmortem or after IVF) were used in the experiments after desalting and microbisection into
matching hemizona following procedures extensively published elsewhere (Oehninger, et al.,
1991: Oehninger, et al., 1992: Burkman, et al., 1988: Franken, et al., 1993 and Franken, et al.,
1990). A was/swim-up

separation of the motile sperm fraction was effected in Ham's F-I0

medium (GIBCO Laboratories,

Grand Island, NY) supplemented

albumin (Irvine Scientific, Santa Anna, CA) (1,2,8,10,16).

with 0.3% human serum

Control (fertile donor) and test

(patient) sperm droplets (100 ul, of a final dilution of 0.5 x 106 motile sperm per ml) were
incubated separately under heavy white mineral oil (Sigma Chemical Co., St Louis, MO) with
the matching hemizona from the same pair for 4 hours at 37°C in 5% CO2 in air. After the
coincubation period, the hemizonae were washed to remove loosely attached sperm, using a
finally drawn glass pipette, and the sperm tightly bound to the other zona surface were counted
under phase contrast microscopy (x200) (Burkman, et al., 1988: Franken, et al., 1993: Franken,
et at., 1990).

In vitro Fertilization Procedures

Ovarian stimulation was accomplished in Norfolk using a combination ofGnRH agonist
(leuprolide acetate, luteal suppression) and gonadotropins (Oehninger et al., 1991: Oehninger et
al., 1992); a cotnbination of clomiphene citrate and gonadotropins was used at Tygerberg (van
der Merwe, et al., 1990). Patients were selected only on the basis of having 2: 2 preovulatory
oocytes (metaphase II at aspiration) in Norfolk and 2: 6 preovulatory oocytes at Tygerberg

(in
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the latter center, four mature oocytes were allocated randomly for GIFT and the remaining ones
used for IVF). For IVF oocytes were inseminated
concentration

5 hours after retrieval at a standard

5

of I x 10 motile spermatozoa per mL per oocyte after separation of the motile

sperm fraction. In male infertility cases (defined a < 20 x 106 sperm per mL, < 30% progressive
motility, and/or ~ 4% normal morphology),

the number of spermatozoa

was increased (if

possible) to 5 x 105 motile spermatozoa per ml per oocyte (Oehninger, et al., 1991: Oehninger,
et al., 1992: Oehninger, 1995: Oehninger, et al., 1998). In some cases, and because of low
sperm recovery, a second semen sample, obtained 3 hours after the original one, was pooled
with the initial sample (after sperm separation). Normal (diploid) fertilization was diagnosed
after visualization of two pronuclei 18 hours post insemination.

Statistical Analysis
The relationship between sperm parameters (concentration, motion characteristics, and
morphology

from the original and processed samples) and HZA results (expressed as the

absolute number of sperm tightly bound to the hemizona) were assessed by all possible subset
regressions (which analyzes the contribution of all possible combination of these parameters)
and stepwise regression analyses. Fertilization outcome was evaluated after division of the
patients into those with ~ 60% and < 60% fertilization rate (the mean minus two SOs of the
normal

fertilization

programs).

rate of preovulatory

oocytes averaged

from Norfolk

and Tygerberg

Logistic regression analysis was performed to identify the most statistically valid

HZA results (expressed as HZA index

=

[number of sperm tightly bound for patients/controls]

x

100) predictive of fertilization rate. Linear discriminate analysis was used to determine the
sensitivity,

specificity,

and predictive

value of the HZA index as a prognostic

index of

fertilization outcome. Student's t-test and paired t-test were used as appropriate. Results are
presented as the means ± SE. Pvalues < 0.05 were considered significant.

Results

Relationship between Sperm Parameters and Sperm-Zl' Binding

(Table I) presents the results of sperm motion analysis (in the original ejaculates and
following swim-up separation of motile sperm function), morphology (in original samples), and
HZA out come for 33 infertile patients tested against 33 ejaculates from fertile controls. To
assess the best regression model of all sperm variables of the original samples as predictors of
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sperm-ZP binding (HZA), all possible subsets regression and stepwise regression were used.
Morphology
diagram

was the obvious best single predictor of the HZA. (Figure 1) depicts the scatter

of normal morphology

vs. HZA results with 95% confidence

interval (Cl) and

prediction interval.

Any predictive
morphology

model with morphology

had essentially

the same R

2

value as

variables in the equation, the R2 value

alone. Even with all independent

increased by only 4% (R2 of 0.71 compared with 0.67). The stepwise regression analysis
resulted in the same conclusion. Morphology was the first an only variable to enter the
equation (P < 0.0001). After adjustment for morphology, no other variable was statistically
was statistically

significant.

The regression

equation

for morphology

was HZA

=

-

1.0758+ 1.8105 (morphology).
For the swim-up samples, none of the sperm variables analyzed

were excellent

2

predictors of HZA outcome (R value of 0.32). The stepwise analysis entered hyperactivated
motility and the total motile sperm concentration first. When the analysis was adjusted for these
two, no other variables were strategically significant. The regression equation was HZA
10.1590 + 0.0892 (total motile) + 0.6240 (hyperactivated

=

motility). Although the regression

equation was statistically significant (P < 0.0001), the model was not a good fit to the data as
indicated

by the multiple R2 value of 0.27.

hyperactivated

(Figure 2) presents the scatter diagram of

motility vs. sperm-ZP binding with the 95% Cl and prediction interval.

Hemizona Assay Index as Predictor offertilization

Outcome in IVF

(Table 2) presents the semen analysis results, HZA index, and fertilization outcome of
the 196 patients segregated by the diagnosis of normal (n

= 138) and abnormal (n = 158) semen

parameters. The relationship between sperm parameters/functions
analyzed

and fertilization outcome was

using a cutoff fertilization level of 60% as discussed above. Stepwise regression

analysis for prediction of fertilization showed HZA that the HZA index was the most predictive
parameter (R2 =.43.1 %). Adding motility to the model increased the predictive power to an R2 of
58.3%. No other variable significantly enhanced the prediction of fertilization rate.

Logistic regression analysis was preformed to identify the most statistically valid HZA
index predictor of fertilization outcome. For the prediction of good or successful fertilization vs.
poor or failed fertilization (2:60% vs. <60%), an HZA index of 30 provided the best predictive
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power (this is a cutoff HZA index level similar to the one reported earlier by our two groups)
(Oehninger

et al.,

1993,Coddington

1991: Oehninger

et al.,

1992: Oehninger,

et al., 1994). Linear discriminate

1995, Franken,

et al.,

analysis reveled a sensitivity of 93%,

specificity of 73%, positive predictive value of 85% (i.e., power of an HZA index ;:::30to predict
successful fertilization ;:::60%), and negative predictive value of 87% (i.e., power of an HZA
index <30 to predict poor fertilization <60%). The false-positive rate was 27% and the falsenegative rate was only 6%; the overall correct predictive ability of the HZA for fertilization
outcome was 86% (28 classification errors in 196 observations.)

Discussion

The first objective of this study was to assess the relationship between the basic sperm
parameters and the capacity of sperm to achieve tight binding to the capacity of sperm to
achieve tight binding to the homologous ZP. The HZA offers a unique means to assess this
functional step in standardization

repeatable, and previously validated homologous bioassay

(Oehninger et al., 1991: Oehninger et al., 1992: Oehninger, 1995: Consensus Workshop on
Advanced Diagnostic Andrology Techniques,

1996; Burkman,

1998: Franken, et al., 1993:

Franken, et al., 1990: Coddington, et al., 1994: Garnzu, et al., 1994). A distinct defmition of that
main factors affecting data interpretation has been reported (i.e., precision of zona cutting,
kinetics of binding, oocyte source and storage methods, influence of oocyte maturation status
and prior oocyte contact with spermatozoa, and intraassay CV) (Clark, et al., 1995: Oehninger,
et al., 1992). The specificity of gamete interaction under HZA conditions is strengthened by the
fact that spermatozoa tightly bound to the ZP have undergone a zona-induced acrosome reaction
(AR) (Clark, et al., 1995: Oehninger, et al., 1992). The specificity of gamete interaction under
HZA conditions is strengthened by the fact that those spermatozoa tightly bound to the ZP
undergone a zona-induced acrosome reaction (AR) (Clark, et al., 1995: Oehninger, et al., 1992).
Moreover, results of interspecies experiments have demonstrated a high specificity of human
sperm-ZP functions in the HZA (Oehninger, et al., 1993). Taken together, these results provide
compelling evidence in support of the use if this bioassay as a test for human gamete interaction,
including

sperm-ZP

binding

and ZP-induced

AR (Consensus

Workshop

on Advanced

Diagnostic Andrology Techniques, 1996: Clark et al., 1995: Oehninger, et al., 1992: Oehninger,
et al., 1993).
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To fulfill our first objective,

I

we studied sperm parameters

of both the original

(liquefied) ejaculates and the sperm motile, fractions (post-swim-up). For the original samples,
sperm morphology (assessed by strict criteria) was an excellent and single best predictor of
sperm-ZP binding capacity. These results confirm our previous reports (Oehninger, et al., 1991:
Oehninger, et al., 1995; Franken, et al., 1993) depicting the negative impact of teratozoospermia
on gamete

binding and the potential

use of the HZA to determine

the optimal

sperm

insemination concentration at the time of IVF in such patients.

Among

those

hyperactivated

parameters

of

the

separated

motile

motile sperm fractions analyzed, hyperactivated

sperm

fractions

analyzed,

motility was a very good

predictor of ZP binding. Although controversy still exists regarding both the definition and
physiological

significance

of hyperactivated

motility,

our data demonstrated

a positive

relationship between hyperactivated motility and HZA results. Theoretically, both a prematurely
induced hyperactivated motility and delayed or failed hyperactivated motility could contribute to
a low incidence sperm-ZP collisions and/or a defective ZP penetration. Although more studies
are needed to establish the exact temporal relationship between the capacitated state of sperm,
hyperactivated

motility, and ZP binding, these results highlight a possible use of the objective

determination of hyperactivated motility in the vicinity of the prediction of sperm function in the
vicinity of the oocyte. Others (Oehninger, et al., 1996) also have shown that the quality if
motility correlates positively with the number of sperm bound to the ZP using a different assay.

To fulfill our second objective, we correlated HZA results with fertilization outcome in
a large sample

of IVF patients.

Here, we corroborated

and extended

previous

reports

(Oehninger, et al., 1991, Oehninger, et al., 1992: Oehninger, et al., Franken, et al., Franken, et
al., 1990; Gamzu, et al., 1994: Oehninger, et al., 1992) of the high discriminatory power of the
HZA for fertilization success/failure. This also has been demonstrated using a different spermZP binding assay (Liu, et al., 1988: Liu, et al., 1989: Liu, et al., 1992). The HZA was able to
predict fertilization outcome correctly in 86% of the cases. Importantly, the incidence of falsenegative results (i.e., the failure of a low HZA index correctly to predict poor fertilization
outcome) was extremely small. This represents an important finding, because it is clinically
significant

to be able it predict poor fertilization

Importantly,
correctly

the incidence of false-negative

to predict poor fertilization

outcome correctly in 86% of the cases.

results (i.e., the failure of a low HZA index

outcome)

was extremely small. This represents

an

important finding, because it is clinically significant to be able to establish prospectively which
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patients are at high risk of fertilization failure. Because fertilization entails other processes
beyond sperm-ZP interaction, it is anticipated that some false-positive results should occur (i.e.,
patients with a high HZA index still may not be able to fertilize successfully).

Based on the present results, and following

the recommendation

of the ESHRE

Consensus Workshop (Consensus Workshop on Advanced Diagnostic Andrology Techniques,
1996), we are using prospectively the HZA to identify patients who are at significant risk of
fertilization failure in IVF. We therefore propose that the HZA may be used as a discriminating
functional test in the decision making process to allocate patients to IVF vs. ICSI. Our present
indications for ICSI include [1] poor "basic" semen parameters,

(Ix l O? total motile after

separation and/or an HZA index <30), [2] previous failed fertilization,
obstructive or non-obstructive azoospermia

and [3] presence of

in cases in which ICSI is combined with sperm

extraction from the testes or epididymis. A question that remains to be answered is whether ICSI
will be favored in those cases in which IVF is preformed with a high insemination concentration
(i.e., cases with severe teratozoospermia

with an adequate motile fraction) (Oehninger, et al.,

1988). Preliminary evidence from our laboratories

indicates that ICSI results in a superior

embryo quality that leads to improved implantation

rates compared with high insemination

concentration in such cases (Oehninger, et al., 1992).

We conclude that [1] sperm morphology assessed by strict criteria and hyperactivated
motility are the most significant factors related to sperm-ZP binding and [2] the HZA is an
excellent predictor of sperm fertilizing potential and should be incorporated as a functional test
to direct patients to IVF or assisted fertilization.
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Legends Figures
Figure 1. Scatter diagram of normal morphology against sperm-ZP binding results with the
95% Cl (this interval includes the true regression line with 95% probability) and the 95%
prediction interval (these curves are parallel to and wider than the 95% Cl and represent the
95% probability for the values of the dependent variable).

Figure 2. Scatter diagram of hyper activated motility against sperm-ZP binding results with the
95% Cl and prediction interval.
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Table I

Sperm Motion Analysis Results and HZA Outcome of 33 Infertile Men in the Original Ejaculates and After Separation of the Motile Fraction by
Swim-up*

Total
motile
(Xla')

~na1sample
Patients
Controls

ALII

frequency

ness

arity

'*

"

jIJIIls

~/.

pm Is

lP"

Hz

..

..

50.8
:t 2.3

4.2
1: 0.1

13.3
1: 0.3

76.3
1: 0.8

55.3

60.•

4.2
0.1
>0.5

11.8
:t 0.5
<0.02

:t 0.7

16.6
0.2

78.9

15.9
:!: 0.4

<0.00001

<0.00001

48.0
11.4
<0.001

P

• Values are means

= SE.

motility

VCL

:!: 2.5

:!:

Hyperactivated

VSL

~otile fraction

Controls

line-

VAP

270.0
16.7
<0.00001
9.7
:t 1.2

Straight-

ogy

56.4
::!: 4.5

Patients

Beat

Motility

83.3
:!: 13.2
1:

p

Morphol·

69.3
3.6

5.•

1: 0.6

-

:!:

80.2
3.4
<0.03
:!:

35.4
:!: 1.6
43.7
1.0
<0.0001
:t

«.9
:!:

-

1.3

55.5
:1.8
<0.002

28.6
1:1.4

34.1
1: 0.9

0.002

1.2
0.001

39.9
1.3

=1.4

1:

47.6
: 1.7
<0.001

:!:

:!:

65.4
80.1
: 2.1
<0.0001

t No.

:!:

4.5
0.1
6.1

:!: 0.1

<0.0006

:!:

16.5
~ 0.3
>0.5

of sperm bound.

74.1

:!:l.l

"2.9
1: 0.6

>0.5

55.1
:tU
>0.5

3.2
0.5
>0.5

83.0
::1.1

= 1.5 = 0.6

59.5

U

81.4
0.9
>0.5

:!:

57.7
1.9
>0.5

:!:

HUt

:t

12.4
1.5
<0.0001
:!:

6.2
:t 0.6

30.1

=1.1

<0.0000
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Table II
Semen Parameters, HZA Outcome (Expressed as HZA Index), and Fertilization Results (in IVF) for 196 Patients Divided According to the
Diagnosis of Normal and Abnormal Semen Parameters*

Normal semen parameters (n = 138)
Abnormal semen parameters (n = 58)
p
• Values are means ± SE.

Concentration

Motility

Morphology

(lr!/mLi

%

'1

81.0 :!: 11.7
26.0 ± 5.4
<0.0001

66.5 ± 4.0
31.9 ± 6.3
<0.0001

12.1 ± 2.0
3.0 ± 1.7
<0.002

lIZAindex

Fertilization
rate
'1

60.8 ± 5.9
28.1 :!: 10.4
<0.001

64.2 ± 7.6
27.6 ± 1.0
<0.0006
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4b. Specific aim 6: To integrate the HZA and induced-acrosome
sequential

reaction assays into a novel,

diagnostic scheme in andrology and to compare results of methodologies

available to assess sperm functional capacities by a meta-analytical

Sperm Function Assays And Their Predictive Value For Fertilization
Therapy:
I
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4
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approach
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2
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IThe Jones Institute for Reproductive Medicine, Department of Obstetrics and Gynecology;
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Abstract

The prevalence of male infertility and the availability of new, highly successful therapeutic
options make the testing of sperm functional competence mandatory. An objective, outcome-based
examination of the validity of the currently available assays was performed based upon the results
obtained from 2,906 subjects evaluated in 34 prospectively designed, controlled studies. The aim
was carried out through a meta-analytical

approach that examined the predictive value of four

categories of sperm functional assays (computer-aided sperm motion analysis or CASA, inducedacrosome reaction testing, sperm penetration assay or SPA, and sperm-zona pellucida binding
assays) for in vitro fertilization (IVF) outcome.
the sperm-zona

pellucida

Results demonstrated a high predictive power of

binding and the induced-acrosome

reaction assays for fertilization

outcome. On the other hand, the findings indicated a poor clinical value of the SPA as predictor of
fertilization and a real need for standardization and further investigation of the potential clinical
utility of CAS A systems. This analysis points out to limitations of the current tests and the need for
standardization

of methodologies and provides objective evidence in which clinical management

and future research can be directed.
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Introduction

The clinical (andrological) investigation of the male partner in an infertile couple relies on
a thorough

history and physical

examination.

Additionally,

urological

and endocrinological

investigations should be implemented as needed. Nonetheless, the semen analysis still remains the
cornerstone of the diagnostic management. We and others have been promoters of a sequential,
multi-step diagnostic approach for the evaluation of the various structural, dynamic and functional
sperm characteristics

when abnormalities

1991; Amman and Hammerstedt,

are found in the initial evaluation (Oehninger, et al.,

1993; Oehninger, et al., 1997a). This diagnostic scheme should

include (i) assessment of the "basic" semen analysis and (ii) functional testing of spermatozoa.

The

"basic" semen analysis performed by the infertility specialist should include the evaluation of
physical semen .cbaracteristics (volume, pH, agglutination and viscosity), the assessment of sperm
concentration,

progressive motility and normal morphology, the examination

of sperm vitality,

presence of leukospermia

and immature sperm cells, detection of antisperm antibodies and a

bacteriologic

(WHO, 1992). The investigation

investigation

of the total motile sperm fraction

following a separation procedure should also be implemented in this step (Oehninger, 1995).

If abnormalities are found during the basic investigation, the work-up should progress to
the examination of specific sperm functions.

The questions that immediately arise are (a) which

sperm functions should be examined? and (b) what validated tests are available?

Numerous assays have been proposed to assess the various sperm functions. The categories
of assays that are usually considered include: (1) tests that examine defective sperm functions
indirectly through the use of biochemical tests (i.e., measurement of the generation of reactive
oxygen species or evidence of peroxidative damage, measurement of enzyme activities such as
creatine phosphokinase and others); (2) bioassays of gamete interaction (i.e., the heterologous zonafree hamster oocyte test and the homologous sperm-zona pellucida binding assays) and inducedacrosome
evaluation

reaction

scoring; and (3) computer-aided

of sperm motion characteristics

sperm motion analysis

(Yanagimachi,

et al.,

(CAS A) for the

1976; Cross, et al., 1986;

Burkman, et al., 1988; Liu, et al., 1988; Aitken, et al., 1989 and 1991; Mortimer, et al., 1990a and
b; WHO, 1992; Huszar, et al., 1992; Huszar

and Vigue, 1994; Consensus Workshop, ESHRE

Andrology Special Interest Group, 1996). Different laboratories have highlighted the diagnostic
power of a variety of such assays particularly related to the outcome of assisted reproductive
technologies.

In vitro fertilization

and embryo transfer therapy (IVF), singularly,

offers the
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advantage of making use of fertilization as a main outcome measure of successful sperm functional
capacities.

Embryo implantation

potential and pregnancy are obviously the ultimate

desired

outcome but their multi-factorial nature makes it more difficult to utilize them as specific end
points.

What is the overall significance of sperm functional testing and which test(s) should be
chosen? The truth of the matter is that the "basic" semen evaluation allows the diagnosis of "male
infertility," usually without providing evidence for an etiologic or physiopathologic
in inflammatory-infectious

origin (except

or immunologic cases). Furthermore, if no specific therapy is indicated

(i.e., urological, hormonal, pharmacological

or other) or these treatments

have failed, if the

diagnosis is "idiopathic" infertility, or if the degree of sperm abnormalities is severe enough to refer
the couple to ART, there is a real need to determine the sperm functional capacity in order to direct
treatment to lUI, IVF or ICSI. The answer then is that there is a real need to assess sperm functional
competence in the extended evaluation of the infertile man.

How often do clinicians involved in reproductive medicine care confront this situation?
Infertility in general and the proportion of cases where a male factor can be identified as the cause
(alone or in combination with female factors) are prevalent conditions (Hull, et al., 1985; Mosher
and Pratt, 1990; Wilcox and Mosher, 1993; SART, American Society for Reproductive Medicine,
1995; Centers for Disease Control and Prevention of the U.S. Department of health and Human
Services, 1997), Although diagnostic problems make it difficult to establish the extent of the male
partner's contribution with certainty, a number of studies suggest that male problems represent the
commonest

single defined cause of infertility (Irvine, 1998).

therapeutic

options

(both urological

and assisted

In addition, currently available

reproductive

technologies)

are extremely

successful in aiding couples achieve conception. The answer to the question, therefore, is that
sperm function examination using validated tests would be extremely valuable for an improved
clinical management in reproductive medicine.

Evidence-based

medicine (EBM) has been defined as the judicious and conscientious use

of current best evidence from medical care research for making medical decisions (Swets, 1988;
Evidence-Based Medicine Working Group, 1992; Jaeschke, et al., 1994; Sackett, 1995; Sackett, et
al., 1996; Collins, 1997; Schlesselman, 1997). EBM has now been extensively used in Gynecology
and in some fields of ART, but the discipline of Andrology has been late in accepting the need for
controlled trials (Evers, 1997; Nieschlag, 1997). Although various reports have recently assessed
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the value of applying EBM to therapeutic modalities, to date, no studies have examined in depth the
clinical and research evidence supporting the use of the most widely used sperm function tests.
Moreover, only Il meta-analyses

comparing a diagnostic test against a concurrent

reference

standard were identified by extensive searching of the general medicine literature (Irwig, et al.,
1995). Consequently, EBM and meta-analysis of diagnostic sperm function testing may have the
potential to assist clinical-decision making in reproductive medicine.

The objective of the present study was to perform a meta-analysis to determine the
diagnostic test accuracy and predictive value of various sperm function assays for in vitro
fertilization outcome. There are numerous tests presently being utilized to assess different sperm
functions. Here, we elected to define the accuracy of four categories of such tests using a metaanalytic approach as a guide to the routine use of these techniques in the ART discipline. The
scrutinized tests were CASA, acrosome reaction testing, the zona-free hamster egg penetration test
or sperm-penetration assay (SPA) and sperm-zona pellucida binding assays. The selection of these
assays for the meta-analysis does not negate the potential significance of the evaluation of other
sperm functional capacities.

Materials and methods

To find the relevant studies we conducted a computerized
Silver Platter CD-ROM.

We searched the English-language

search using MEDLINE on

literature from January

December 1997 using various MeSH (medical subject) headings.

1983 to

The search process evolved in

three steps: (1) The initial search was conducted using primarily controlled vocabulary.

(2) The

search strategy was modified to a combination of text words and controlled vocabulary. (3) The
researcher then conducted a manual review of bibliographies based on his knowledge of the subject
area ("expanded search") (Schlesselman,

1997; Oxman, et al., 1993 and 1994). This approach

brought numerous references not retrieved in the initial MEDLINE search (Dickerson, et al., 1994;
Councel, 1997).

A variety of exploded MeSH subjects were used. For test identification they were: for
CASA: computer-aided sperm motion analysis, hyperactivated motility and cross-headings; for
acrosome reaction: acrosome reaction, spontaneous or induced, and cross-headings; for SPA: zonafree hamster egg penetration assay, sperm penetration assay and cross-headings; and for spermzona pellucida binding assays: sperm-zona pellucida binding test and hemizona assay (HZA).
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Sensitivity, specificity, regression analysis, likelihood ratios and probability were the headings used
for selection of studies addressing the predictive value of the tests. In vitro fertilization (IVF) was
the heading used to identify the main outcome measure.

Statistical analysis

The statistical methods employed in the primary studies included Spearman's

rank order

correlation between IVF and test parameters, logistic regression of fertilization (defined as "good'
or "poor" based on various cut-off values) on tests parameters, or multiple linear regression if
fertilization was analyzed as continuous.

In addition, predictive statistics or sensitivity, specificity

and predictive values (positive -PPV- and negative -NPV) were reported in some studies as well as
odds ratios. In many cases, even if a study did not report the statistics the other studies did, an
adequate analysis could be calculated from data given.

Here, the meta-analysis was carried out combining correlation coefficients (Altman, 1991;
Collins, 1997; Fleiss, 1993) and computing summary odds ratios (with 95% confidence intervals Cl) and summary

receiving

operating

characteristics

(ROC)

curves

(lrwig,

et al.,

1995).

Computation of partial areas under the ROC curve followed the methods described by McClish
(1989).

Results

(Table I) presents the number of references addressing the predictive value of the four
sperm function tests for IVF outcome as retrieved from the MEDLINE and "expanded" searches
and the number of references that were included in the meta-analysis. There were 47 and 75
references obtained from the MEDLINE and "expanded" searches, respectively.

Adequate data

could be retrieved from 34 references (half of them retrieved by the "expanded" search) in order to
perform the meta-analysis (i.e., raw data on test outcome and fertilization results were directly
provided or could be abstracted from two-by-two tables). Studies not providing those data could
not be combined for further analysis and were not included in the analysis. Altogether, we were
able to analyze the predictive value of the individual tests for IVF outcome in a total of2,906
cycles.
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Computer-aided sperm motion analysis

There were only four studies that addressed the relationship between IVF rates and data
from CASA systems (Check, et al., 1990; Liu, et al., 1991; Sukcharoen, et al., 1995 and 1996).
These studies included 289 patients (IVF cycles). Overall, there were inconsistencies among the
studies, including use of various sperm preparation techniques (i.e., use of liquefied semen or
separation of the motile sperm fraction), incubation time, CASA equipment and parameter settings
of the computers, and analysis of fertilization cut-off levels.

In the initial analysis the four studies were combined and examined with a Spearman rankorder correlation of fertilization with the various sperm motion parameters. (Table II) presents the
correlations that were reported in the studies or correlations

that were calculated from other

information given (i.e., a contingency table of rates and parameter values). NS means that the
correlation was computed but was not statistically different from zero. NR means the correlation
was probably performed

in the study but not reported. A blank entry (--) indicates that the

correlation was not done in the particular study.

Subsequently, we calculated an odds ratio for the influence of the particular variablemotion parameter- (adjusted for all other variables in the equation) on fertilization. Three of the
primary studies performed multiple logistic regression for data analysis. Exponentiation of the
regression coefficient was therefore used to yield the estimated odds ratio for the influence of the
particular variable on fertilization. For the fourth primary study, which did not perform multiple
regression analysis, two-by-two tables were constructed and used to compute the odds ratio. The
combined results of all studies demonstrated a large degree of variability indicating a poor
predictive power for sperm parameters assessed by CASA and IVF results (table II). Predictive
statistics demonstrated low specificity and sensitivity and a high rate of false positives (data not
shown).

Acrosome reaction

There were eight studies that addressed the relationship between the induced-acrosome
reaction results and IVF outcome in a total of 797 subjects (Cummins, et al., 1991; Henkel, et al.,
1993; Pampiglioni, et al., 1993; Coetzee, et al., 1994; Calvo, et al., 1994; Parinaud, et al., 1995,
Carver-Ward, et al., 1996; Krausz, et al., 1996). There were some inconsistencies among studies
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regarding sperm capacitation conditions,

methods used to induce acrosomal exocytosis

(most

studies used a calcium ionophore agent, but two other used human follicular fluid and low
temperature conditions), as well as in the methods used to evaluate acrosome reaction (most studies
used a fluorescent-labeled

lectin but one use flow cytometry). There were also differences in

definition of thresholds for acrosome reaction and in vitro fertilization rates.

Five of the primary studies presented results in the form of a Spearman's

rank order or

Pearson correlation of acrosome reaction and fertilization rates. (Table III) presents correlations for
each of the five studies that could be directly analyzed. The estimated overall correlation was .458
(95% Cl

=

.455 - .462, p< .0001). However, the test for homogeneity of correlations across studies

was significant (p< .0001) indicating that correlations were not homogeneous across studies.

Predictive statistics could be analyzed for seven of the eight primary studies (see Table III).
With one exception, PPV were 75% or higher. NPV tended to be more variable. Those seven
studies could be combined to construct a summary ROC curve (Figure 1). The partial area under
the curve was 32% and was 82% when scaled to the total area. A sensitivity of 80% was achieved
with a little over 20% false positive rate. The slope of the regression line aflag odds ratio on the
sum of the logits of true and false positive rates was .0487 (p

=

.895) suggesting that test accuracy

could be summarized by a common odds ratio. The common odds ratio was 13.97 (95% Cl

= 2.91 -

67.14). The odds ratios of the studies ranged from 3 to 451.

Sperm penetration assay

There were 12 studies that addressed the relationship between the SPA results and IVF
outcome in a total of 842 subjects (Wolf, et al., 1983; Margalioth, et al., 1983; Foreman, et al.,
1984; Ausmanas, et al., 1985; Margalioth, et al., 1986; Aitken, et al., 1987; Kruger, et al., 1988:
Coetzee, et al., 1989; Ibrahim, et al., 1989; Nahhas, et al., 1989; McClure, et al., 1989; Soffer, et
al., 1992).

There were some inconsistencies

among studies regarding capacitation conditions,

gamete co-incubation times, use or not of conditions to induce acrosome reaction and cut-off levels
selected for data analysis. The above-mentioned

reports either provided adequate data or the counts

of two- by-two tables for calculation of diagnostic accuracy statistics. Of those studies not reporting
individual data, three used 20% (or a close value of 17%)

as the SPA cut-off value. All other

studies used 10% as the cut-off value. For those studies reporting individual data, the necessary cell
counts for two-by-two tables could be determined for either cut-off. In addition, "good" fertilization
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was defined differently. Some studies defined fertilization as any value greater than 0% but others
defined it as greater than or equal to 50%. Two additional studies provided breakdowns to define
fertilization either way.

(Table IV) presents correlations and diagnostic statistics for all the twelve primary studies.
The estimated overall correlation for the studies was .396 (95% Cl

=

.393 - .398, p< .0001).

However, the test for homogeneity of correlations was significant (p< .0001) indicating that
correlations were not homogeneous across studies. Further analysis indicated two homogeneous
subsets, the largest one composed of nine studies (r
other one composed of three studies (r

=

.458, 95% Cl

=

.456 - .461, p< .0001) and the

= .079, 95% Cl = .066 - .092, p< .0001). With one

exception, the PPV were all above 70% (range

=

50% - 96%). However, the false negative rate was

generally high (low specificity). The slope of the regression line of the log of the odds ratios on the
sum of the logits of true and false positive rates was .0954 (p

=

.712) suggesting that test accuracy

could be summarized by a common odds ratio. The common odds ratio for all studies was 7.61
(95% Cl

= 2.86 - 20.26). The odds ratios of the studies ranged from1 to 42. The summary ROC

curve for all studies is plotted in (figure 1). The partial area under the curve was 53% and was 56%
when scaled to the total area. As indicated by the diagnostic statistics, the summary ROC shows
achievement of high sensitivity but accompanied by a very high false positive rate.

Sperm-zona pellucida binding assays

There were 10 studies that investigated the relationship between sperm-zona

pellucida

binding assays and fertilization in vitro (seven of them using the HZA and three of them the spermzona binding test) (Liu, et al., 1988 and 1989; Oehninger, et al., 1989, 1992a and 1997b; Franken,
et al., 1993a and b; Coddington, et al., 1994; Liu and Gordon Baker, 1994; Garnzu, et al., 1994).
Those studies prospectively evaluated a total of 978 male patients (587 in the HZA and 323 in the
sperm-zona binding test). Of the 10 studies selected for the meta-analysis, there were 8 from which
a two-by-two table of sperm-zona binding cut-off values (either hemizona index for the HZA or
binding ratio for the sperm-zona binding test) and fertilization (categorized as "good" or "poor")
could be constructed. There were two reports (out of the 10 studies) that did not analyze their data
in such a way to construct a two-by-two table. The latter two studies correlated the sperm-zona
binding

ratio with fertilization

rate by the Spearman's

rank order correlation.

A Spearman

correlation can be calculated from a two-by-two table, and therefore a meta-analysis of this statistic
could also be performed for all 10 studies.

I
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Table V presents the correlations and diagnostic statistics for all the ten primary studies.
The estimated overall correlation for the studies was .641 (95% Cl = .64 - .642, p< .0001).
However, the test for homogeneity

of correlations

was significant (p< .0001) indicating that

correlations were not homogeneous across studies. Further analysis indicated three homogeneous
subsets. The largest subset included seven HZA studies (r = .643, Cl = .64 - .645, p< .00001); the
second one included two studies carried out with the sperm-zona binding assay (r = .470, Cl = .465
- .470, p< .0001); and the third one was composed of a single HZA study with an unusually high
correlation of .96. For eight studies that could be combined for predictive statistics (see Table V),
PPY were 80% or better (range = 79% - 95%) and NPY were generally

better than 70%.

Importantly, the false negative rate was consistently low, ranging from 2% to 25%. The slope of the
regression line of the log of the odds ratios on the sum of the logits of true and false positive rates
was .6647 (p= .192). The common odds ratio of the eight studies was 23.68 although with a large
95% Cl (4.83 - 115.99). A summary ROC curve could be constructed for those eight studies and is
plotted in (figure 1). The partial area under the curve was 25% and was 85% when scaled to the
total area.

Discussion

The present meta-analysis was based on the results of 34 different studies independently
performed by 25 centers in various geographical locations throughout the world in a total of2,906
subjects. These were all prospectively performed studies, with appropriate internal controls,
addressing the predictive power of a defined functional test for fertilization outcome (outcomebased clinical research). Overall correlations and/or predictive statistics were performed for all the
34 primary studies.

It must be acknowledged, however, that there were some inconsistencies in the primary
studies as related to methodologies, patient populations analyzed and clinical thresholds selected
for data analysis. Some of these factors may introduce biases into the meta-analysis. Because of
lack of consistency and/or data presentation among some reports, subsets of studies were
reanalyzed to obtain more accurate odds ratios and ROC curves (for a total of 27 studies out of the
30 primary studies exclusive of CASA analysis). Although the meta-analytical approach, in
general, may have inherent imperfections (including potential problems with the selected primary
studies, the issue of combinability of data sets currently available, lack of literature reporting on
negative results, discrepancies between meta-analyses and subsequent large randomized, controlled
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trials), it is still a very useful method to gain objective evidence on the predictive power of
diagnostic assays and efficacy of therapeutical trials (Coli ins, 1997; LeLorier, 1997; Comhaire,
1998). Notwithstanding these limitations, several important conclusions can be drawn from the
present meta-analysis.

Results clearly demonstrate the high predictive power of the sperm-zona pellucida binding
and induced-acrosome

reaction assays for IVF outcome. Comparatively, the sperm-zona pellucida

binding assays and the acrosome reaction testing were both better predictors of fertilization than the
SPA. The areas under the summary ROC curves scaled to the total curve were 85% and 82%, (odds
ratio of23.6 and 13.97) for the zona binding and acrosome reaction assays, respectively. This
compared to only 56% for the SPA (odds ratio of7.61) that was significantly lower than the area
under the curve for the former assays (p< 0.05) thus demonstrating the poor clinical value of the
SPA as predictor of fertilization (unacceptably high false positive rate).

The interaction between spermatozoa and the zona pellucida is a critical event leading to
fertilization and reflects multiple sperm functions (i.e., completion of capacitation as manifested by
the ability to bind to the zona pellucida and to undergo ligand-induced
(Oehninger,

acrosome

reaction)

et al., 1992b; Liu and Gordon Baker, 1992). The two most common sperm-zona

pellucida binding tests currently utilized are the HZA (Burkman, et al., 1988) and a competitive
intact-zona binding assay (Liu, et al., 1988). Although different in their methodologies, they both
use assessment of tight sperm binding to the zona as the primary endpoint in an independent
comparison
immediately

I ..

within an internally controlled assay. As proven here, such tests can therefore be
applied

to the clinical

management

of infertile

patients

within the assisted

reproduction setting. The high positive and negative predictive values, but more importantly, the
low false negative rate (i.e., robust power to identify patients at high risk for fertilization failure)
underscore the predictive ability of these tests. The only present limitation to the use of the spermzona pellucida binding assays is the need for a constant supply of human oocytes. Because the
induced-acrosome

reaction assays appear to be equally predictive of fertilization outcome and are

simpler in their methodologies, the former tests could be favored. However, prospective studies
should be carried out to compare their predictive abilities in the same group of patients.

The . induced-acrosome

I

reaction

demonstrated an equal predictive power

testing,

with

sperm

vitality

assessment,

(similar area under the ROC curve) to that of the sperm-

zona binding assays. It also has to be acknowledged

I ..

coupled

that the acrosome reaction conditions and
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inducing agents varied for the studies
capacitation

conditions,

(i.e., calcium ionophore, follicular fluid, temperature,

etc.). Consequently,

more studies are needed for optimization

validation of such assays. The calcium ionophore induced-acrosome

and

reaction is at the present time

the most widely used methodology (Tesarik, 1989; Cummins, et al., 1991).

Nevertheless,

the

implementation of assays using small volumes of human solubilized zonae pellucidae (Franken, et
al., 1996), biologically active recombinant human ZP3 (Chapman and Barratt, 1996) or active,
synthetic ZP3 peptides (or analogs) (Hinsch, et al., 1998) will probably allow for the design of
improved, physiologically

oriented acrosome reaction assays. The use of such agents combined

with a better understanding of the biochemistry of the carbohydrate-protein

interactions that take

place during gamete recognition, binding and induction of acrosomal exocytosis will undoubtedly
help in their elaboration.

The SPA, although a very valuable research tool, is proven to offer little help in the clinical
setting due to its low predictive power. Another meta-analysis of the predictive value of this assay
also reached a similar conclusion (Mol, et al., 1998). Claims that the SPA predictability can be
improved by modified versions of the assay (Aitken, et al., 1987; Johnson, et al., 1991) need to be
corroborated by more studies. Of interest, the SPA results have been positively correlated with the
outcome of spontaneous pregnancy and conceptions following other interventions (Corson, et al.,
1988; Gwatkin, et al., 1990).

More work is needed to define and validate the use of CASA systems for sperm motion
analysis. First, there were too few studies related to the use of sperm motion analysis and prediction
of IVF outcome to reach general conclusions. Second, results demonstrated the lack of uniform
criteria applied by different laboratories. Recently, guidelines have been proposed in order to
standardize these methodologies (ESHRE Andrology Special Interest Group, 1998). We adhere to
such recommendations as related to equipment, computer parameter settings, semen preparation
techniques and overall criteria established for clinical use. It is expected that new studies will soon
be available reporting on the clinical application of these systems.

Ideally, sperm function assays should sequentially examine the various dynamic properties
of the spermatozoon. These include: (a) maturation and capacitation status; (b) interaction with the
female tract components; (c) interaction with the oocyte vestments; and (d) interaction with the
ooplasm, oocyte activation and contribution to early embryogenesis
al., I992a and 1997a; Amman and Hammerstedt,

(Sharpe, 1992; Oehninger, et

1993; Fraser, 1995; Aitken, 1997). Obviously, no
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single test will be able to assess those different and complex properties. The sequential, multi-step
analysis of the main sperm functions examined by a combination of tests may prove to be clinically
applicable (Oehninger,

el

al., I992a; Amman and Hammerstedt,

1993). For a more universal

application of such tests, we need to have well defmed methodologies, establish a defined outcome
measure (i.e., fertilization in vitro or pregnancy in vivo, use in fertility evaluation, contraception or
reproductive toxicology

studies), have a common definition

of male infertility and establish

whether the tests will be applied to whole semen or to a selected sperm population (Jeyendran and
Zaneveld, 1993; Mortimer, 1994; Cummins and Jequier, 1994).

It is expected that imminent advances in the cellular and molecular aspects of human
gamete physiology and in biotechnology may help us develop rational, accurate and more
predictive assays. At present, clinicians are usually forced to make decisions based on nonstandardized techniques and imperfect studies. Or even worse, patients may be directed to efficient
therapies such as ICSI without any knowledge about a physiopathologic diagnosis. The present
meta-analysis provides objective evidence in which clinical management and recommendations

can

be based. It also points out to the limitations of the current tests and can serve as an import guide to
direct future research.
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Legends of Figures

Figure 1. ROC curves analyzing the predictive value of acrosome reaction, SPA and sperm-zona
pellucida binding assays for IVF outcome (*

I ..
I

=

HZA and sperm-zona pellucida binding assay).
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Table I.
Number of references retrieved from searches and used in the meta-analysis.

# of references addressing the predictive

# of references

# of patients

value for IVF outcome

included in the

analyzed

meta-analysis

Medline Search

Expanded Search

CASA

18

20

4

289

Acrosome Reaction

9

15

8

797

SPA

16

30

12

842

4

10

10

978

Sperm-Zona
Binding Tests

Pellucida
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Table II.
CAS A and prediction of IVF outcome.

!

Study

Liu, et al., 1991

Sukeharoen, et al., 1996

Sperm

r

OR

r

OR

r

OR

r

OR

VeL

NS

NS

NS

NS

NS

1.0

.37

5.7

VSL

.22

1.0

NS

NS

NS

NS

.26

3.3

VAP

NR

NS

NS

1.1

NS

NS

-

-

LIN

.37

1.0

-.26

0.9

NS

NS

.32

4.7

ALH

NS

NS

.24

NS

NS

NS

NS

-

BCF

NS

NS

NS

NS

NS

1.4

NS

-

HA

-

-

-

-

.47

1.9

-

-

Sukeharoen, et al., 1995

Check, et al., 1990

parameter

r

= Spearman's correlation coefficient; OR = odds ratio; VCL = curvilinear velocity; VSL = straight line velocity; YAP =

average path velocity; LIN
hyperactive motility.

= linearity; ALH = amplitude of lateral head displacement; BCF = beat-cross frequency; HA =

208

Stellenbosch University http://scholar.sun.ac.za

Table Ill.
Acrosome reaction and prediction of IVF outcome

Study

n

r

Fert. Rate

Aer. Reae.

Cut-off

Cut-off

-

Coetzee, etal., 1994

22

.34

-

Carver-Ward, et al., 1996

129

.68

> 30%

Krausz, etal., 1996

90

.31

Henkel, et al., 1993

74

Calvo, et al., 1994

232

Pampiglione, et al., 1993

54

Parinaud, et al., 1995

117

Cummins, etal., 1991

79

n

=

number of cases; r

predictive value; NPV

=

Spe

PPV

NPV

-

-

-

-

10%

100

82

93

100

> 50%

10%

85

52

87

53

-

>66%

10%

71

66

50

82

.37

> 0%

10%

55

71

75

49

-

> 0%

31%

50

99

85

100

.34

> 0%

20%

54

73

87

31

-

> 50%

10%

85

54

79

64

Spearman rank order or Pearson correlation; sen

= negative

Sen

predictive value.

= sensitivity;

spe

= specificity;

PPV

= positive
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Table IV.
SPA and NF outcome,
Study

n

r

Fert.Rate

SPA

cut-off

cut-off

Sen

Spe

PPV

NPV

25

Wolf, et al., 1983

27

,25

> 0%

> 10%

85

14

74

Margalioth, et al., 1983

20

- ,08

> 0%

> 10%

100

0

50

Margalioth, et al., 1986

134

,56

> 0%

>20%

94

57

85

78

Foreman, et al., 1984

37

.47

> 0%

> 10%

86

53

73

73

Ausmanas, et al., 1985

54

- ,03

> 0%

> 10%

84

33

96

11

Kruger, et al., 1988

84

,18

> 0%

> 10%

59

62

82

33

Coetzee, et al., 1989

71

,37

> 0%

> 10%

65

85

95

35

Ibrahim, et al., 1989

59

,54

> 0%

> 17%

84

73

90

61

McClure, et al., 1989

19

,68

> 0%

> 10%

93

75

93

75

Soffer, et al" 1992

241

.44

> 0%

>20%

96

38

82

74

Nahhas, et al" 1989

31

.45

> 0%

> 10%

100

22

76

100

Aitken, et al., 1987

65

,28

> 50%

> 10%

85

41

80

50

n = number of cases; r = Spearman rank order or Pearson correlation; sen
predictive value,

-

= sensitivity; spe = specificity; PPV = positive predictive value; NPV = negative
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v.

Sperm-zona pellucida binding assays and IVF outcome.

n

r

Fert. rate
cut-off

HZA
cut-off

Sen

Spe

PPV

NPV

Oehninger, et al., 1997

196

.69

>50%

30

93

73

85

87

Franken, et al. 1993a

112

.55

>50%

30

84

72

85

70

Franken, et al., 1993b

48

.50

> 50%

30

75

68

81

68

Oehninger, et al., 1989

28

.79

> 65%

36

95

83

95

83

Oehninger, et al., 1992

44

.70

> 65%

36

100

61

79

100

Gamzu, et al., 1994

133

.96

>0%

23

100

94

85

100

Coddington, et al., 1994

94

.59

>0%

15

82

78

88

69

Liu, et al., 1988

20

.80

50%

-

90

90

90

90

Liu, et al., 1989

106

.50

-

-

-

-

-

-

Liu and G. Baker, 1994

197

.45

-

-

-

-

-

-

Study

n = number of cases; r = Spearman rank order or Pearson correlation; sen = sensitivity; spe = specificity; PPV
negative predictive value.

=

positive predictive value; NPV =
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4c. Specific aim 7: To present a state-of-the-ART strategy for the clinical management of
male infertility. How should we manage andrology diagnosis and treatment in the new
millennium?
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Abstract

Male

infertility

is one of the most common

identifiable

causes

of human

reproductive failure. Although considerable progress has been made toward understanding
sperm physiology and the biology of gamete interaction, still more work is needed to achieve
objectivity and standardization of some of the andrological diagnostic methods used in the
clinical setting.

More information is needed to definitively establish which tests are more

accurate predictors of sperm performance and how they correlate with pregnancy potential
following in vivo and in vitro interventions. Infertile men can be successfully treated with
defined urological and medical therapies or with assisted reproductive technologies (ARTs).
Among the latter, intracytoplasmic sperm injection (IeSI) has become a validated means to
overcome multiple sperm deficiencies. Nevertheless, it is expected that simplified and more
cost-efficient

therapeutic

modalities

will be developed

molecular) and clinical knowledge is gained.

as additional

basic (cellular-
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Introduction

Increased public awareness

of a couple's

infertility as a treatable condition and the

availability of improved therapeutic options have resulted in a dramatically increased number of
visits to fertility specialists in the last years. Although diagnostic problems make it difficult to
establish the extent of the male partner's contribution with certainty, a number of studies suggest
that male problems represent the most common single defined cause of infertility. Male-related
disorders are probably present in up to 40-50% of childless couples, alone or in combination with
female factors. (Hull, et al., 1985: Mosher, et al, 1990: Wilcox, et al, 1993: Bhasin, et al., 1994:
Society for Assisted Reproductive Technology, 1995: CDC, 1997: Irvine, 1998).

Treatment options for male infertility include a large number of urological procedures
(surgical and non-surgical), medical-pharmacological

interventions, low complexity assisted

reproductive procedures (such as intrauterine insemination therapy or lUI), and the more advanced
and complex assisted reproductive technologies (ARTs). Among the latter, in vitro fertilization
(IVF) and embryo transfer, augmented with intracytoplasmic sperm injection (ICSI) in moderate
and severe cases, constitute validated and successful ways to assist fertilization and conception.
National statistics from the U.S.A, (CDC, 1998) reported a 40% incidence oflCSI in 61,650 IVF
cycles performed in a one-year period, a figure that highlights the importance of this technique.

However, in spite of the fact that contemporary therapies have enhanced the
opportunities

to conceive in couples suffering from male infertility, often these solutions are

brought up in the absence of a defined etiological or pathophysiological

diagnosis. Male infertility,

unfortunately, is still considered "idiopathic" in a large proportion of cases.

Two other lines of investigation have recently provided further reasons for concern in the
area of human male reproduction. First, some researchers have reported an overall decline in the
quantity and quality of spermatozoa
(Irvine,

1997).· Second,

chromosomally
significant

it has been shown that spermatozoa

and/or genetically

increase

present in semen (caused by reproductive

abnormal.

in the incidence

from

infertile

Such finding is in agreement

of chromosomal

anomalies

bio-hazards")
men may be

with a slight but

in babies born after ICSI

(Bonduelle, et al., 1999). Although ICSI has become a real "boom" in the treatment of men with
various degrees of sperm anomalies, it may carry a risk of transmission of chromosomal/genetic
disease.
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Within this clinical scenario, several practical questions arise, including [1] what are the
diagnostic steps that we should take to direct the infertile man to a defined therapeutic modality,
and [2] which is the most cost-effective therapy for each particular case?

Semen analysis

The cornerstone of the andrological evaluation in all cases is an exhaustive history and a
physical examination followed by repeated semen analyses. A urological, endocrine, and/or
imaging work-up should be implemented as appropriate.

A comprehensive

semen analysis following the World Health Organization

(WHO)

guidelines (WHO, 1999) is fundamental at the primary care level to make a rational initial
diagnosis and to select the appropriate clinical management.

The collection and analysis of

the semen must be undertaken by properly standardized procedures in appropriately qualified
and accredited laboratories (De Jonge, 2000).

The "basic" semen evaluation
characteristics

(volume,

liquefaction,

(2) evaluation of sperm concentration,
characteristics

should include: (I) assessment
appearance,

consistency,

of physical

semen

pH and agglutination);

grading of motility and analysis of morphological

(using strict criteria) (Kruger,

(viability), testing for sperm auto-antibodies

el

al., 1986); (3) determination of sperm vitality

(using the mixed antiglobulin reaction and/or

the direct imrnunobead tests), presence of leukospermia and immature sperm cells; and (4)
bacteriological

studies. The identification and separation of the motile sperm fraction is also

an integral part of the initial semen evaluation (Oehninger, 1995: Mortimer, 2000).

Sperm function tests

Other categories of assays that are usually considered include: (I) tests that examine defective
sperm functions indirectly through the use of biochemical tests (i.e., measurement of the generation
of reactive oxygen species or evidence of peroxidative damage, measurement of enzyme activities
such as creatine
heterologous

phosphokinase

(2) bioassays

of gamete

zona-free hamster oocyte test and the homologous

assays) and induced-acrosome
(CASA)for

and others);

interaction

(i.e., the

sperm-zona pellucida binding

reaction scoring; and (3) computer-aided

sperm motion analysis

the evaluation of sperm motion characteristics (Yanagimachi, et al.,l976; Cross, et al.,
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I986:Burkman, et al., 1988; Liu et al., 1988; Aitken, et al., 1989a; Aitken, et al., 1989b; Aitken,
et al., 1991; WHO, 1992; WHO, 1999; Huszar, et al., 1992; Huszar, et al., 1994; ESHRE, 1996).

We recently published the results of a meta-analysis that aimed to determine the diagnostic
test accuracy and predictive value of various sperm function assays for IVF outcome (Oehninger, et
al., 1996). The scrutinized tests were CASA, acrosome reaction testing, the zona-free hamster egg
penetration test or sperm-penetration assay (SPA) and sperm-zona pellucida binding assays.

The validity of such assays was objectively assessed through results obtained from 2,906
subjects evaluated in 34 prospectively designed, controlled studies. Results demonstrated a high
predictive power of the sperm-zona pellucida binding and the induced-acrosome reaction assays for
fertilization outcome. On the other hand, the findings indicated a poor clinical value of the SPA as
predictor of fertilization and a real need for standardization and further investigation of the potential
clinical utility of CASA systems.

The interaction between spermatozoa and the zona pellucida is a critical event leading to
fertilization and reflects multiple sperm functions (i.e., completion of capacitation as manifested by
the ability to bind to the zona pellucida and to undergo ligand-induced

acrosome

reaction)

(Oehninger, et al., I992a; Oehninger, et al., 1992b; Oehninger, et al., 2000a). The two most
common sperm-zona pellucida binding tests currently utilized are the hemizona assay (or HZA)
(Burkman, et al., 1988) and a competitive intact-zona binding assay (Liu, et al., 1992). The high
positive and negative predictive values, but more importantly, the low false negative rate (i.e.,
robust power to identify patients at high risk for fertilization failure) underscore the predictive
ability of these tests.

The induced-acrosome

reaction assays appear to be equally predictive

outcome and are simpler in their methodologies.
acrosome reaction

of fertilization

The use of a calcium ionophore to induce

is at the present time the most widely used methodology

(Tesarik,

1989;

Cummins, et al., 1991). Nevertheless, the implementation of assays using small volumes of human
solubilized zonae pellucidae (Franken, et al., 1996; Franken, et al., 2000), biologically

active

recombinant human ZP3 (van Duin, et al., 1994; Chapman, et al., 1996; Dong, et al., 2001) or
active, synthetic ZP3 peptides (Hinsch, et al., 1998) will probably allow for the design of improved,
physiologically oriented acrosome reaction assays.
Franken et al (2000) devised a new micro assay that is easy and rapid to perform, and
facilitates the use of minimal volumes of solubilized zona pellucida (even a single zona) for
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assessment of human acrosome reaction. The micro assay has been validated as compared to
standard macro assays and consequently

offers a unique arena to test for the physiological

induction of acrosomal exocytosis by the homologous zona pellucida. Moreover, preliminary
clinical studies using the micro assay have demonstrated

that the zona-induced

acrosome

reaction (ZIAR) can predict fertilization failure in the IVF setting. The micro assay ZIAR can
therefore refine the therapeutic approach for male infertility prior to the onset of therapy
(Esterhuizen, et al, 200 la and b).

Recently, Bastiaan et al (2001) prospectively evaluated the relationship between sperm
morphology, acrosome resonsiveness to solubilized zona pellucida using the micro assay, spermzona biniding potential (HZA) and IVF outcome. Receiver operator characteristics (ROC) curve
analyses indicated ZIAR to be a robust indicator for fertilization failure during IVF therapy with a
sensitivity of 81 % and specificity of 75%. In addition, a positive and significant correlation existed
between ZIAR results and sperm morphology (r= 0.65) and sperm-zona binding (r= 0.57).

Genetic testing

It is now well established that a variety of genetic disorders are associated with male
infertility, some of them potentially transmissible to the offspring (St John, 1999). Chromosomal
anomalies

(structural

and numerical,

involving autosomal

and sexual chromosomes)

can be

diagnosed by peripheral karyotyping and should be studied in men with severe oligozoospermia
and non-obstructive azoospermia (Chandley, 1998a; Chandley, 1998b; Martin, 1998). At the gene
level, reproductive failure may be associated with cystic fibrosis mutations (in men presenting with
obstructive azoospermia due to congenital absence of the vas deferens) and with Y -microdeletions
(in men with severe oligozoospermia

and non-obstructive

azoospermia

due to spermatogenic

failure) (Wong, 1998: Roberts, 1998). Such abnormalities can also be detected by peripheral blood
screening using PCR methodologies (conventional,

nested, multiplex, fluorescent or quantitative

PCR) (St. John, 1999).

Spermatozoa of infertile men have also been shown to contain various nuclear alterations.
Some of them include an abnormal chromatin structure, aneuploidy, chromosomal rnicrodeletions
and DNA strand breaks (Gorczyca, et al., 1993; In't Veld, et al., 1993; Manicardi, et al, 1995;
Hughes, et al., 1996; Lopes, et al., 1998;; Aitken, et al., 1998; Evenson, et al., 1999; Sakkas, et al.,
1999; Pfeffer, et al., 1999). Different theories have been proposed to explain the origin of DNA
damage in spermatozoa. Damage could occur at the time of or be the result of DNA packing during
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the transition of histone to protamine complex during spermiogenesis.

DNA fragmentation

could also be the consequence of direct oxidative damage (free radical-induced
been associated

with antioxidant

depletion,

smoking,

xenobiotics,

DNA damage has

heat exposure,

leukocyte

contamination of semen and presence of ions in sperm culture media). Alternatively, DNA damage
could be the consequence of apoptosis.

Presently, various tests are available for detection of some of those anomalies, including
the aniline blue staining (Hoffman and Holscher,

1991), acridine orange (Tejada, et al., 1984),

sperm chromatin structure assay (SCSA) (Evenson, et al., 1999) and assessment of DNA damage or
fragmentation (Aitken, et al., 1998; Sakkas, et al., 1999; Barroso, et al., 2000).

Because of de novo aberrations occurring at the time of spermatogenesis,
men may have chromosomal/genetic

some infertile

damage in their spermatozoa that are not found peripherally.

Analysis of sperm by FISH has demonstrated

a high incidence of chromosomal

ejaculated spermatozoa in men with severe oligo-astheno-teratozoospermia

alterations

in

as compared to fertile

men (Pfeffer, et al., 1999).

How to manage the infertile man

Clinicians and scientists are still searching for semen parameter thresholds in the so-called
"normal fertile populations" in order to be able to more accurately define fertility, sub-fertility and
infertility.

Recent publications

have appropriately

re-addressed

those issues as part as both

European and American studies (Ornbelet, et al., 1997; Zinaman, et al. 2000).

Notwithstanding

such lack of uniform criteria, if sperm abnormalities are observed in the

"basic" semen analysis or if the couple is diagnosed as "unexplained"
should proceed to the analysis of sperm functionlbiochemical

infertility, the work-up

tests. The diagnosis of sub-fertility or

infertility, based upon the first-tier (initial "basic" evaluation) and the "expanded"
(functional/biochemical)
(Oehninger,

screenings, will direct management toward a variety of therapeutic options

et al., 1991; Oehninger, et al., 1997a; Oehninger,

proposed that laboratory evaluation of sperm quality/quantity

2000a).

We have previously

for assisted reproduction should be

approached using such sequential, multi-step diagnostic scheme (Oehninger, et al., 1991; 1992 a
and b: 1997a) (tablel).
1993).

This concept has also been proposed by others (Amann and Harnmerstedt,
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Before treating the infertile man, it is mandatory to examine the female counterpart. The
simultaneous presence of female factors is frequently observed and such abnormalities may have an
impact on the decision-making process. Pregnancy success varies among different therapies, but the
presence of multi-factorial (male and female) infertility and/or a female age >35 years may direct
the couple earlier to the more advanced and successful techniques (such as ICSI) rather than
recommending less efficient (albeit less expensive) approaches.

Male infertility problems may be successfully treated with (a) urological interventions
(surgical or non-surgical treatments, such as conventional, micro-surgical or laparoscopic surgery,
including correction of varicocele, epididymo- and vaso-vasostomy
ejaculatory

disorders);

hyperprolactinemia

(b) medical therapies

and modern approaches for

(such as specific treatment

of hypogonadism,

and infection); while (c) a significant proportion will proceed to low and high

complexity ARTs.

It is at this time that sperm functionlbiochemical
direct the couple to ART. Assisted reproduction
urological/medical

tests may be of highest value in order to

can be indicated as a result of (a) failure of

treatments, (b) the diagnosis of "unexplained"

presence of "basic" sperm abnormalities

infertility in the couple; (c) the

of moderate-high degree; or (d) abnormalities

of sperm

function as diagnosed by predictive bio-assays (such as the HZA or induced acrosome reaction
test).

Currently recommended ART options include: "low complexity" intra-uterine insemination
(lUI) therapy, "standard" IVF and embryo transfer, and IVF augmented with ICSI. If the female
partner is <35 years, typically 4-6 cycles of intrauterine inseminations (lUI) using husband's sperm
are recommended as a simple (low complexity) ART approach.

Although there are no established sperm cut-off levels, it is preferable to perform lUI if >5
million total motile spermatozoa can be used per insemination (particularly if sperm morphology is
normal or only slightly abnormal). Pregnancy results for lUI in male infertility are higher with
concomitant ovarian stimulation. Such regimens include use of clomiphene citrate, a combination
of clomiphene and gonadotropins, or gonadotropins alone. Sperm preparation techniques involve a
simple washing step (in a capacitating
(typically using a gradient centrifugation

medium) or washing/separation

of the motile fraction

method). The latter will result in a better selection of

functional ceUs at the price of a decreased total number of spermatozoa.
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Results of lUI therapy from our program (including couples with and without a male
factor) are presented in table 2. As shown, the cumulative pregnancy rate at 6 months appears to be
higher in lUI-cycles

performed

following gradient separation techniques.

Gradient separation

should also be recommended in the presence of round cells and/or anti-sperm antibodies. Female
cycle monitoring

is mandatory

to avoid ovarian hyperstimulation

and multiple pregnancies.

Although an overall lUI clinical pregnancy rate per cycle of 12% to 14% is within expectation,
those couples with abnormal sperm parameters (moderate oligoastheno-teratozoospermia)

typically

have a lower rate of about 8% to 12% per cycle, depending upon the severity of the anomalies. In
such cases, the cumulative pregnancy rate (4 to 6 cycles of insemination) may vary from 30% (in
30-year-old women) to only 10% (in 39-year-old women) (Morshedi et ai, 1999).

Patients with a motile sperm fraction (> 1.5 million motile spermatozoa following swim-up
or gradient centrifugation),

but with mild to moderate teratozoospermia

(in the range of 4-14%

normal forms by strict criteria) should be offered "standard" IVF therapy. In those cases, good
fertilization

and pregnancy

rates are achieved

with an increase in the sperm

insemination

concentration (Oehninger, et al., 1988; 1996).

In our program, patients are selected for IVF augmented

with ICSI according to the

following indications: [1] poor sperm parameters (i.e., <1.5 x 106 total spermatozoa with adequate
progressive

motility after separation,

severe teratozoospermia

with <4% normal forms in the

presence of a borderline to low total motile fraction, and/or poor sperm-zona pellucida binding
capacity with a hemizona assay index <30%) (Oehninger, et al., 1997a); [2] failure of lUI therapy
in cases presenting with abnormal sperm parameters including presence of anti-sperm antibodies);
[3] previous

failed fertilization

in IVF; and [4] presence

of obstructive

or non-obstructive

azoospermia,

where ICSI is combined with sperm extraction from the testes or the epididymis

(Oehninger, 2000a).

In the presence of severe oligo-astheno-teratozoospermia
function testing indicates a significant

impairment

of fertilizing

or if the outcome of sperm
capacity, couples should be

immediately directed to ICSI. This approach is probably more cost-effective and will avoid loss of
valuable time (particularly in women >35 years). The results of ICSI using ejaculated, epididymal
(using MESA or microsurgical epididymal sperm aspiration) and testicular sperm (using TESA or
testicular sperm extraction) performed in our program in the last five years are shown in (table 3)
(Monzo, et al., 200 I).
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As can be observed, good results can be achieved in terms of fertilization, implantation
and pregnancy, irrespective of the origin of the spermatozoa (semen, epididymis or testicle). The
only exception is the outcome of non-obstructive azoospermia where testicular sperm are aspirated
from men with severe impairments

of spermatogenesis,

partial maturation arrest, hypospermatogenesis

including Sertoli cell-only syndrome,

and other pathological

conditions.

Such poorer

results may be the consequence of a compromised male gamete (in terms of chromosomal content,
DNA damage or other membrane-cytoplasmic

In addition,
management

abnormalities) (Oehninger, 2000a).

sperm cryopreservation

of male infertility.

Its current

continues
principal

to be a valuable
indications

include:

clinical

aid in the

(1) donor sperm

insemination; (2) freezing before cancer therapy to maintain reproductive capacity; and (3) because
of the outstanding success with ICSI even cases with oligo-astheno-teratozoospermia
azoospermia with extracted testicular/epididymal

or

sperm may be offered freezing for future use in

assisted fertilization (Oehninger, et al., 2000b).

Conclusions

On the basis of current evidence, the use of ICSI should be restricted to male-factor
infertility, for which it seems to be cost-effective and relatively safe (Oehninger, 200 Ib). However,
as in other areas of the ever-expanding

specialty of ART, vigilance is required to identify any

potential negative impact on the long-term health of children conceived after ICSL Although ICSI
constitutes

a validated,

formidable

therapy that can help most cases of male infertility, the

identification of specific sperm defects should allow the development of simpler, directed therapies.
The basic semen analysis remains the cornerstone in the evaluation of the male partner. Validated
sperm functional tests such as the HZA and ZIAR should expand the initial work up as indicated.
The urologist and reproductive endocrinologist
each couple suffering from male infertility.

should work as a team to offer the best option to
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Table I. Laboratory tests for the sequential investigstion of the infertile man.

FIRST LEVEL
•
•

Volume, pH, viscosity and presence of agglutination
Identification of round cells (leukospermia or others), anti-sperm antibodies and mier
organisms

•
•
•
•
•

Vitality (vital dyes, hypo-osmotic swelling test, others)
Concentration (millionlmL)
Progressive motility (%)
Morphology (strict criteria) (% normal forms)
Separation of the motile fraction (total motile fraction in millions)

•
•
•

Motion parameters (CASA)
Sperm-zona pellucida binding test (hemizona assay)
Induced acrosome reaction (ZIAR)

Sperm biochemical tests

•
•
•

Generation of reactive oxygen species and measurement of lipid peroxidation
Measurement of enzymes (creatine kinase and others)
DNA/chromatin tests (aniline blue, acridine orange, SCSA, DNA fragmentation)

GENETIC TESTING

•

Karyotype, microdeletions of Y chromosome, cystic fibrosis mutations

Semen characteristics

Sperm parameters

EXPANDED LEVEL
Sperm function tests

228

229
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Table II. Insemination therapy: results of 2, 131 consecutive cycles using husband's (with or without male infertility) and donor spermatozoa.

Pregnancy rate/cycle

(%)

Cumulative pregnancy rate

I6 months

12 months

Fresh
Husband sperm (n=673)
lUI Wash

12

39

14

58

ICI (intra-cervical)

17

44

55

lUI (intra-uterine)

15

57

70

lUI Gradient Separation

*

Crvopreserved-thawed
Donor Sperm (n=1458)

* P<0.05

compared to lUI wash.

(%)
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Table ID.

resr therapy:

results of 633 consecutive procedures.

Ejaculated

Sperm

MESA

TESA

I
Obstructive

Non-Obstructive

No. of Cycles

532

18

60

23

Fertilization rate (%)

72

71

73

64*

Pregnancy rate/transfer (%)

36

41

47

13*

Implantation rate (%)

13

Il

12

5

Abortion rate (%)

19

16

15

13

P<O.OS compared to obstructive azoospermia.

I -
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Chapter 5.
Conclusions

and future directions
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Based on the results of our studies we conclude that:

1- The evaluation of the infertile man in the clinical setting includes a thorough history and physical
examination followed by repeated semen analysis. An endocrine, urological and/or imaging workup
should

be performed

as appropriate.

Genetic testing (peripheral

karyotype and/or mutations

screening by PCR, and sperm aneuploidy by FISH and/or mutations screening by PCR) should be
performed based upon defined indications. The analysis of gene expression in mature spermatozoa
by novel micro array technology appears to be a promising technique ready to be introduced among
the battery of genetic tests (Figure I).

2- The examination of the semen should be performed following a sequential multi-step diagnostic
scheme including the analysis of the seminal plasma and basic sperm parameters followed by sperm
function testing (Figure 2). There are a variety of fundamental

sperm functions acquired after

completion of capacitation and essential for a successful sperm-oocyte interaction (Figure 3). The
hemizona assay (HZA) and the zona pellucida-induced acrosome reaction (ZIAR) are validated and
useful functional tests to predict the outcome of fertilization under in vitro conditions (Figure 4).

I·

CAS A allows for the identification of sperm populations showing hyperactivation but the clinical
value in the prediction of fertilization or pregnancy outcomes remains to be validated.

3- Consequently,
armamentarium
diagnostic

I ..

.the HZA and ZIAR

tests should

be immediately

added

to the diagnostic

in the clinical arena to assess male fertility potential. Used as part of the sequential

scheme presented herein, these bioassays offer the clinician useful means to direct

therapy in assisted reproduction. More prospectively designed studies are needed to establish the
value of these tests to predict pregnancy outcome in the lUI and natural reproduction settings.

4- Notwithstanding
biotechnological

their

present

clinical

value,

it is estimated

that

new assays

based

on

advances (such as [i] the use of cloned and in vitro expressed zona pellucida

proteins used as recombinant vectors in solid or liquid phase assays, or [ii] the production of
agonistic molecules and identification

of complementary

receptors) may soon be developed to

provide simpler and more universally applicable diagnostic tools.

5- The HZA and ZIAR examine critical sperm functions that are essential for fertilization to ensue.
Zona pellucida binding and the zona-induced acrosome reaction reflect multiple sperm functions
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including the acquisition

and completion

of the capacitated

proved to be highly predictive of fertilization

state. Consequently,

these assays

in IVF therapy. However, ICSI bypasses these

physiological steps and other assays need to be developed to predict pregnancy potential following
the use of such micromanipulation

technique.

The assessment

of sperm DNA quality, the

identification of the yet putative egg activating factor and of the molecular basis of events leading
to sperm head decondensation

and pronuclear

formation,

and the impact of the timing and

dysfunctions of the activated male genome, will help us understand the roles of the male gamete
during fertilization

as well as the paternal contributions

to embryogenesis

in the normal and

abnormal situations.

6- On the basis of current evidence, the use of ICSf should be restricted to male-factor infertility, for
which it seems to be cost-effective and relatively safe. However, as in other areas of the evolving
specialty of assisted reproduction, vigilance is required to identify any potential negative impact on
the long-term health of children conceived after ICSI. Although ICSI constitutes a validated,
formidable therapy that can help most cases of male infertility, the identification of specific sperm
defects should allow the development

of more directed and maybe less complex and invasive

therapies. The basic semen analysis remains the cornerstone in the evaluation of the male partner.
Validated sperm functional tests such as the HZA and ZIAR should expand the initial work up as
indicated. The urologist and reproductive endocrinologist

should work as a team to offer the best

option to each couple suffering from male infertility. Consequently, Andrology remains an evergrowing subspecialty.

7- Finally, extended cellular-molecular
and interaction with components

investigations of the processes of human sperm capacitation
of the cumulus oophorus and its homologous zona pellucida,

including changes of phospholipid

dynamics

in preparation

for receptor- ligand interactions,

priming and synergistic affects of follicular fluid components, activation of second messengers and
identification of intracellular cascades resulting in acrosomal exocytosis and egg fusion, are needed
for translational research resulting in new diagnostic and therapeutic opportunities (Figures 5-8). As
the human genome project and the area of proteomics advance, their results and those of studies
performed in combination with more classic reproductive biology-endocrinology

techniques, will

unveil the basis of sperm-oocyte interaction dysfunctions to alleviate male infertility.

Stellenbosch University http://scholar.sun.ac.za

Stellenbosch University http://scholar.sun.ac.za

Figure 2
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Figure 3
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Figure 4
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Figure 5

Sperm Migration and Intera
with the 00

Priming effect of
progesterone and
follicular fluid
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Figure 6
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Figure 7
A

B

Stellenbosch University http://scholar.sun.ac.za

Figure 8
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Legends

to figures

Figure 1. Management of the infertile man in the clinical setting.

Figure 2. Sequential multi step diagnostic scheme for sperm examination.

Figure 3. Essential sperm functions that follow the acquisition of capacitation.

Figure 4. Validated sperm function tests.

Figure 5. Schematic representation of in vivo sperm-oocyte interaction.

Figure 6. Sequence of cellular-molecular

events leading to capacitation, sperm-

oocyte interaction and early embryogenesis.

Figure 7. Representative categories of spermatozoa as assessed by the annexin V binding assay:
(A) live-normal spermatozoon

(green), (B) dead spermatozoon

(red) and (C) live cell with PS

translocation (green-red).

Figure 8. Representative acrosome intact and reacted spermatozoa as observed under fluorescent
microscopy with PSA staining.

(A): Spermatozoon

with intact acrosome (upper sperm ceil);

spermatozoon with no staining in acrosomal region (acrosome reacted) (lower sperm cell); (B):
spermatozoon with no staining at acrosomal cap but staining at equatorial region (acrosome reacted,
bar pattern); (C): spermatozoon with patchy staining at acrosomal cap (acrosome reacted).
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