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Abstract.

This D.Sc. presents a selected series of publications, focusing on the understanding and
diagnosis of male infertility. Twenty five articles are presented from work spanning 1990-2018.
Experiments assessing the predictive/diagnostic potential of a basic semen analysis and
kinematic parameters of sperm motility in the context on in vivo conception are described as
are studies aimed at improving the understanding of sperm function. This knowledge has been
used to potentially develop new diagnostic tests for use at home and in the laboratory. A
consistent theme has been involvement with national and international authorities to use
evidence based information for making recommendations for both the diagnosis and treatment

of the sub fertile male.
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Reproductive Medicine at the Medical School, University of Dundee, Scotland.

Background - Male infertility.

Infertility is a significant global problem affecting approximately 80 million couples
worldwide and now, male factor infertility is accepted as a significant cause. In a landmark
study by Hull and colleagues, sperm dysfunction (lacking ‘normal’ function) was identified as
the single most common cause of infertility (Hull et al., 1985). Subsequent studies have
confirmed these observations and highlighted dysfunctional cells in men with ‘normal’ semen
parameters and conversely normal sperm function in men with abnormal semen parameters.
What is remarkable is that, for the overwhelming majority of sub fertile males, there is no drug
aman can take or add to his spermatozoa in vitro to improve fertility. The only option is assisted
reproductive technology (ART) which usually consists of a graduation of treatment depending
on severity, i.e., intrauterine insemination for mild, in vitro fertilisation (IVF) for moderate
and, since 1992 intracytoplasmic sperm injection (ICSI) for men with severe sperm
dysfunction. A primary reason for the lack of progress in this area is our poor understanding of
the production, formation and workings of a human spermatozoon. Work presented in this
thesis illustrates potential progress in our understanding of sperm function and provides an

analysis of the potential diagnostic/prognostic tools available in the discipline.



Synopsis of Selected Publications.

Section 1: Sperm transport in, and dynamic interaction with, the human reproductive
tract.

Clinical experience of Intra Cytoplasmic Sperm Injection (ICSI) has shown that injection into
the egg of even significantly abnormal sperm can result in successful fertilisation and live
births. We can thus conclude that the extreme structural specialisation and unique signalling
toolkit of the mature spermatozoon are required to enable the cell to reach the site of
fertilisation and successfully interact with the egg vestments. A plethora of data shows that, in
humans, this process is frequently dysfunctional, causing infertility, but this can be alleviated
by placing the sperm close to egg (In vitro Fertilisation - IVVF) or injecting into the egg - ICSI.
Understanding how sperm progress through and interact with the female tract is therefore
important. In many animals a dynamic and intricate synchronisation of events between the

spermatozoon and female reproductive tract environment had been shown.

In Barratt et al., (1990, Paper 1) I critically review the functional significance of white blood
cells in the male and female reproductive tract including not only their role in modulating an
immune response but in the selection of spermatozoa. The paper uses data from animals but
focusses on what is known in humans, potential evidence gaps and outlines areas for further
research. This is a key review (cited 160 times) and led to the Tomlinson, Williams and
Thompson studies (Tomlinson et al., 1992, 1993 [Paper 7], Thompson et al., 1991, [1992 Paper

4] Williams et al., 1993,b [Paper5]) clarifying the roles these cells play in fertilising ability.

In Barratt and Cooke (1991; Paper 2) | comprehensively and critically review the knowledge
of sperm transport within the human female tract and, using the data available from animal
species, suggest three key lines of experimentation (1) develop techniques to recover sperm

from the female reproductive tract (2) produce an in-vitro model for assessing (or mimicking)



the modulation of sperm function by reproductive tract fluids (3) produce a realistic in vitro
tissue/cell culture system to investigate and manipulate the interaction between the epithelium

and sperm.

In animals, sperm are stored in the caudal isthmus — the so call sperm reservoir. Although there
was no data in humans, in fact Jim Overstreet had suggested the cervix was the human sperm
reservoir, the overwhelming assumption was that this was the case. Experiments examining
sperm transport in the human female reproductive tract are very challenging ethically,
logistically and technically such that the type and quantity of data that can be collected are
restricted. Having previously established robust techniques for recovery of sperm from the
human (Williams et al., 1992), Williams et al., 1993a (Paper 3) accurately determined the
number and distribution (intramural, isthmic and ampulla) of sperm within the Fallopian tubes
of normal proven fertile women around the time of ovulation. Within ethical limits,
experiments were tightly controlled e.g. insemination was carried out after the onset of the LH
surge ~ 18hr (17-22 hrs) prior to total abdominal hysterectomy. Spermatozoa were consistently
recovered from the Fallopian tubes The primary impact of this paper was to show that cell
numbers were relatively low (median of 1:25,000 motile sperm inseminated were recovered)
and, in contrast to what was expected, there was no obvious oviductal sperm reservoir.
Although this study is over 25 years old it remains the benchmark for information on sperm
numbers in the human female reproductive tract (reviewed Sakkas et al., 2015). We (my PhD
students Lisa Thompson, Melanie Williams) performed a number of similar experiments
recovering sperm from the cervix and uterus. For example Thompson et al., (1992, Paper 4,
cited 85 times) confirmed the presence of the physiological leucocytic cells reaction (LCR) to
spermatozoa and determined that neutrophils were the primary leucocyte subset involved in
this reaction. Moreover, Williams et al., 1993b showed that the LCR extended to the uterus

where few sperm could be recovered following insemination (Williams et al., 1993b Paper 5).



The primary impact of these experiments (exemplified by Williams et al., 1993a Paper 3) was
to show that, when using appropriate controlled experiments (timing, techniques etc.),
relatively few cells consistently enter the uterus and thus have access to the fallopian tubes.
There is no reservoir in the uterus or oviduct. The presence of large numbers of leucocytes in
the uterus may indicate, as in animals, a potential clearance mechanism but, perhaps
surprisingly, we rarely observed active phagocytosis. Ideally, to provide insights into the
process of sperm transport and selection, assessment of the functional ability of the recovered
spermatozoa would be done. However, this was virtually impossible as numbers were low and
technical developments at the time (early 1990°s) were very limited e.g. no single cells

imaging, patch clamping.

Section 2: Assessment and development of prognostic/diagnostic tools and cell
biology of human sperm function.

Semen analysis and the diagnosis of male infertility.

In 1992/1993 we published three substantial studies providing high quality data on the clinical
value of semen parameters which were subsequently used in formulating both the 4" (WHO
1999) and 5" (WHO 2010) edition of the WHO laboratory manual for the examination and

processing of human semen.

(1) Barratt et al., (1993, Paper 6). Despite widespread use, the predictive value of

Computer Assisted Sperm Analysis (CASA) for determining in vivo conception of
sub fertile couples had not been assessed. We performed a large (222 couples)
comprehensive study with detailed quality control for CASA, minimised the
influence of female factors and used appropriate statistical analysis (Cox’s

proportional hazards model). This study showed that the total number of
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progressively motile cells and kinematics assessed by CASA were predictive of the
time to conception and thus of clinical value. The sentinel marker of impact was
inclusion of the data and arguments into WHO (1999) 4" edition.

(2) Tomlinson et al., (1993, Paper 7). The traditional view was that leucocytes, even at

physiological numbers (<10%/ml semen) negatively influence fertility (Barratt et al.,
1990, Paper 1). Using a similar experimental design to Barratt et al., (1993, Paper 6)
and detailed monoclonal antibodies to identify each leucocyte sub set, this paper
demonstrated that neither total number of leucocytes nor any leucocyte phenotypes
were negatively associated with conception. In contrast, there was a negative
association with immature germ cells in the semen samples which is a reflection of
defective spermatogenesis (also previously seen in IVF outcomes by my laboratory -
Tomlinson et al., 1992). Tomlinson et al., (1993, Paper 7) demonstrated that in sub
fertile men without genital tract infection, normal (physiological) levels of white
blood cells have no significant effect on conception. This study is quoted in the 4™
and 5 editions of the WHO laboratory manual (WHO 1999; 2010).

(3) Barratt et al., 1992 (Paper 8). The clinical significance of antisperm antibodies for

fertility was controversial. This study showed that low (less than 10%) negative
binding and moderate (less than 50%) binding had no significant effect on the
probability of conception or the time to conception. The impact of the paper was
illustrated in its use as the WHO reference value for antisperm antibodies for both

WHO (1999) and WHO (2010).

Performing these studies, | was particularly exercised by the fundamental importance of using
high quality clinical data to develop and support international guidelines (Barratt 1995a, Paper
9). In Barratt (19954, Paper 9) I assessed how accurate tests are and emphasised two important

issues:
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Firstly, the need for comprehensive quality control procedures, training of technicians and
effective quality assurance programs. In Clements et al., (1995, Paper 10) we had detailed a
comprehensive quality assurance programme. The importance of this was shown both by our
ability to collect high quality and robust data for our clinical studies (detailed above) and also
by the use of this proposal as part of the basis for establishing national and international training
programs for technicians in Andrology. The first course for technicians, and the blueprint for
the ESHRE training programs, was organised in my laboratory in Sheffield 1994 (Bjorndahl et
al., 2002). The 4™ edition of the WHO manual emphasised the importance of quality control
by significantly expanding the discussions on practical methods of implementing quality
control and assurance in the andrology laboratory and specifically referenced the Clements et

al., (1995, Paper 10) study.

Secondly, | stressed the absolute need for clinical data with physiological relevance (Barratt
19954, Paper 9). For example, in 1992 the WHO (WHO, 1992) had suggested new criteria for
scoring sperm morphology but provided no biological data to support the changes. To examine
this decision | designed a study (Barratt et al., 1995b, Paper 11) comparing the clinical value
of the new criteria to those previously established by the WHO (1987). Semen smears from
166 men attending our infertility clinic, whose fertility status was known [classified as fertile
or infertile based on in vivo conception], were scored using both methods and logistic
discriminant analysis for compositional data was used to assess the results. No difference
between these two sets of criteria with respect to predicting pregnancy outcome was observed.
The WHO (1999) modified its assessment of sperm morphology to include biologically

relevant assessments (e.g. work by Roelf Menkveld see Menkveld et al., 1990).
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Ultimate diagnosis for the male — An over the counter home sperm test.

The development of an over-the-counter home sperm test had been a primary objective in
andrology for a number of years. It would allow the patient to obtain an assessment of fertility
potential at their convenience. However, any assay must be simple to use, robust, accurate and
reliable. Moreover, it is essential to assess sperm motility as well as concentration. Bjorndahl
et al., (2006, Paper 12) described key challenges in developing the assay and summarized 7
years work (funded primarily by industry) where | went from generating the principle, to
developing a product that was available on the shelves of pharmacists in both Europe and USA.
The product was launched in 2006 named Fertell and men for the first time had the option to
test their fertility in their own home. A potential new paradigm for sperm testing using a home
kit as a screen was presented by Lefievre et al., (2007 Paper 13). There are now several over
the counter tests available (Yu et al., 2018) and it will be interesting to see how home testing
fits into the patient journey as either a replacement, triage or add on diagnostic test (Lefievre

etal., 2007, Paper 13).

A sperm zona pellucida (ZP) binding test and development of the 4 zona pellucida protein
model.

A fundamental challenge in diagnostic andrology was the availability of a simple to use, robust
predictive/diagnostic test of sperm function. In the 1980’s and early 1990’s a number of clinical
studies showed that the human zona binding test was the most predictive test of sperm function
yet the availability of human zona made it an impractical test. To address this | wanted to
develop a bead type assay coated with recombinant zona proteins thus mimicking the zona.
This would obviate the need for native zona and potentially be a diagnostic system that could

be used in any laboratory. There were substantial challenges to achieving this. Firstly the
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prevailing view of sperm-zona interaction was based on data from the mouse showing that
sperm bind to ZP3 (via glycan residues), acrosome react (AR), bind ZP2 and subsequently
penetrate the zona (ZP1 was considered to be purely structural). Moreover, there was little or
no information on human sperm zona interaction to ascertain the roles of individual/combined
zona proteins. As such, based on information from the mouse it was logical to produce
glycosylated human ZP3 recombinant proteins. This was difficult and initial attempts in ours,
and other laboratories, struggled to produce ZP3 in a purified form, without a tag, that also
retained biological activity (bound to sperm and induced AR). At this time, my PhD student
Neil Chapman (Chapman et al., 1998, Paper 14) expressed ZP3 in Escherichia coli (non-
glycosylated) and consistently observed binding to sperm and induction of the AR clearly
demonstrating biological activity. Although controversial it was clear that the non-glycosylated
protein was biologically active therefore, we used a commercially available in-vitro
transcription and translation system to produce immobilized recombinant human ZP3 on
agarose beads (Whitmarsh et al., 1996, Paper 15). This system was chosen as it mimicked what
embryology/andrology laboratory staff would encounter every day, allowed easy visualization
and required no special expertise/equipment to use. Moreover it was a rapid system that
allowed mutation of the protein(s) which could provide real insight into sperm zona interaction.
Significantly higher levels of sperm binding and AR were observed indicating biological
activity (Whitmarsh et al., 1996, Paper 15). However, the work (and that of Chapman et al.,
1998, Paper 14) was very much against the dogma i.e. glycans were critical. Furthermore, I
was concerned that, not only was the mouse a poor model for the human but expression of a
singular zona protein (ZP3) as a human sperm function test, whilst instructive, was not tenable
in the long term. To test the relevance of the mouse model, we examined the evolutionary
structure of the zona and showed that humans have a distinct ZP1 gene and thus the human has

4 ZP genes (Hughes and Barratt, 1999, Paper 16). This was a significant standalone finding,
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however, the key question was - are all 4 genes expressed in the human ZP? Lefievre et al.,
(2004, Paper 17) showed that mRNA for all 4 ZP genes is present in human oocytes and
detailed proteomic analysis identified all 4 zona proteins. Moreover, this study showed that the
mouse ZPB gene was probably nonfunctional. This paper was very controversial as it
highlighted that a new model of sperm-zona interaction was needed and, there were
fundamental difference between humans and mice. Lefievre et al., (2004, Paper 17) is a seminal
manuscript in the field (200 citations). Remarkably, it’s now well accepted that the protein
backbone is key for human sperm zona binding and Jurrien Dean and colleagues have recently
published in Science Translational Medicine ZP peptide beads as a possible human sperm

function test (Avella et al., 2016).

Examination of sperm function and nature of defects using an IVF/ART system

To examine the relationship between sperm functional characteristics and fertilising potential
we used a simple experimental system to correlate fertilising capacity of cells with sentinel
markers e.g. stimulus-induced calcium responses in the cell. Fertilising capacity was assessed
directly (outcome of IVF) rather than by using surrogate measures (such as AR, zona binding)
and an aliquot of the same sperm population (same ejaculate used for IVF) was used to
investigate sperm function, greatly reducing the effects of inter subject variation. Moreover,
using this approach large numbers of patients can be screened and some mitigation of female
factors (number of eggs, age, and donor eggs) achieved. In Alasmari et al., (2013, Paper 18)
we screened more than 200 patients identifying the prevalence of calcium store defects and, as
these were negatively correlated to fertilization success, illustrate their biological significance.
This paper also showed, as expected, a correlation between calcium responses to progesterone,

assessment of hyperactivation and fertilizing success. Alasmari et al., (2013, Paper 17) is the
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primary reference for determining the clinical significance of calcium signaling pathways in
human spermatozoa (50 citations). It had the highest number of downloads in Human
Reproduction in 2013 and was therefore selected to be presented as the opening lecture (termed
the Professor Sir Robert Edwards award) at the ESHRE 2014 Annual meeting. Although the
study identified several men where there was a minimal calcium response to either calcium
store mobilizing agent or progesterone who had fertilizing defects, some of these men had
suboptimal semen (motility, concentration, morphology) and thus there may have been a
number of abnormalities in the spermatozoon out with calcium signalling defects. To
demonstrate that CatSper/Calcium stores were absolutely necessary for fertilization,
comprehensive data on men with normal semen and no calcium response was required. Lishko
had identified a CatSper2 deficiency that had no progesterone potentiated CatSper current but
there was no information on calcium flux and the man had severe semen anomalies (Smith et
al., 2013). Thus, abnormalities in calcium influx were likely to be due to defective
spermatogenesis and not an isolated ion channel defect. Williams et al., (2015, Paper 19)
identified a sentinel patient with normal semen (motility, concertation, morphology), no
CatSper potentiated CatSper current, or calcium response to progesterone and, failure of
progesterone stimulated penetration into viscous media (Williams et al., 2015, Paper 19). This
patient was the archetypal CatSper deficient man and, as his sperm responded to calcium store
mobilizing agents, the abnormality was confined to CatSper. Critically his sperm did not
fertilize at IVF demonstrating that functional CatSper is not necessary for maintenance of
normal motility or baseline hyperactivation but is critical for regulation of penetration into
viscous media (e.g. egg vestments, detaching from epithelial cells, penetrating zona) and
fertilizing capacity. Moreover, it illustrates that CatSper interruption is a feasible target for
contraception in humans. Although the paper was published in December 2015 it has been cited

25 times which is an indicator of its importance. Our subsequent genetic studies identified the

16



lesion in this patient as a Homozygous in-frame deletion in CATSPERE (Brown et al., 2018)

so we now understand the functional role of CatSperE.

Parallel experiments in my laboratory have examined the role of KSper (activity assessed using
electrophysiology) and identified that abnormalities in KSper are associated with fertilizing
potential (Brown et al., 2016). A primary problem working with sperm specific ion channels
specifically CatSper is that, even now, inhibitors have off target effects (see Rennhack et al.,
2018). Moreover, as there are fundamental differences between the human and the mouse
fertilization process, so that studies using this model have limited relevance, identification and
investigation of sentinel clinical cases is absolutely vital to understand sperm physiology in

humans.

Collaborating with Zaid Kilani (Jordan) we examined the fertilizing capacity of men with
globozoospermia (round-headed spermatozoa) (Kilani et al., 2004, Paper 20, 68 citations).
Globozoospermia is a well-known rare condition but not a single pathology, given that different
men with the condition can show a wide spectrum of effects. In Kilani et al., (2004, Paper 20)
we examined the clinical and pathologic details of a unique family, in which the majority of
the male siblings (5/7 brothers) had globozoospermia. In addition to making a significant
contribution to describing the effects of this rare condition including showing that pregnancies
can be achieved with repeated ICSI treatment cycles, this study was the basis for clarifying the
genetic basis of globozoospermia. To achieve this, we collaborated with Stephane Viville,
showing that the infertile brothers carried a homozygous deletion of 200 kb on chromosome
12 encompassing DPY19L2 (Koscinski et al., 2011) (88 citations). Subsequent studies have
confirmed that DPY19L2 deletion men can achieve fertilisation and pregnancy at ICSI and

thus assessment of the genetic deletion provides both diagnostic and prognostic information.
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Putative in vivo treatment of sub fertile men.

In Kessopoulou et al., (1995, Paper 21) we performed a double blind randomized placebo cross
over trial using vitamin E to treat reactive oxygen species associated male fertility. This is the
only treatment study highlighted in my D.Sc. thesis but is included as it provides the first
evidence for any significant improvement in sperm function (manifested as human sperm zona
binding) following in vivo antioxidant treatment in a well-defined group of men. It is highly
referenced (200 citations) and a key study in the justification of the rapidly growing industry

of antioxidant treatment of sub fertile men.

Section 3: Scientific leadership in the discipline reflecting substantial and authoritative
contributions.

An example of an international position paper.

I have been involved in and led a number of international meetings/consensus workshops on
male reproductive health. Barratt et al. (2010, Paper 22) provides an example where | have
produced, with colleagues, a comprehensive, timely and highly influential consensus paper
(175 citations). This ESHRE position report details the state of play at the time of sperm DNA
— basic science and clinical significance. As well as reviewing progress, clear pathways for

future research were delineated.

Development of WHO recommendations for diagnosis of male infertility.

In addition to work on the editorial board of the WHO laboratory semen analysis manuals (4™,
5™ and 6™ editions) | was Chair of the Expert Synthesis Group (ESG) for the WHO Diagnosis

of Male infertility (2012-2016) charged with developing global guidelines for the diagnosis of
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male infertility. Barratt et al. (2017, Paper 23) is a very substantive manuscript which reviews
the evidence synthesized by the ESG that helped to generate the WHO recommendations and,
importantly, defines a number of key challenges and research opportunities. Although
published very recently (December 2017) the impact of this analysis is reflected by the high

number of citations to date (18).

A new strategy for male reproductive health? A Male Reproductive Health Ecosystem’

While formulating the data for the new WHO guidelines the paucity of high quality data on
which to base recommendations was very clear. Simple questions did not have sufficient data
to formulate ‘low’ let alone ‘strong’ recommendations (Barratt et al. 2017, Paper 23). In an
attempt to address this, together with Richard Sharpe and Christopher De Jonge we advocate
formulation of a detailed roadmap for male reproductive health to facilitate development of a
research agenda and deliver effective funding vehicles. This vision we term ‘a Male
Reproductive Health Ecosystem’ (Barratt et al., 2018 Paper 24). The objective is to develop a

global network to transform male reproductive health.

De Jonge and Barratt - The Sperm Cell (Editors, 2017).

I have co-written two books and edited 6. De Jonge and Barratt - The Sperm Cell (Editors,
2017 paper 25) is the second edition of an edited book by Christopher De Jonge and myself.
We developed the ideas, strategy, selected authors/subjects. Cambridge University Press
judged the first edition (De Jonge and Barratt 2006) to be very successful and commissioned a
second updated and fully revised version. The book, composed of 18 chapters, is a

comprehensive and definitive account of the human male gamete and is primarily designed for
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postgraduate students and those starting a clinical/basic science research career. It is a key

textbook in the discipline reflecting an authoritative contribution to knowledge.

Conclusions.

The selected publications provide evidence of significant contribution to address key aspects
in the investigation of male infertility. One key theme has been continually challenging the
predictive/diagnostic potential of a basic semen analysis in the context of in vivo conception.
An increase in our understanding has been used to potentially develop new diagnostic tests for
use at home and in the laboratory. However, unfortunately, there remain dramatic gaps in our
knowledgebase and, on reflection of nearly 30 years work, overall progress has been slow.
None more so than our understanding of how a spermatozoon successfully negotiates the
female reproductive tract to make its way to the egg. Perhaps armed with new technologies,
and a new appreciation of the role of the male in the reproductive process, we can start to
unravel these mysteries and develop more accurate and easy to use tools for diagnosis and

appropriate rational therapy (Barratt et al., 2018 Paper 24).
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The functional significance of white blood cells in the modula-
tion of an anti-sperm antibody response, prevention of infec-
tion (including HIV) sperm transport/storage and sperm
function is extensively discussed. A critical review of the
existing literature is presented with future experimental lines
of investigation outlined. A lack of controlled clinical studies
in the human to validate data from animal species—for
example —the involvement of white blood cells in the transport
and storage of sperm in the female tract and the possible
adverse effect of pathology (i.e. endometriosis) on these
functions are presented. In conclusion, with the advent of
modern techniques, e.g. monoclonal antibodies and
sophisticated sperm function tests, many of the questions
raised should be answered in the near future.

Key words: anti-sperm antibodies/cytokines/leukocytes/
spermatozoa/transport

Introduction

There is now considerable evidence that leukocytes and their
products have significant effects on the functional capacity
of spermatozoa in the male and female reproductive tracts
(Anderson and Hill, 1988; Witkin, 1988a; Mahi-Brown et al.,
1988; Barratt et al., 1990a); As a result, the traditional view of
the spermatozoa being the only important cells in semen is
changing and more studies are now concentrating on the
interactions between spermatozoa and other cells in semen
(nucleated cells other than spermatozoa, NCOS; or non sperm
cells, NSC). Leukocytes have been shown to modulate an
autoimmune response in the male (and possibly the female), to
have a deleterious effect on sperm motility and fertilizing capacity
in vitro and to compromise sperm transport and storage in the
female tract.

Our knowledge of the role of these cells in successful
reproduction is being enhanced as major advances in biological
techniques are available, particularly monoclonal antibodies
enabling the accurate detection of these cells and an assessment
of their level of activation, the availability of cytokines enabling
precise study of their effects on spermatozoa and the development
of increasingly sophisticated laboratory tests of sperm function
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(e.g. quantitative analysis of sperm motility, in-vitro fertilization).
With such techniques now available it is possible to further
determine the significance of leukocytes in reproduction.

However, the interpretation of studies using monoclonal
antibodies is critically dependent on the specificity of the
antibodies used and also the uniqueness of expression of surface
markers on leukocytes of particular types. In the case of cytokine
studies, it is becoming increasingly apparent that target cells react
to combinations of cytokines and observing the effect of exposure
to sperm, for example, of a single such mediator in vitro is
probably an over-simplistic experimental approach.

The aim of this review is to critically analyse the evidence for
the functional significance of leukocytes in the reproductive
process. A precis of the literature will be presented and our
current knowledge used to speculate on future lines of research
to enhance understanding. With this aim, the review will
concentrate on studies involving human subjects although some
data from animal studies will be used where necessary.

Distribution of cells in the male reproductive tract

With the application of monoclonal antibodies it is possible to
study the distribution of leukocytes in complex tissues, e.g. the
testicular interstitium and the epididymis. Such studies have
shown the distribution of leukocytes to be compartmentalized
throughout the normal genital tract in humans (Ritchie et al.,
1984; El Demiry et al., 1987; El Demiry and James, 1988), mice
(Nashan et al., 1989) and rats (Miller et al., 1984; Niemi et al.,
1986). In the testes of normal fertile men, large numbers of
macrophages were detected between the seminiferous tubules in
close association with the outer aspects of the tubule wall and
around the blood vessels in the interstitium (El Demiry et al.,
1987; El Demiry and James, 1988), a finding similar to those
in rats where macrophages make up 22—28% of the cells in the
testis (Niemi et al., 1986). In the rete testis of man these cells
are located mainly in the connective tissue. The majority of
macrophages expressed HLA DR antigens (MHC class II)
indicating their capacity to initiate an immune response, although
it remains to be established if these cells are phagocytic and/or
antigen-presenting cells (Roitt, 1988).

El Demiry and coworkers (El Demiry et al., 1987; El Demiry
and James, 1988) were unable to detect any lymphocytes in
peripheral testicular tissue; however, lymphocytes were present
throughout the rete testis located within the lining of the
epithelium of the tubules. Suppressor/cytotoxic T cells (CD 8+)
were more abundance in the lining of the epithelium while
helper/inducer cells (CD 4 +) predominated in connective tissue.
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They also examined testicular biopsies from selected infertile
men. Interestingly, lymphocytes were detected in all men and
suppressor/cytotoxic T cells predominated over helper/inducer
cells in men with oligozoospermia and obstructive azoospermia.
In post-vasectomy patients and those with unilateral testicular
obstruction the helper/inducer T cell subset predominated. In
most individuals, a predominance of T helper/inducer cells was
associated with serum anti-sperm antibodies. However, there was
a minority with anti-sperm antibodies and a predominance of T
suppressor/cytotoxic cells (El Demiry et al., 1987; El Demiry
and James, 1988). In order to obtain a more comprehensive
picture these initial results must be extended to include more
patients from normal and selected groups of infertile men.

Selected samples of the epididymis and vas deferens of fertile
men have also been examined using monoclonal antibodies (El
Demiry and James, 1988). T lymphocytes were always seen in
the epididymis and vas; again there appeared strict compart-
mentalization between T cell subsets with suppressor/cytotoxic
types being found in the lamina propria and helper/inducer T
cells in the interstitial tissue. There was always a predominance
of suppressor/cytotoxic cells to helper/inducer cells and none of
these cells expressed the interleukin 2 receptor, therefore they
were not activated. Monocytes/macrophages were abundant in
the epithelium of the vas and epididymis. These studies need to
be extended with the additional use of leukocyte activation
markers in, for example, men who have a vasovasostomy and
anti-sperm antibodies.

In the epididymis of normal fertile mice there also appears a
strict compartmentalization of immune cells (Nashan et al., 1989).
There is a similar distribution of monocytes/macrophages and
T cells between the caput, corpus and cauda epididymis, with
macrophages being the most frequently observed cells. T cells
were located in the interstitium with a similar number of
helper/inducer and suppressor/cytotoxic cells (Nashan et al.,
1989).

The main difficulty in studying the distribution of immune cells
in the human male tract is the availability of tissue. As initial
results from the mouse model show strict compartmentalization
of the leukocyte subsets similar to that in humans, the mouse
could be an important experimental model for initial studies of,
for example, the immunological response to vasectomy, which
in many aspects is similar in mouse and man (Barratt and Cohen,
1986, 1987, 1988).

In the human vas deferens there is a special population of
epithelial cells in the ampullary region whose primary function
is the phagocytosis of spermatozoa (Riva ef al., 1981; Murakami
et al., 1988). The significance of this mechanism of sperm
resorption is unknown but many basic questions need to be
answered; for example, how many spermatozoa are resorbed;
are only damaged spermatozoa resorbed; is the resorption
dependent on sperm numbers in the vas—as in bulls (Amann and
Almquist, 1962) and rats (Taylor er al., 1985)? It is interesting
to note that a similar population of cells has been documented
in monkeys (Cooper and Hamilton, 1977; Murakami et al., 1982)
and cats (Murakami et al., 1982). These clear observations of
sperm disposal together with the known discrepancy between the
number of spermatozoa produced by the testis and the number
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ejaculated indicate significant resorption of spermatozoa in the
normal human male reproductive tract (sce Barratt et al., 1988,
1990a). It is therefore surprising that as spermatozoa are antigenic
and sperm resorption in the reproductive tract of males is a
consistent feature, most males do not make anti-sperm antibodies
(Alexander and Anderson, 1987; Barratt and Cooke, 1988). The
mechanisms which limit this antibody response are poorly
understood. The sequestration of antigens by the blood —testis
barrier is undoubtedly important but sequestration of antigens
by the blood epididymal barrier is not complete (see reviews,
Mahi-Brown ez al., 1988; Witkin, 1988a; Lehmann and Emmons,
1989). There is now overwhelming experimental evidence of
immunoregulation both systemically and locally in the male tract,
where the testicular and epididymal leukocytes play an important
role (see above reviews). The mechanisms of this immuno-
regulation and the precise role of the leukocytes remain to be
fully elucidated. It is proposed that the macrophages of the testis
and epididymis may restrict antigen exposure by phagocytosis
of spermatozoa with the consequent rapid loss of antigenicity
(Ball er al., 1984); however, macrophages are typically
antigen-presenting cells. It would be interesting to label these
macrophages for expression of HLA and sperm antigens to
examine if they presented antigen. Rat testis, for example,
contains large numbers of MHC class II positive macrophages
which possibly have an antigen-presenting function (Pollanen and
Maddocks, 1988).

Of particular interest is the proposed role of the T cells in
immunoregulation. Ritchie and colleagues (1984) suggest that the
predominance of suppressor/cytotoxic cells in the epithelium of
the epididymis acts to suppress an immune response. Results from
El Demiry and colleagues (1987) support this suggestion and
show an alteration in the distribution of the T cell subsets in
some men with anti-sperm antibodies where there are more
helper/inducer T cells (see above).

Seminal white blood cells and their effects on
Spermatozoa

Several previous reports using light microscopic studies have
documented a tenuous association between male subfertility and
high levels of leukocytes in semen (see Auroux, 1984). The
validity of these data is uncertain as the techniques used to
distinguish the leukocytes from other seminal cells, e.g. germinal
cells, and between the various leukocyte subsets are unreliable
(Barratt er al., 1988; Kessopoulou et al., 1990).

Using transmission electron microscopy (TEM), a technique
which enables a more detailed appraisal of the cells in semen,
Hughes and colleagues (1981) clearly demonstrated a hetero-
geneous population of ‘other cells’ in the semen of men attending
an infertility clinic. They specifically recruited 124 men with
a high number of ‘round’ cells. They were able to classify
the men into three groups according to the cell contents of
the semen: group 1 contained mainly germinal cells; group 2
‘significant’ numbers of polymorphonuclear leukocytes, 60% of
which contained spermatozoa or sperm fragments and 30%
bacteria; in group 3 mainly macrophages were observed which
also contained spermatozoa or sperm fragments. Hughes and



Fig. 1. Phagocytic cell in the semen of a fertile man. Transmission
electron micrograph X 9000 magnification.

colleagues (1981) suggested that the primary role of poly-
morphonuclear leukocytes and macrophages was phagocytosis
of spermatozoa or sperm fragments. Similar results have been
obtained in a semiquantitative TEM study on the semen of 20
fertile men (Smith er al., 1989). Leukocytes were detected in
every semen sample and the variation between individual men
was marked. The neutrophils were the predominant leukocytic
cell type, accounting for 12% of the non sperm cell population
with macrophages at ~ 1 %; lymphocytes were only occasionally
observed. As many of the neutrophils and macrophages contained
spermatozoa or sperm fragments (Figure 1) the main function
of these cells is phagocytosis. Whether these phagocytes engulf
normal fertile spermatozoa, degenerate spermatozoa, functionally
defective spermatozoa, and/or spermatozoa expressing a genetic
imbalance (Cohen, 1984) and how many spermatozoa are
disposed of by this mechanism are all simple biological questions
which remain unanswered. In fact, the same questions which
encompass sperm selection in the male tract equally apply to the
female tract where the main fate of spermatozoa is quoted ‘to
be phagocytozed’ (Austin, 1975).

Although such TEM studies provide accurate details of the
contents of cells and provide qualitative data, the technique cannot
be performed on a routine basis in many laboratories; quantitative
data are difficult to obtain and identification of, for example, T
cell subsets is impossible.

With the use of monoclonal antibodies to characterize the
leukocytes in semen, it is now possible to identify and quantify
these cells accurately on a routine basis (Figure 2). However,
the two published studies to date using practically the same
monoclonals have produced contrasting results. El Demiry et al.
(1986a,b) examined the seminal leukocyte subsets from 12 fertile
men and 65 men attending an infertility clinic. The semen of
fertile men contained significantly more leukocytes than that of
the infertile men. No T lymphocytes were detected in the fertile
men and were only present in 13 out of 63 infertile men, where
the predominant subset was the suppressor/cytotoxic phenotype.
In contrast, Wolff and Anderson (1988a) reported significantly
more leukocytes in the semen of infertile men. Suppressor/
cytotoxic and helper/inducer T cells were detected in 71 and 77%
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of infertile men and 53 and 71% of fertile men. In both studies,
granulocytes were reported to be the predominant leukocytes
although in each case, identification was made difficult by
non-specific staining.

The marked contrast between these two studies is probably due
to three reasons. Firstly, no details were presented of the antibody
status of these men [El Demiry er al. (1986a,b) only reported
testing 19 out of 81 men, Wolff and Anderson (1988a) listed
none] and the antibody status is known to affect the leukocyte
numbers and subsets (Witkin and Goldstein, 1988; Barratt ez al.,
1990a). Secondly, no information was presented about the
presence or absence of genital infection, which also influences
the number and sub-types of leukocytes (Wolff and Anderson,
1988b), and thirdly, the classification of men as fertile or infertile
undoubtedly requires refining, e.g. between 10 and 50% of
couples attending an infertility clinic can achieve a pregnancy,
regarding men attending an infertility clinic as infertile will
undoubtedly bias the results and make comparisons between
studies difficult (Barratt et al., 1990b).

Using monoclonal antibodies, Wolff et al. (1990) provided the
first evidence of a significant relationship between elevated
leukocyte concentrations (>1 X 10%ml), their sub-types
and a reduction in total number of spermatozoa, percentage
motility, sperm velocity and total number of motile spermatozoa.
Semen samples from 179 men attending an infertility clinic
were analysed. Men with a high concentration of monocytes/
macrophages (>5 % 10°/ml) had a lower volume, men with a
high number of T cells (> 10°/ml) a lower sperm velocity, and
men with a high granulocyte elastase concentration (indirect
evidence for a high number of granulocytes, > 1000 ng/ml, see
Wolff and Anderson, 1988c) had a lower ejaculate volume, total
sperm number and total motile sperm number. They concluded
that leukocytospermia may occur in male infertility patients and
that high levels of white blood cells in semen are associated with
poor semen quality.

The effect of the soluble products of leukocytes on sperm
motility has been preliminarily investigated in vitro using purified
cytokines (Hill er al., 1987). Interferon-y (IFN) and tumour
necrosis factor (TNF) had significant anti-motility effects at very
high concentrations (100X —1000X those which are cytotoxic
to trophoblast cells; Berkowitz et al., 1988) so the relevance to
the physiological situation remains uncertain. To critically assess
the influence of cytokines on spermatozoa, the concentrations
in semen and the male tract need to be determined, although to
date the presence of proteases in semen has made accurate
determination of these cytokines difficult (Anderson and Hill,
1988). Once these concentrations have been established, their
functional effects can be elucidated by using in-vitro assays of
sperm function. Interestingly, the concentration of TNF in the
peritoneal fluid of women with mild endometriosis has been
determined. High concentrations of TNF (800 U TNFa/ml)
significantly reduced progressive motility and total motility after
4 and 21 h incubation in vitro (Eiserman et al., 1989). However,
when performing such studies, two important points need to be
taken into account. First, cytokines are local effector substances
and it is the concentration of these molecules in the immediate
locality of the cells producing them that is of importance.
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Fig. 2. Alkaline phosphatase—anti-alkaline phosphatase (APAAP) immunocytochemical staining of white blood cells in the semen of a fertile
man stained using monoclonal antibodies. (a) Pan leukocyte marker X 400 magnification. (b) T lymphocyte X 1000 magnification.
(¢) Macrophage x 1000 magnification. (d) Neutrophil x 1000 magnification exhibiting sperm phagocytosis.

Second, possible interactions between various cytokines should
be investigated as in vivo these products rarely act in isolation
(Roitt, 1988).

These important in-vitro observations need to be expanded and
are likely to provide mechanisms by which white blood cells can
affect sperm function, possibly through changes in the sperm
plasma membrane with implications for sperm motility and
fertilizing capacity. Using the hamster oocyte penetration test as
a test of sperm function, IFN and TNF over a wide concentration
range significantly reduced the ability of human spermatozoa to
penctrate hamster eggs (Hill er al., 1989). This effect on
penetration was independent of sperm motility although an
effect on oocyte toxicity could not have been ruled out. These
observations are concordant with other authors who documented
a significant inverse relationship between the presence of
white blood cells and hence possibly elevated local cytokine
concentrations and fertilization of the human egg in virro (Van
der Ven er al., 1987).

It is interesting to note that in the above studies, some men
with a high number of leukocytes had normal semen parameters
and fertilizing capacity. Undoubtedly the heterogeneous aetiology
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of the leukocytes is important, e.g. infection, inflammation,
autoimmune. Whether these cells in semen originate from the
reproductive tract (testis, epididymis, vas) and/or the accessory
glands will be important. If the leukocytes originate from the
tract they are likely to have been in contact with the spermatozoa
for a long period of time (possibly days) and presumably a
deleterious effect on spermatozoa would be more likely. To date,
the origin of these cells is uncertain although clearly in some
non-inflammatory situations, the cells originate mainly from the
reproductive tract (Anderson and Hill, 1988). An examination
of the leukocyte profile in the semen of men prior to and then
subsequently post-vasectomy would determine the contribution
from the testis or epididymis and vas to the seminal leukocytes.

The leukocyte profile in men with anti-sperm antibodies
is complex and controversial. Witkin and Goldstein (1988)
specifically compared the T lymphocyte population between men
with anti-sperm antibodies post-vasovasostomy and ‘fertile’ men.

In vasovasostomized men, the levels of T suppressor/cytotoxic
cells were significantly reduced and the helper/inducer subset
predominated. The reduction in suppressor/cytotoxic cells
was suggested as a major factor in the genesis of anti-sperm
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Table I. White blood cells (X 10%/ml) in the semen of men without anti-sperm antibodies (controls and vasovasostomized men —ve) and with anti-sperm

antibodies (vasovasostomized +ve and idiopathic)

Patient group n All leukocytes Suppressor/cytotoxic Helper/inducer Monocyte/macrophage
T cells T cells
Control 17 0.8 0.17 0.16 0.3l
(0.5-16.06) (ND ~ 2.56) (ND-1.63) (ND-9.33)
Vasovasostomy —ve 4 144 0.31 0.21 0.69
(0.83—-3.86) (0.10-0.61) (0.05-0.27) (0.39-0.91)
Vasovasostomy +ve 12 1.80 0.08 0.32 0.32
(0.34-9.87) (ND-1.87) (ND-6.84) (ND-3.21)
Idiopathic 11 1.48 032 0.53 0.48
(0.48-8.03) (ND-4.01) (ND-3.10) (ND—1.76)
ND, nonc detected.
+ve, anti-sperm antibodies on spermatozoa or in seminal plasma detected by immunobead test = 10% binding = positive.
—ve, no anti-sperm antibodies on spermatozoa or seminal plasma.
Idiopathic, men with anti-sperm antibodies but with no known cause—no previous genito-urinary tract infection or vasectomy.
Control, semen donors free from infection, no anti-sperm antibodies and proven fertile.
Table II. White blood cells (x 10%/ml) in the semen of men with and without urethral tract infection (median and ranges)
All leukocytes T suppressor/cytotoxic Helper/inducer Monocytes/macrophages B cells
T cells T cells
Fertile semen donors 0.8 0.17 016 0.31 0.08
(0.5—16.06) (ND-2.56) (ND-1.63) (ND—9.53) (ND—1.02)
Active urethral infection 207 0.15 0.06 0.56 ND
(0.16—29.89) (ND+3.6) (ND-5.33) (0.09-21.52) (ND—0.66)

ND, nonc detected.

antibodies. This is concordant with the observations of El Demiry
and colleagues (1987) in the human tract (see above). However,
an alteration in the predominant subset of T cells does not
occur in all men with anti-sperm antibodies, a predominance of
suppressor/cytotoxic T cells in the ejaculate can be associated
with anti-sperm antibodies either post-vasovasostomy or in men
with no known cause of antibody formation (Barratt et al., 1990a;
see Table I).

Interestingly, there appear to be notably more leukocytes in
the semen of men with anti-sperm antibodies (El Demiry et al.,
1986a,b; Barratt et al., 1990a) although the cause for this is
unknown. An increase in the phagocytic activity of the leukocytes
in men with anti-sperm antibodies may be expected as many of
the spermatozoa would be opsonized by antibody. Previous
studies have indicated an increase in phagocytosis of antibody-
coated spermatozoa by peripheral blood leukocytes (London et
al., 1984, 1985).

It is now apparent that anti-sperm antibodies may have a
multitude of effects on spermatozoa, not only on sperm transport
through the female tract but also on sperm function (Alexander
and Anderson, 1987). Witkin and Chaudhry (1989) reported
significantly higher serum IFN levels in women with anti-sperm
antibodies. As IFN, at high concentrations, adversely affects
sperm motility (Hill er al., 1987), and men with anti-sperm
antibodies have lower sperm motility (Barratt ez al., 1989a) the
mechanism of the effect of anti-sperm antibodies on sperm
motility may be via the action of IFN. This hypothesis needs to
be specifically tested.

Many other products of white blood cells may be deleterious
to spermatozoa, for example, high levels of reactive oxygen
species which can be associated with significant leukocyte
infiltration (Aitken er al., 1989). Aitken and colleagues (1989)
demonstrated a significant relationship between the generation
of reactive oxygen species by spermatozoa and defective sperm
function in men with oligozoospermia. It is very important in
such studies to determine the role of the granulocytes as these
cells are copious producers of free oxygen radicals (Aitken et
al., 1989). Bearing in mind the observations of Wolff and
colleagues (1990) that men with high numbers of leukocytes have
a significant reduction in sperm numbers, this is a very important
distinction which remains to be specifically addressed.

Leukocytes in semen and genital tract infection

Traditionally, an increase in or the presence of leukocytes in
semen has been taken as one of the main clinical signs of genital
tract infection. However, the relationship between the number
of leukocytes and a genital tract infection is controversial (Barratt
et al., 1988). Comhaire er al. (1980) reported that ejaculates with
>1 X 10° peroxidase-positive cells/ml (mainly neutrophils and
macrophages) contained significantly more pathogenic bacteria
isolates than a group with <1 X 10%ml peroxidase-positive
leukocytes. However, the demarcation between pathogenic and
non pathogenic bacteria is uncertain and the relationship between
a semen culture and an active genital tract infection also remains
to be elucidated (Barratt er al., 1988). We have consistently been
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unable to demonstrate a significant relationship between either
the number or concentration of peroxidase-positive cells in the
semen of sperm donors and a genital tract infection—mainly
manifest as non-specific urethritis (Monteiro er al., 1987, Barratt
and Cooke, 1989; Barratt et al., 1990c). The controversy over
the clinical value of seminal leukocytes in detecting genital tract
infection is in part due to the inaccurate techniques used to detect
the leukocytes. El Demiry and colleagues (1986a,b) used
monoclonal antibodies to detect white blood cells and failed to
demonstrate a relationship between leukocyte numbers,
concentrations or specific types and a positive semen culture
including the detection of Chlamydia and Ureaplasma. Our results
are in agreement with these conclusions, as 35% of our semen
donors had leukocytospermia (>1 X 10%/ml) (Table II). All
these donors were fertile, had no anti-sperm antibodies and were
free from genital tract infections (Chauhan et al., 1988; Barratt
et al., 1989b). In our studies on the seminal leukocyte profile
of men with a clinically diagnosed active genital infection (men
with urethritis and epididymitis) out of 20 men examined 80%
had leukocytospermia (Table II). Interestingly, in many of the
men with a urethral infection, the main leukocyte subset appears
to be granulocytes. From our initial observations, two impor-
tant points emerge. First, it is clearly apparent that the traditional
criterion of >1 X 10%ml leukocytes in semen as an indicator
of a genital infection needs to be readdressed and second, a
reliable monoclonal antibody to detect seminal granulocytes is
urgently required.

The roles of seminal leukocytes in the transmission of
human immunodeficiency virus (HIV) infection deserved further
attention. It is now known that human immunodeficiency virus
(type 1 HIV 1) can be transmitted sexually through semen (see
Kreiss et al., 1988; Alexander, 1990). However, there is
controversy whether the virus is transmitted by the spermatozoa,
by the leukocytes and/or free in seminal plasma (Anderson et al.,
1990). HIV has been clearly identified in the mononuclear cell
fraction and free in seminal plasma (Anderson et al., 1990).

Anderson and colleagues (1990) examined 49 HIV sero-
positive homosexual men, 152 HIV sero-negative homosexual
men and 17 normal controls. There was a significant increase
in the number of white bood cells in the semen of sero-negative
men compared to controls. Semen from HIV-positive men with
symptoms contained more white blood cells than either of the
other two groups. This increase may be a result of increased levels
of genital tract infections due to the severe immunosuppressed
status of these patients. It will be interesting, when further
information becomes available, to see whether semen from
patients in the advanced stages of the disease have more
leukocytes and if as a result these men are more infectious. It
may then be possible to identify ‘super transmitters’ of the virus.

Undoubtedly, an important area of future research on
leukocytes will centre on establishing the activation status of the
cells in the reproductive tracts and semen of selected subgroups
of men. As the technology to examine these receptors in
peripheral blood is well established then the techniques can easily
be adapted for use in semen. For example, it would be very
interesting to investigate the activation status of the lymphocytes
(e.g. Tl 2 receptor) in the semen of anti-sperm antibody positive

644

men and compare these with controls. One might expect the cells
in the antibody-positive men to be activated and thus with the
production of cytokines a deleterious effect on spermatozoa may
result.

When the activation status of these cells has been determined,
and the concentration of their products, it may be possible to
identify men where the leukocytes are most likely to damage the
spermatozoa. When such information is available, appropriate
rational therapy of such patients may begin.

Female reproductive tract

Leukocytes have a multitude of parallel functions in the male
and female tract, e.g. modulation of an immune response,
phagocytosis of spermatozoa. Their role before and after
implantation has received widespread attention and has been
documented in several excellent articles (see Clark, 1988). This
section will specifically consider the function of leukocytes in
sperm transport to the site of fertilization.

Sperm transport in the female tract

There is now clearly documented evidence for the infiltration
of leukocytes after insemination in humans (Moyer ez al., 1970;
Mortimer, 1983; Hunter, 1987; Sinosich and Saunders, 1987)
and animals (Austin, 1957, 1975; Mortimer, 1983; Overstreet
et al., 1989)—the leukocytic cell reaction. The leukocytic cell
reaction in the human cervix, which is a specific response to
spermatozoa, is very rapid with a large number of leukocytes
being detected even 1S min after insemination (Pandya and
Cohen, 1985). Order-of-magnitude calculations suggest > 10°
leukocytes at the human cervix within some 4 h after insemina-
tion so spermatozoa are considerably outnumbered (<3 X 10%)
(Cohen, 1984; Pandya and Cohen, 1985). This massive increase
in leukocytes is a physiological response and not a pathological
one and has also been documented in rabbits and mice (Tyler,
1977). The main cell types involved in this reaction are thought
to be phagocytes (polymorphonuclear leukocytes and macro-
phages); however, the proportions of these cells and the involve-
ment of other cell types, e.g. lymphocytes, is unknown.
Interestingly, in rabbits, fertile spermatozoa have been
inseminated into the cervix after the initiation of the leukocytic
cell reaction and still found capable of producing live progeny
(Taylor, 1982). At least then, at the cervix, the phagocytes are
selective in sperm destruction, although there is no evidence about
the senility, motility or fecundity of either the phagocytosed or
the surviving populations in many animal species with a clear
paucity of data in the human [see Cohen (1984) and Cohen and
Adeghe (1987) for detailed discussion on sperm selection]. It
would be of specific interest to examine why some spermatozoa
are not phagocytosed. Sinosich and Saunders (1987) detected
PAPP-A on only 1.7% of ejaculated spermatozoa, and since
PAPP-A specifically inhibits leukocyte elastase, they suggested
that spermatozoa coated with PAPP-A were ‘selected’ to over-
come localized phagocytic proteolytic degradation. This attrac-
tive hypothesis remains to be specifically tested.

The function of the leukocytic cell reaction at the cervix and



the uterus (see Austin, 1975; Hunter, 1987) is unknown but there
are several, not necessarily mutually exclusive, possibilities.

Firstly, these leukocytes may ‘prime’ the female tract to
prepare for fertilization and implantation. An interesting series
of experiments in mice showed that there were significantly
fewer 2-cell embryos (44% reduction) when they were artificially
inseminated with only 5% of the normal number of spermatozoa
(Chaykin and Watson, 1983). This reduction could be substan-
tially reversed by inseminating with the normal number of dead
spermatozoa 12 h later than the live aliquot. Also, labelled
spermatozoal DNA from live and dead spermatozoa was detected
in the adrenals, ovaries, heart and transiently in the draining
lymph nodes (Watson ef al., 1983). The authors suggested that
phagocytosis of spermatozoa in the female tract either at the
cervix, uterus and/or the oviduct, can accumulate genetic
information from the sperm DNA which changes maternal
physiology to achieve better fertilization-to-cleavage percentages.
This hypothesis is an extension of that previously presented
by Reid (Reid, 1965a,b, 1966; Reid and Blackwell, 1967).
Interestingly, in corroboration of this idea, it has now been
demonstrated that insemination of spermatozoa improves
implantation and birth rates after embryo transfer in rats (Carp
et al., 1984) and women (Bellinge er al., 1986).

These series of experiments definitely raise more questions than
answers. It would be fascinating to elucidate possible mechanisms
by which the spermatozoal signal is transmitted to the maternal
tract; perhaps, as Chaykin’s group suggest, this may be an
explanation for the high spermatozoa to ova ratios characteristic
of mammalian reproduction. Such hypotheses need to take into
account the low number of spermatozoa inseminated in vivo
(10% normal ejaculate in humans, 1-0.1% of the ejaculate in
bulls; Amann, 1989) which are adequate to achieve successful
pregnancies in artificial insemination. When further details are
available, an examination of implantation and pregnancy rates
in men with functional spermatozoa but severe oligozoospermia,
with comparison to controls would be interesting.

A second function of the massive infiltration of leukocytes after
insemination may be in the prevention of infection. This may
be manifest as ‘cleaning up’ after intromission. However, the
leukocytic response in rabbits does not occur after mating to
vasectomized bucks (Tyler, 1977). In women, the leukocytic
response is specifically to spermatozoa following artificial
insemination but no quantitative data are yet available after
intromission.

A third function has been suggested, i.e. the modulation of
an immune response to spermatozoa. As for the male tract, the
mechanisms by which the leukocytes affect this response are very
poorly understood. One component of the immunosuppression
is cervical mucus which, like seminal plasma, has immuno-
suppressive properties in vitro although the nature of this
suppression is as yet undetermined (Pockley er al., 1989; Dalton
et al., 1990). Witkin (1988a,b) suggests that a decrease in the
numbers of suppressor/cytotoxic cells in the vagina and cervix
or a deficiency in the responsiveness of these lymphocytes to
semen immunosuppressive factors can increase the chances of
a deleterious immune response to spermatozoa. Anti-sperm anti-
bodies may arise in some women as a consequence of a failure

Leukocytes in the male and female reproductive tract

of spermatozoa from their male partners to inhibit lymphocyte
activation (Witkin, 1988b). Interestingly, in-vitro studies using
peripheral blood lymphocytes from female donors clearly
demonstrated that spermatozoa coated with anti-sperm antibody
induced interferon production (Witkin, 1988b); interferon induc-
tion of la antigen expression on macrophages may be required
for the recognition of processed antigens by the female’s helper
cells—this suggested a mechanism for anti-sperm antibody
production. Later work by Witkin (Witkin and Chaudhry, 1989)
demonstrated a significant association between serum IFN levels
and the presence of anti-sperm antibodies in the serum of women.
These complex interactions are only now being unfolded and are
likely to be an area of very productive future research.

One very interesting area of active research is the role
of leukocytes and their products on fertility in patients with
endometriosis (Barratt et al., 1990b). It is now clear, at least
in cases of mild endometriosis (stage I and stage II), that there
is a significantly higher number of macrophages and T helper
cells in the peritoneal fluid of these patients (Haney et al., 1983;
Halme et al., 1987; Hill er al., 1988). Products of these
cells, e.g. TNF and +y-interferon, adversely affect a number
of reproductive functions, e.g. sperm motility, fertilization,
embryo development and trophoblast proliferation (see earlier).
Eisermann and colleagues (1989) detected elevated levels of
tumour necrosis factor (TNFa) in peritoneal fluid from infertile
women with mild endometriosis. Using peritoneal fluid and
recombinant human TNF, high concentrations of TNF (500 —
1000 U of recombinant TNF«; and 800 U in peritoneal fluid)
significantly affected sperm motility when incubated in vitro for
4 and 21 h. Interestingly, the addition of anti-TNF antibody in
some patients reversed this inhibitory effect indicating that in these
patients TNF was the sole factor responsible for the reduction
in motility. In the near future, a better understanding of the role
of these leukocytes associated with endometriosis is likely to
provide an insight into the immunological mechanisms underlying
their infertility.

The distribution of leukocytes in the human oviduct remains
an unknown quantity. Haney er al. (1983) cannulated and flushed
the distal oviducts of patients undergoing sterilization, patients
with infertility and those with proximal oviductal obstruction.
They suggested that oviductal macrophages arise, at least in the
large part, from peritoneal macrophages that migrate into the
oviducts via the fimbrial ostia. Their preliminary (unpublished)
observations suggest that oviductal macrophages phagocytose
and destroy spermatozoa from fertile men. These interesting
observations need to be confirmed.

There is now clear evidence in animal species of a specific
storage region for fertilizing spermatozoa in the caudal isthmus
of the oviduct (see Hunter, 1987). In this region of pigs, there
is a remarkable absence of leukocytes (Hunter et al., 1987). This
would seem an essential strategy at least until the time of ovulation
and penetration of the eggs. Hunter provides evidence in pigs
that after ovulation polymorphs appear in the terminal folds
of the isthmus which probably arise from the uterus with the
relaxation of the uterotubal junction after ovulation (Hunter et
al., 1987). In many species of bats where there are long periods
of sperm storage in the various portions of the female tract
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depending on the species (uterus, oviduct, utero tubal junction)
there is a noticeable absence of phagocytic cells in such storage
sites (Racy, 1975). If leukocytic infiltration occurred it would
lead to phagocytosis of capacitated spermatozoa which is
incompatible with sperm storage (Bedford, 1965). In the human,
the potential of the caudal isthmus of the oviduct to act as storage
site for fertilizing spermatozoa requires urgent examination. The
factors regulating this storage, if it exists, also need to be
examined. These investigations should include an examination
of the leukocyte profile of normal fertile women and then to
compare this to women with endometriosis where a population
of white blood cells may be expected in their oviducts which
would interfere with sperm storage.

It is now essential to accurately categorize the leukocyte
cell types (neutrophils, macrophages, T lymphocyte subsets,
B lymphocytes) in the vagina, cervix, uterus and oviducts
throughout the menstrual cycle and their response to spermatozoa.
As for the male reproductive tract, the activation status of these
cells and the products they secrete will be areas of active research
in the near future.

In conclusion, leukocytes appear to play a very important role
in successful reproduction. With the advent of modemn techniques
in reproductive biology many of the questions addressed above
should be successfully answered in the very near future.
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Summary
The interaction between sperm and the human female tract has been largely

ignored. This review summarizes the data available from animal species with
specific reference to sperm in the oviduct. Our knowledge of sperm transport
within the human female tract is explored and, using the data available from animal
species, three lines of future experimental design are suggested. Firstly, there is the
need to improve and develop techniques to recover sperm successfully from the
tract. Second, an in-vitro approach which examines the modulation of reproductive
tract fluids on sperm function is advocated. Third, an in-vitro tissue/cell culture
system is required to investigate in more detail the interaction between the epithe-
lium and sperm. Using such approaches many of the questions posed in this review
can be addressed confidently in the near future.

Keywords: capacitation, female tract, humans, oviduct, spermatozoa, sperm trans-
port.

Introduction

In 1951 Chang concluded that ‘further study (of the physiological change of sperm
in the female tract) may explain aspects of sterility due to incompatability between
the environment of the female tract and spermatozoa’ (Chang, 1951). Unfortunate-
ly, 40 years later we are still ignorant of the conditions or factors which control
sperm function within the human female genital tract (Overstreet & Drobnis,
1991). In contrast, the interaction between sperm and the female tract in some
animal species is now an area of active research, from which it can be concluded
that there is intricate co-operation and synchrony.

The assessment of human infertility has progressed by more detailed assessment
of ejaculated sperm and more elaborate evaluation of pituitary/ovarian endocrinol-
ogy and oocyte maturation (Aitken, 1990; Lenton, 1990). However, there is a
marked paucity of data on the transport of sperm to the site of fertilization and the
mechanisms controlling this. In the human, we still do not have answers to some
very basic scientific questions, for example, does the oviduct act as a sperm
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reservoir? Is capacitation of sperm an ovulation-related event? Recent evidence in
animals provides some likely answers to these questions.

In the animal models studied, the oviduct acts as a functional sperm reservoir
and conserves sperm function if mating takes place prior to ovulation, and im-
mediately before ovulation, activates a very small proportion of the sperm to
progress to the site of fertilization (Hunter, 1987; Smith & Yanagimachi, 1989;
1990; 1991). This suggests strongly that, in animals, capacitation of sperm is an
ovulation-related event. This review will firstly discuss some of these studies in
animals, concentrating on the specific role of the oviduct in an attempt to provide
an insight into the remarkable process of sperm transport. A precis of the literature
available in the human will be presented, and then an outline of in-vitro studies
which have examined the interaction between sperm and secretions of the female
tract. Throughout this manuscript possible lines of experimental investigation in
the human will be explored.

Sperm transport in animals

Background

There is now clear evidence in all of the mammalian species studied to date, even in
those with very different modes of sperm transport through the lower tract (e.g.
vaginal, cervical and intra-uterine inseminators) that the isthmus of the oviduct acts
as a functional sperm reservoir, and that the movement of sperm from this region to
the ampulla is a highly synchronized event (Hunter, 1987; Smith & Yanagimachi,
1991; Overstreet & Drobnis, 1991). Our knowledge of this remarkable synchro-
nization, at least in mammals, comes mainly from the elegant studies of Hunter,
Yanagimachi and Overstreet.

Transport in the oviduct
Hunters' group used mating during spontaneous oestrus cycles and transection of
the different parts of the isthmus at varying times after mating to study sperm
transport. A minimum period of 6—8 h was required for a functional population of
sperm to be established in the fallopian tube of sheep and cows mated at oestrus
(Hunter & Wilmut, 1984; Wilmut & Hunter, 1984; Hunter & Nicol, 1986a.b;
Hunter et al., 1982). Sperm are sequestered in the caudal isthmus until just before
ovulation where they then redistribute for transport to the ampullary region for
fertilization, (Hunter & Nicol, 1983). The latter authors examined sperm in the
oviduct of sheep by transecting the oviductal isthmus 1.5-2.0 cm proximal to the
utero-tubal junction at increasing time intervals after mating. The incidence of
fertilization and numbers of accessory sperm (sperm attached or embedded in the
zona pellucida) were examined in eggs recovered 1-3 days after surgery. None of
the eggs recovered from the oviducts transected up to 21 h after mating were
fertilized (ovulation occurs 24-26 h after the onset of oestrus). Two of the 33 eggs
from the oviducts transected between 22 and 24 h after mating were fertilized yet,
3/14 eggs and 13/16 were fertilized with transections at 25 and 26 h after mating.
Hunter & Nichol, (1986a) further refined their experimental design by ligating
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the oviducts of sheep more proximally i.e. 3-5 cm from the utero-tubal junction
after ovulation. Failure of fertilization following ligation immediately after ovula-
tion (within 1 h) indicated that insufficient viable sperm had moved along towards
the site of fertilization at that stage, yet remarkably, 1 h later (transection 27 h post
mating) all of the eggs were fertilized.

These studies demonstrate that the movement of viable sperm towards the
ovary is controlled tightly in the first hours after ovulation. A similar controlled
process has been documented in pigs (Hunter, 1981; 1984; Hunter & Nicol, 1988;
Hunter et al., 1987) and cattle (Wilmut & Hunter, 1984; Hunter & Wilmut, 1984).

Sperm capacitation in the oviduct and epithelial attachment

The oviduct may regulate the speed of sperm capacitation. For example, in hams-
ters, when sperm were recovered from the isthumus of the oviduct in animals
mated shortly after the onset of oestrus (1, 2, 4 and 6 h after mating) they required
additional time in vitro before being able to penetrate the eggs. However, for
females mated immediately after ovulation, sperm recovered from the oviducts
could penetrate eggs within 30 min (Smith & Yanagimachi, 1989). Therefore,
sperm capacitation proceeds at a faster rate when mating occurs after ovulation.
This implies either that some essential factor may be missing from the oviductal
milieu until about the time of ovulation or that there is a temporal arrest of
capacitation.

Interestingly, many of the sperm recovered from the hamster oviduct are
immotile and very fragile. Sequential flushing of oviducts, before ovulation,
showed that the majority of sperm in the first flush (containing mainly sperm from
the lumen) and the second flush (containing mainly sperm from the mucosal
surface) were dead, yet over 50% of the sperm from the third flush (containing
mainly sperm in the crypts) were alive (Smith & Yanagimachi, 1990). The origin of
the sperm in the flushings was determined by direct observation through the
oviduct wall. As only live sperm traverse the utero-tubal junction the majority of
sperm in the hamster isthmus die before ovulation (Smith er al., 1988).

Notably a high proportion of sperm which were attached to the mucosal surface
were alive, indicating that sperm attachment to the epithelial surface may play an
important role in maintaining sperm viability in the oviduct. The importance of
attachment and release of sperm from the epithelium at the caudal isthmus in
hamsters has been addressed recently (Smith & Yanagimachi, 1991). The oviducts
were flushed in situ to remove sperm from the lumen, leaving only those firmly
attached to the isthmic mucosa of the oviduct. When eggs were recovered from the
oviducts at 20 h after flushing, the majority were fertilized indicating that sperm
which are attached firmly to the mucosa are capable of detaching and ascending to
the ampulla to fertilize eggs. When uncapacitated sperm were introduced into the
oviduct, many attached to the oviductal mucosa, unlike capacitated sperm which
did not. This suggests that a change in the sperm surface, rather than in the mucosal
surface, may cause the release of sperm (Smith & Yanagimachi, 1991). In hams-
ters, it would therefore appear that sperm remain attached to the isthmic mucosa
until they become capacitated, after which they then detach and migrate to the
ampulla to fertilize the eggs.
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Fecundity of sperm populations in the tract

The results of these animal studies illustrate several important points. First, the
primary role of sperm transport is the formation of adequate sperm reservoirs and
it is the factors controlling these processes that we should be focusing our attention
on; questions such as the phenomenon of rapid transport (see Overstreet &
Drobnis, 1991 for details) are of secondary importance. Secondly, of the thousands
of sperm stored in the isthmus, only a few are transported to the ampulia at the
time of fertilization. Detailed calculations of the number of sperm in the respective
portions of the oviduct are only available for hamsters in which approximately 1 in
10,000 sperm reach the site of fertilization (Smith & Yanagimachi, 1987), yet
examination of the crude data in other animals suggests similar proportions would
be expected. Thus, sperm wastage occurs in the oviduct as well as in the cervix and
utero-tubal junction (Overstreet et al., 1989; Overstreet & Drobnis, 1991). The low
ratio of sperm to eggs (approximately 1:1) in the ampulla at the time of fertilization
(rats: Shalig & Phillips, 1988; mice: Peitz & Olds Clarke, 1986; hamsters: Cummins
& Yanagimachi, 1982; rabbits: Overstreet & Cooper, 1978; Overstreet ef al., 1978;
pigs: Hunter ef al., 1987; sheep: Hunter & Nicol, 1986a), suggests strongly that
these sperm are likely to be very fertile (see Cohen, 1991; Cohen & Adeghe, 1987
for critical reviews on sperm selection). It is interesting to compare the low
sperm:egg ratios in vivo to the in-vitro situation in humans, where commonly
100,000 sperm are placed in the vicinity of the egg (Barratt er al., 1989). One way to
improve our in-vitro fertilization procedures would be to refine the number of
effective sperm that are used. It is therefore a matter of importance to examine the
character of sperm which reach the site of fertilization in vivo. In this context, an
important starting point is the experiment of Siddiquey & Cohen (1982) which
compared the fertilizing capacity in vitro of sperm recovered from the oviduct to
those in the ejaculate, examining specifically sperm number, concentration and
collision rates with the egg.

In the human some attempts have been made to assess the fertilizing capacity of
ejaculated sperm in relatively low sperm to egg ratios (500 per oocyte in 5 ul — Van
der Ven er al., 1989), but these studies need to be refined further and designed to
compare the fertilizing capacity of sperm populations recovered from different
parts of the female tract. As sperm can now be recovered confidently from mucus
(Zinamen et al., 1989) and the peritoneal cavity (Ramsewak et al., 1990) these two
populations could be compared to ejaculated sperm, which would provide an ideal
starting point. Future studies can then concentrate on the factors governing the
fertilizing capacity of these sperm.

Mechanisms controlling sperm storage and transport

The animal experiments illustrate clearly a dynamic co-ordinated interaction be-
tween the female tract and sperm. However, there is a paucity of studies on the
mechanisms controlling this interaction, and as a consequence such mechanisms are
poorly understood. Temperature differences between the isthmus and ampulla of
the same oviduct (Hunter & Nichol, f9-86b), the narrow lumen of the isthmus
restricting sperm movement (Hunter, 1984), and tenacious mucus at the isthmus by
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the time of ovulation (Jansen, 1980; 1984) have all been suggested to play a role in
regulating sperm storage in the oviduct. Motility patterns of sperm within the
oviduct and their regulation have received considerable attention. Suarez and
colleagues described the suppression of sperm motility in some portions of the
lower isthmus of rats (Suarez & Osmon, 1987) which is in agreement with observ-
ations in rabbits (Cooper et al., 1979; Overstreet et al., 1980a). In the latter, this
inhibition of motility was reversible as sperm recovered from the isthmus and
placed in media become motile (Burkman ef al., 1984). Suarez suggested the
presence of a molecule in certain segments of the isthmus which suppressed sperm
motility by increasing the viscoelasticity of oviductal fluid (Suarez, 1987).

Potassium may inhibit and pyruvate stimulate sperm motility in the isthmus
{Burkman ef al.. 1984), and low temperatures and oxygen tension may also act to
reduce motility (Hunter & Nicol, 1986b).

Hyperactivated sperm motility

One important aspect of sperm movement within the oviduct is the expression of
hyperactivation. Hyperactivated sperm have been observed directly in the
ampulla of hamsters (Katz & Yanagimachi, 1980) and rats (Shalig & Philips, 1988),
and it occurs in sperm recovered from the oviduct of rabbits (Cooper er al., 1979;
Suarez et al., 1983), hamsters (Cummins & Yanagimachi, 1982), mice (Olds-
Clarke, 1986; Suarez, 1987; Suarez & Osman, 1987) and sheep (Cummins, 1982).
Although the biological importance and significance of hyperactivation is still a
subject of intense debate (see Katz e al., 1989, Mortimer & Mortimer, 1990) this
form of sperm motility may facilitate migration of sperm by avoiding entrapment
in the female tract and increase the probability of contact with the cumuius (Katz
et al., 1989). In hamsters, artificially capacitated sperm were unable to bind to the
oviductal epithelium (Smith & Yanagimachi, 1991). Thus completion of capacita-
tion in the oviduct may result in detachment from the epithelium — a process
which may be concordant with the development of sperm hyperactivation. As yet
there are no data on the expression of hyperactivated motility in human sperm
recovered from any portion of the female tract. Using computerized motility
analyses it would be relatively simple to determine the motility pattern of sperm
which can be recovered readily from the human tract i.e. mucus and the peritoneal
cavity (see later).

Whatever mechanisms are proposed, they need to explain the occurrence of
motile and immotile sperm in adjacent sections of the isthmus (Suarez, 1987) and
the species differences which exist. In hamsters for example, two thirds of sperm in
the isthmus are dead, which is in contrast to rabbits in which sperm recovered from
the isthmus can be stimulated to move by dilution of this fluid in vifro (Burkman et
al., 1984). Sperm attachment to the epithelium of the oviduct has been observed in
hamsters (Smith & Yanagimachi, 1990), pigs (Hunter et al., 1987), rabbits (Over-
street & Cooper, 1978) and bats (Racy, 1975), and may act to regulate sperm
movement and function. In-vitro studies in cattle show that attachment to the
oviductal epithelium alone improves the viability and fertilizing capacity of bovine
sperm (Pollard et al., 1991 see later human studies).
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Sperm transport in humans

Background

The capacity of the human female reproductive tract to establish sperm reservoirs
and the mechanisms controlling this have not been investigated. This is probably
due to two factors. Firstly, studies on human sperm transport are fraught with
ethical and logistic problems and, second, the concentration of research on assisted
conception and the subsequent ability to achieve fertilization in vitro has un-
doubtedly detracted from the importance of sperm transport in vivo.

Sperm transport in the cervix

There have been a number of extensive studies on the interaction between sperm
and human cervical mucus, an interaction which is highly complex. Sperm penetra-
tion is dependent not only on factors such as sperm concentration, motility and
morphology (see Katz et al., 1980, 1984; Mortimer et al., 1982, 1986; Aitken et al.,
1986) but also on the capacitational status of sperm (Overstreet & Drobnis, 1991),
seminal enzymes (Overstreet er al., 1980b) and antisperm antibodies (Wang et al.,
1985). Interestingly, in-vitro studies of sperm mucus penetration have shown that
movement characteristics account for 85% of the variability in penetration (Aitken
et al., 1986), with the concentration of motile sperm and linear velocity of progres-
sion being the two most important functions determining the number of sperm
penetrating per unit time (Aitken et al., 1986; Mortimer et al., 1986).

Many morphologically abnormal sperm are excluded from penetration of cer-
vical mucus which is probably due to the associated abnormality in flagellar activity
(Katz et al., 1990). The latter authors have studied specifically the relationship
between sperm morphology and motility in both semen and cervical mucus (Katz et
al., 1990). Abnormal sperm swam more slowly in mucus than did normal sperm,
and the heads of abnormal sperm experienced greater resistance from mucus than
did those of normal sperm. Such studies emphasize the interrelationships between
different functional aspects of the sperm. As such techniques can be adapted to
investigate sperm movement in other regions of the tract (e.g. cumulus) they will
act as a starting point for further investigations.

Although we know that sperm loss in the vagina is probably high in humans
(R. Baker, personal communication) and animals (Gallagher & Senger, 1989), we
do not know the proportion of ejaculated sperm which enter cervical mucus in vivo.
Data from in-vitro studies in which a column of cervical mucus is placed directly
into semen suggest that this is very variable, ranging from 3-46% in men with
normal sperm counts (Katz et al., 1980). It is difficult to extrapolate these data to
the in-vivo situation, but simple in-vivo calculations comparing sperm numbers in
the ejaculate and those recovered from cervical mucus suggest a ratio of 1:2000
sperm enter the cervical mucus (0.05%: Settlage et al., 1973). Undoubtedly many
factors will affect the passage of sperm into cervical mucus (e.g. hormonal status:
Thompson et al., 1990a), but this information is necessary if we are to begin to
address confidently such questions as sperm wastage along the female tract. Bear-
ing in mind the known enormous inter- and intra-individual variation in sperm
counts in men, this factor also needs to be accounted for when designing experi-
ments on sperm wastage.
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Sperm transport in the oviduct

Bearing in mind that studies in animal species have shown a complex interaction
between sperm and the female tract it is difficult to evaluate the data on sperm
transport in the human reproductive tract, as factors which we now know to
influence sperm transport have not been addressed. Such factors include:

(i) the time between recovery of the sperm and the precise timing of that ovula-
tion;

(ii) the techniques used to recover the sperm, which have often been inadequate,
for example Settlage ef al. (1973) using a cytocentrifuge had a recovery rate of
only 1%:;

(iii) the results have usually been qualitative, and even when quantitive data are
presented it is only possible to determine sperm migration at one time-point —
the sequence of sperm transport cannot be determined;

(iv) some of the patients studied have had tubal or uterine pathology making
comparison to the normal situation difficult. Nevertheless, a succinct summary
of the previous data provides a starting point from which to develop an
hypothesis.

Rubenstein et al. (1951) examined the reproductive tract of 51 women with
fibroids or extensive endometriosis undergoing a hysterectomy. In 38 cases the
oviducts (fallopian tubes) were dissected and washed and in 25 cases motile sperm
were recovered from either or both tubes. As there was no synchronization with
ovulation (3—64 days after menstration) it is impossible to ascertain if any syn-
chrony of gamete transport existed. Alghren (1975) cannulated the oviducts in
women at post-coital laparoscopy ‘at the time of ovulation’ 1-34 h after coitus. In
the 70 oviducts examined (from 41 infertile patients) no sperm were observed in 21
women, and between 1 and 25 sperm were recovered in 46 women, whilst in only
five women were more than 36 sperm found. Considerably more sperm (median =
750 range 2-23,000) were recovered from 12 women with laterally closed oviducts.
Alghren concluded that the number of sperm in the oviducts was not in excess of
200. This figure is quoted regularly as the number of sperm in the human oviduct.
However, bearing in mind that many of the factors which influence sperm transport
in animals were not controlled for (see above), it should be stressed that this is a
very preliminary observation.

Settlage et al. (1973) examined eight women who requested surgical sterilization
and used a synchronized approach, with the oviduct being separated into fimbrial,
ampullary and isthmic segments. All women were proved fertile, had abstained
from sexual intercourse for 11-14 days before insemination and the operation was
performed within 36 h of the pre-ovulatory oestradiol peak. Sperm were found in
approximately 75% of either or both tubes 5-45 min post-insemination. Sperm
were detected throughout the oviduct with the total number recovered (range
0-53) being related directly to the number in the inseminate. There was a greater
number of sperm in the fimbria than in any other part of the oviduct, with almost
equal numbers in the isthmus and ampulla. Settlage calculated that 1 in every 14
million sperm deposited in the vagina was present in the oviduct. In only one of
eight subjects were sperm found in the endometrial or curettage washings.
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Sperm transport in the uterus

Sperm recovery from the uterus has attracted limited attention. Moyer et al. (1970)
examined sperm recovered at the time of ovulation from the uterus in 26 fertile
women. At variable times after coitus, (25-41 h) a hysterectomy was performed
and the uterus flushed. Sperm were recovered in only 6/26 women, and in these
samples the total number of uterine sperm ranged from 1 to 4 and none of the
sperm were motile. Control experiments, in which known numbers of sperm were
placed in the uterus showed that over 90% of the sperm could be recovered after 30
min, although no control data were available for longer time intervalsi.e. 25-41 h.
There was a direct correlation between the number of sperm in cervical mucus and
the presence of uterine sperm. In all the women in whom sperm were recovered,
the endometrium was in the late proliferative phase. In 17 patients either one or
both fallopian tubes were removed and flushed, yet in only one case were sperm
recovered and in this instance only four sperm in total were counted.

Mortimer & Templeton (1982) attempted to recover sperm from the uterus at
the peri-ovulatory period, but experienced considerable technical difficulty in
flushing due to the inability to form a seal at the cervix. As a consequence, in only
37/64 cases could the technique be performed successfully; of these, sperm were
recovered in 16 (64%) with the numbers recovered ranging from 68 to over 21,000,

The variable and often small number of sperm recovered from the uterus in the
studies referred to above could be explained by three factors which are not
necessarily mutually exclusive.

(1) The uterus may be a conduit to sperm transport thus not serving as a sperm
TESETVOir. ’

(2) In both humans and animals there is now unequivocal evidence for an infiltra-
tion of leucocytes at the uterus and cervix (see review Barratt ef al., 1990). One
of the prime functions of these cells is the phagocytosis of sperm, and this is
probably the most important physiological mechanism for the disposal of sperm
from the uterus in mice (Austin, 1957, 1960), rabbits (Howe, 1967; Soupart,
1970) and possibly humans (Pandya & Cohen, 1985; Thompson et al., 1990b).
Although the kinetics of this still remain to be established the numbers of
sperm remaining in the uterus may only represent a small fraction of those
present before active phagocytosis.

(3) The accurate estimation of sperm numbers in the uterus, as for other portions
of the reproductive tract, is fraught with technical difficulties. Sperm attach-
ment to the epithelium, if it occurs, may also lead to a gross underestimation of
the number of sperm in the tract, as such sperm cannot be removed easily by
simple flushing techniques (Smith & Yamagimachi, 1990).

Interestingly, a technique for direct aspiration of the contents of the uterus
under ultrasound guidance has been developed in cynomologus macaques (Vande-
Voort et al., 1989). It remains to be seen if this method can be modified for use with
humans. In order to ascertain the role of sperm transport within and through the
human uterus, a reliable and accurate technique needs to be developed. Once this
has been developed the functional status of recovered sperm can be examined
easily using an array of sperm function tests (see below). This will also enable the
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dynamics of sperm entry into the uterus to be established quickly and, with
accurate techniques to detect the onset of ovulation, synchronization of gamete
transport can be studied easily.

Sperm transport to the peritoneal cavity

One popular technique to determine successful sperm transport from the cervix
through the oviduct to the peritoneal cavity has been the aspiration of the Pouch of
Douglas using a laparoscope (see Ramsewak ef al., 1990).

Several clinical studies concentrating on couples with unexplained infertility
proposed that sperm recovery 6—12 h after insemination could be used as a clinical
test of sperm function (Mortimer & Templeton, 1982; Templeton et al., 1982;
Templeton & Mortimer, 1982). Sperm recovery rates ranged from 45-63% with
significantly higher pregnancy rates in patients from whom sperm were isolated
from the Pouch of Douglas, compared to those from whom no sperm were reco-
vered. However, in some women, from whom no sperm could be recovered,
pregnancy was achieved, thus casting doubt on the reliability of the test. However,
Templeton and colleagues concluded that the technique could provide meaningful
information on the interactions between sperm and the female tract and that
impaired sperm transport was a significant factor in the infertility of couples with
unexplained infertility (Mortimer & Templeton, 1982; Templeton et al., 1982;
Templeton & Mortimer, 1982).

We performed a similar study in which we analysed peritoneal fiuid recovered
10-20 h after midcycle intra-cervical insemination in 15 women with unexplained
infertility (Ramsewak et al., 1990). Our results differed from those of Templeton
and colleagues as we were consistently able to recover sperm in all appropriately
timed cycles. We concluded that sperm transport studies should concentrate on
investigation of the functional status of sperm which were resident within the
cervix, uterus and oviduct, and that determination of the interaction between
sperm and the female tract was an essential strategy to further our understanding of
gamete physiology (Ramsewak et a/., 1990). As sperm can now be recovered from
mucus (see below) and the peritoneal cavity we must develop our techniques
further to recover sperm from the oviduct and uterus.

Procedures such as tubal transfer of embryos and GIFT are now routine and
with a little ingenuity such techniques should be able to be adapted to recover
sperm in vivo. This development is an absolute requirement, for although in-vitro
studies provide very informative data they cannot replace the information given
from in-vivo data. Specific attention must concentrate on sperm recovery from the
oviduct at known time intervals in relation to ovulation.

In-vitro studies

Background. With the technical and ethical constraints of obtaining sperm from
the human reproductive tract, an in-vitro approach for investigating the interaction
of secretions from the tract and sperm represents a logical approach. Now, with the
widespread use of in-vitro assays for sperm function e.g. hyperactivation (as a
marker of capacitation, Mortimer & Mortimer, 1990; Robertson er al., 1988),
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induction of the acrosome reaction (Cross et al., 1988; De Jonge et al., 1988), and
sperm-egg interaction (Liu & Baker, 1988, 1990; Aitken, 1990), this approach
should produce exciting data if appropriate questions can be asked.

Physiological effects of cervical mucus. Overstreet and colleagues have investigated
the biological function of cervical mucus in sperm transport using such an in-vitro
approach (Gould et al., 1984; Lambert er al., 1985; Zinamen et al., 1989; Katz et al.,
1990; Overstreet & Drobnis, 1991). Sperm recovered from cervical mucus into
non-capacitating medium were successful in penetrating the human zona pellucida
and zona-free hamster eggs, whilst sperm incubated in media for the same period
were functionally inert, suggesting more rapid capacitation in cervical mucus com-
pared to media (Lambert et al., 1985). The capacitation status of sperm recovered
from cervical mucus in vivo was examined further by challenging the sperm with a
biological agonist for the acrosome reaction (human follicular fluid, solubilized
human zonae pellucida). In such experiments, capacitation was defined functional-
ly as the physiological prerequisite of the acrosome reaction (Zinamen et al., 1989).
One hour following donor insemination with fresh sperm, the cervical mucus was
aspirated and sperm were allowed to swim out of cervical mucus into media. Such
sperm did not acrosome react in response to follicular fluid after incubation for 1 h
in media, but 15-20% acrosome reacted when the sperm were challenged with
follicular fluid after-incubation for 6 h in media. The capacitation time required to
respond was independent of the time spent in the female tract as the response was
similar if sperm were recovered 1 h, 1 day, 2 days or 3 days post-insemination.
Concordant studies with sperm in media, but not exposed to cervical mucus,
showed that a 24 h period was necessary before the sperm would respond to
follicular fluid (Zinamen er al., 1989). This suggested that the initiation of capacita-
tion occurs quickly within the reproductive tract but that the function of the sperm
is conserved. Similar results have been obtained with in-vitro penetration of human
mucus, suggesting that in-vitro investigations, at least in this context, can be used to
determine in-vivo action (see Overstreet & Drobnis, 1991).

Physiological effects of serum and follicular fluid. Such in-vitro studies are not
restricted to cervical mucus as the effect of serum from different stages of the
menstrual cycle, exogenous steroids or follicular fluid on sperm motion parameters
during capacitation have been examined recently (Mbizvo et al., 1990a,b). Surpri-
singly, it was early follicular phase serum (low oestradiol and progesterone) and not
pre-ovulatory serum (high oestradiol and low progesterone) which provided opti-
mal support in terms of longevity (Mbizvo et al., 1990a). Progesterone increased
the percentage of hyperactivated sperm three-fold, although oestradiol had no
effect. The steroid rich fraction of follicular fluid stimulated a similar increase in
hyperactivation (Mbizvo et al., 1990b). Recent interest has focused on the role of
follicular fluid and progesterone on sperm function, specifically on the acrosome
reaction (Drahorad et al., 1988; Thomas & Meizel, 1988; Mortimer & Camenzind,
1989; Stock et al., 1989; Tesarik, 1989; Sullivan et al., 1990; White et al., 1990).
Studies now suggest that progesterone can stimulate a rapid transient rise in Ca®*
(Thomas & Meizel, 1989) and that the similarities in response induced by human
follicular fluid and progesterone suggest that the latter is the active factor in
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follicular fluid which stimulates the acrosome reaction (Blackmore et al., 1989). As
follicular fluid has been shown to induce hyperactivation of sperm, even at low
concentrations (1:40), this mechanism may operate in vivo and this specific hypoth-
esis requires testing.

Physiological effects of the egg vestments: In-vitro experiments have also been
designed to determine what interactions occur between the egg vestments and
sperm. For example, human cumulus cells have been shown to induce the acrosome
reaction in vitro (Tesarik, 1985; De Jonge er al., 1988; Stock et al., 1989). The
active products are proteins from the intercellular matrix (apparent molecular
weight 50,000 daltons [Siiteri er al., 1988; Sullivan et al., 1990]). Interestingly,
glycoproteins of higher molecular weight, accelerate the activation of proacrosin to
acrosin, demonstrating that different specific proteins, may exert distinct functions
on the sperm. This strongly suggests a dynamic interaction (Tesarik et al., 1988).

In-vitro experiments should not be confined to the biochemical level, e.g.
examining the role of phosphoinositides on the acrosome reaction (Harrison &
Roldan, 1990), as important physiological questions remain unanswered, such as
the role of hyperactivated sperm motility in penetration of the human cumulus and
zona. An interesting experiment of Tesarik and colleagues may provide an insight
to this process in humans (Tesarik er al., 1990). Motility patterns of sperm were
examined under capacitating conditions and compared to the motility of sperm
penetrating the human cumulus oophorus and solubilized fractions of the cumulus.
Ninety per cent of the sperm within the cumulus exhibited a very linear motility,
different from the hyperactivated motility seen in 10% of the sperm population
incubated in media. This pattern of movement was induced by solubilized cumulus.
The appearance of the ‘cumulus motility pattern’ was accompanied by a marked
reduction in the subpopulation of sperm showing the hyperactivated form of
motion in the media, implying that the sperm exhibiting the cumulus-related
motility pattern are recruited from the hyperactivated sperm population. This
hypothesis warrants further examination. An interesting experiment would be to
artificially induce hyperactivation, possibly using progesterone, then examine
sperm penetration of the cumulus.

Observations in hamsters suggest that during penetration of the cumulus, sperm
do not display the type of movement characteristic of hyperactivation and that
hyperactivated movement of sperm is not essential for penetration (Suarez et al.,
1984; Drobnis ef al., 1988). Also, in addition to sperm motility patterns, sperm
surface characteristics are important for penetration. With the observation that
plant cells (e.g. Chlamydomonas) can penetrate the hamster cumulus, these surface
properties require further definition urgently (Talbot et al., 1985).

Physiological effects of oviductal fluid: In humans, the ethical and logistic con-
straints of examining sperm transport in vivo necessitates further in-vitro experi-
ments of the type described above to address some of the points raised. In-vitro
studies in animals have shown that oviductal fluid contains a capacitating factor that
exhibits properties similar to that of a heparin-like glycosaminoglycan (Parrish et
al., 1989). In addition, the release and selective absorption of substances during
capacitation has been determined (see Volglmayr & Sawyer, 1986). As oviductal
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fluid has been isolated successfully at different stages of the menstrual cycle (Lippes
et al., 1972), similar experiments in humans are feasible to determine the in-vitro
interaction of oviductal fluid on sperm function. Such experiments can be taken
one step further to attempt to isolate the active factors.

A unique human oviductal protein has been isolated recently from oviductal
fluid (human oviductin-1) which is found in high concentrations in periovulatory
fluid (Wagh & Lippes, 1989). This protein has been characterized and preliminary
in-vitro data suggest that it binds selectively to the head region of sperm in the
ejaculate, possibly acting to stabilize the acrosome {Lippes & Wagh, 1989). Further
experiments are required to elucidate the effects of human oviductin-1 on sperm
function. It would be relatively simple to answer such questions as ‘can sperm
which are bound with this protein acrosome react?’ In this context, substances
known to induce the acrosome reaction can be used (e.g. follicular fluid, A23187)
and immunocytochemistry used to determine the proportion of sperm which bind
oviductin-1.

[f human oviductin-1 is a functionally active glycoprotein then sequencing and
subsequent production of the glycoprotein would provide enough material to
examine further questions e.g. the stage of the menstrual cycle at which the protein
is expressed. It is however important with in-vitro studies on the oviductal microen-
vironment not to examine one product exclusively but to keep an open mind for the
possible role of other products e.g. growth factors (Brenner ef al., 1990).

Development of in-vitro tissuelcell culture systems: One of the major problems with
experiments involving the use of oviductal fluid is the difficulty in obtaining this
fluid; in such cases, the development of a tissue culture system would appear
appropriate. These systems provide excellent experimental approaches and have
been used in animals to examine the de novo synthesis and release of specific
glycoproteins secreted by the oviduct e.g. in baboons (Fazleabas & Verhage, 1986;
Verhage & Fazleabas, 1988), pigs (Buhi e al., 1989a) and cows {Boice et al., 1990).
Regional differences within the oviduct have also been examined successfully
(Verhage et al., 1988; Buhi er al., 1989b). Several systems in the human have been
described recently (Verhage er al., 1988; Bongso er al., 1989; Buhi eral., 1989b) and
structural features of human ampullary cell cultures appear similar in-vivo and
in-vitro (Bongso et al., 1989). Not only can such systems be used to determine the
secretion of specific products and the factors controlling this secretion, but they can
also be used to determine other factors which may be important for sperm survival
¢.g. epithelial attachment. In this context, a recent experiment in cattle compared
the motility and fertilizing capacity of sperm cultured in media and incubated with
endosalpingeal epithelial cells cultured on either tissue culture plasic {non polariz-
ing) or matrigel-coated millicell (polarizing) substrata (Pollard er al., 1991). Motil-
ity was maintained for 48 h in sperm bound to endosalpingeal cells and to a greater
extent with polarized than non-polarized cells. Only sperm incubated with oviduc-
tal cells developed hyperactivated motility. -Interestingly, sperm bound to the
epithelial cells were observed to detach and fertilize oocytes. Fertilizing capacity
was maintained for 30 h in sperm incubated with endosalpingeal cells, yet no
fertilization occurred after 24 h in the media controls. These results demonstrate,
firstly, the importance of the oviductal epithelium in maintaining sperm function
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and, second, that such a system may be developed for use with human tissue.

Relevance to the in-vivo situation: The biochemical mechanisms and changes in-
volved in the preparation of sperm for fertilization are now starting to be unfolded
(see Fraser & Ahuja, 1988; Fraser & McIntyre, 1989;Roland & Harrison, 1989;
Focarelli, 1990; Miller et al., 1990; Thomas, 1991). However, in order to under-
stand the mechanisms of sperm interaction with the female tract, we need to
attempt to relate these biochemical events to the in-vivo situation. This does
involve considerable speculation and our information needs to be extrapolated
from animal species. For example, in animals, sperm movement from the isthmus
to the ampulla may result from the completion of capacitation and possibly the
expression of hyperactivation. Follicular fluid and progesterone, which have been
shown to stimulate hyperactivation of sperm, may do so in the female tract. With
the complex regional microenvironment in the oviduct, which is subject to local
hormonal influences, progesterone may act at this level and not via the follicular
fluid. It is known that the oviduct is able to concentrate oestradiol and progester-
one to levels several times those found in circulating plasma (Hunter, 1988),
leading to a concentration in the tubal environment which could possibly activate
the sperm. The activation of sperm by progesterone is an attractive hypothesis
which warrants further experimentation. However, many other factors are likely to
be important (see animal studies) and studies should not concentrate on one factor
which is presently ‘in vogue’.

Future studies

The available data in animals suggest a highly synchronized movement of sperm
through the female reproductive tract. Unfortunately, in humans, we know very
little of this process. The fundamental interaction between the human female
reproductive tract and the sperm now requires urgent investigation. This can be
approached using three lines of investigation.

First, we must concentrate on developing accurate and reliable techniques to
recover sperm from the female tract. These studies should concentrate on the
oviduct and the uterus, and once these have been developed studies on sperm
recovery must be co-ordinated with ovulation. Secondly, using the sophisticated
sperm function tests now available (acrosome reaction, hyperactivation, zona
binding) the interaction between the reproductive tract fluids (e.g. uterine and
oviductal fluids) can be determined in-vitro. Third, a tissue culture system, as
similar to the in-vivo situation as feasible (i.e. using polarized substrata) must be
developed. The importance of epithelial attachment of sperm can then be addres-
sed. Using a combination of these experimental approaches many of the important
questions posed can be addresed confidently in the near future.
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This study aimed to determine the number and distribution
of spermatozoa within the human Fallopian tubes around
ovulation. Parous women, undergoing total ahdominal
hysterectomy for menorrhagia, were inseminated with either
partner’s semen (3/10) or donor semen (7/10). Approximately
18 h later both Fallopian tubes were ligatured into ampullary,
isthmic and intramural regions. These were removed and
assessed for sperm content by flushing, scanning electron
microscopy (SEM) or homogenization. A median of 251
spermatozoa were recovered (range, 79—1386). The number
of spermatozoa within each tube was not significantly
different. The ovulatory ampulla contained a significantly
(P =< 0.01) larger percentage of spermatozoa than the
non-ovulatory ampulla. The number of motile spermatozoa
inseminated was not significantly correlated to the number
of spermatozoa recovered, but a trend was identified. The
time between the onset of the luteinizing hormone surge and
hysterectomy was significantly correlated (P < 0.01) to the
number of spermatozoa within the intramural regions, but
not to the tubal sperm distribution. Spermatozoa were not
observed, by SEM, bound to the tubal epithelium. These data
suggest that, after artificial insemination at least, sperm access
to the human Fallopian tube may be controlled, but that
ovulation does not affect the redistribution of spermatozoa
between tubal regions and that the isthmus does not appear
to act specifically as a sperm reservoir.

Key words: Fallopian tubes/human sperm transport/ovulation/
storage

Introduction

Sperm transport to and distribution within the Fallopian tube,
around the time of ovulation, are processes which remain very
poorly investigated in the human. This is primarily due to the
ethical and logistic considerations involved in research using
human subjects. Most published information concerning the
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processes of sperm transport and storage in the female repro-
ductive tract come from extensive work in animal models (for
review, see Barratt and Cooke, 1991).

Non-human mammalian species have demonstrated several
consistent characteristics of sperm transport to and storage within
the oviducts. Spermatozoa are present within the oviducts in
numbers which are orders of magnitude less than those
inseminated (Smith et al., 1987; Hunter, 1988), highlighting a
large degree of sperm loss. In the rabbit, spermatozoa are
transported from the site of insemination to the site of fertiliza-
tion under two régimes: rapid transport (Overstreet and Cooper,
1978) and sustained migration (Overstreet er al., 1978).
Spermatozoa supplied by rapid transport have been proposed to
act as local messengers to prepare the oviduct for the supply of
fertile spermatozoa during the sustained migration phase
(Overstreet et al., 1989). In many mammalian species, the isthmic
region of the oviduct appears, in the period prior to fertiliza-
tion, to behave as a distinct region for the sequestration of
spermatozoa (Harper, 1973; Smith et al., 1987; Suarez, 1987;
Hunter, 1988), with this storage region being independent of the
site of semen deposition (i.e. cervix or uterus). The rate of sperm
transport to the site of sequestration from the site of insemina-
tion has been shown to increase as the time period between
insemination and ovulation decreases (Hunter et al., 1982; Ito
et al., 1991), indicating a level of control in the supply of
spermatozoa to the site of fertilization. Spermatozoa remain
within the isthmic region, for species-dependant lengths of time,
until ovulation when they are released to the ampulla in very low
numbers (Hunter, 1987; Smith et al., 1987). In the hamster, the
attachment of spermatozoa to the oviductal epithelium has been
suggested to play a role in both storage and maintenance of sperm
viability (Smith and Yanagimachi, 1990). Changes in the
oviductal environment, such as temperature (Hunter and Nichol,
1986), potassium and pyruvate concentrations (Burkman et al.,
1984) or the presence of mucus (Fléchon and Hunter, 1981;
Hunter et al., 1991) may also affect the storage process. This
work in mammals clearly demonstrates that sperm transport
within the oviduct is a highly controlled process, regulated to
synchronize the presence of both sets of gametes at the sites of
fertilization.

There are few published studies that have investigated sperm
numbers within the human Fallopian tube (Rubenstein er al.,
1951; Settlage et al., 1973; Mortimer and Templeton, 1982).
In general, these studies have lacked standardization of
experimental protocol with inaccurate assessment of ovulatory
status and varying time intervals between insemination/coitus and
sperm recovery. Furthermore, the subject groups have included
infertile patients and patients with pathologies likely to affect
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sperm transport. In addition the efficiency of the techniques used
to retrieve and quantify spermatozoa have often also not been
determined. Although specific details vary, all studies have
reported a large decrease in sperm numbers present within the
Fallopian tubes, in comparison to the numbers inseminated
(Settlage et al., 1973; Ahlgren, 1975; Mortimer and Templeton,
1982; Williams et al., 1992; for review, see Barratt and Cooke,
1991). For example, Williams et al. (1992) detailed the recovery
of 815 spermatozoa, 2 days post-ovulation, from the Fallopian
tubes of a histologically normal woman of proven fertility, 18 h
after artificial insemination. Precise details on the distribution
of spermatozoa in the peri-ovulatory human Fallopian tube, and
any effect ovulation may have on the numbers present along with
their redistribution, remains undocumented. Thus, the sequestra-
tion of spermatozoa within specific tubal regions, as seen in other
mammals, has not been evaluated.

Spermatozoa have been shown, in a group of infertile women,
to reside within the Fallopian tubes for up to 85 h post coitum
(Ahlgren, 1975). In addition, in vivo, fertilization has been shown
to occur when a single act of coitus has occurred from 6 days
prior to and 3 days post-ovulation (France et al., 1992). Thus,
spermatozoa appear to be able to gain access to and remain
functionally viable within the Fallopian tubes over a large number
of days. Whether this involves specific storage regions within
the Fallopian tubes needs to be determined.

The aim of this study was to utilize an experimental protocol
with greater standardization, compared to previously published
studies, to: (i) accurately determine the numbers of spermatozoa
present within the Fallopian tubes of normal, proven fertile,
women, around the time of ovulation, (ii) determine the distribu-
tion of spermatozoa within the Fallopian tubes, and (iii) determine
any changes in sperm numbers and distribution in relation to the
time of ovulation. From this information, our currently limited
knowledge regarding the process of sperm transport and storage
within the human Fallopian tubes will be improved and further,
more specific, hypotheses can be developed and tested.

Materials and methods

Patient recruitment

Patients were recruited from March 1991 until November 1992.
Women on the total abdominal hysterectomy waiting list at the
Jessop Hospital for Women were approached by letter if they
met the following criteria: (i) <41 years old, (ii) parous, (iii) no
previous history of tubal or uterine pathology, (iv) regular
menses, and (v) not previously sterilized. The age limit was set
at less than 41 years old, as it has been demonstrated that
hormonal function deteriorates to become abnormal beyond this
age (Lenton et al., 1988). Using the above criteria it was felt
that the patients recruited for the study would have no particular
problems that could influence sperm transport, and would be
more standardized than recruited for previous studies. Ten women
referred for total abdominal hysterectomy because of heavy
menstrual bleeding elected to take part in the study. Patient
recruitment and ali treatment procedures had been passed by an
ethical committee (University of Sheffield). All patients were
counselled in detail regarding the need to accurately time the
menstrual cycle, the technique to be employed for artificial
2020

insemination, any risks associated with artificial insemination
(particularly the use of donor semen), and the minor variations
to the hysterectomy technique necessary for the careful removal
of the Fallopian tubes.

Cycle timing

All women were monitored daily for luteinizing hormone (LH)
and oestradiol concentrations (Serozyme, Serono Diagnostics Ltd,
Woking, UK) using either morning urine or serum samples, from
day 10 of their cycle to the morning of the hysterectomy. This
allowed the identification of the LH surge and determination of
the time of ovulation (Lenton, 1993). The women were asked
to refrain from sexual intercourse, unless using a sheath, from
the start of the study cycle. This prevented contamination of the
reproductive tract with spermatozoa prior to insemination. The
women were admitted to the Jessop Hospital for Women at the
closest convenient time-point after the onset of the LH surge (LH
= 10 mIU/ml).

Insemination

Cervical insemination was carried out on the evening of the
woman’s admission, approximately 18 h prior to the expected
time of hysterectomy. It was hoped that this time period, from
insemination to hysterectomy, would allow the study of sperm
populations that had been established over a period of sustained
migration, thus representing the fertilizing population (Hunter,
1987). Insemination was chosen in preference to coitus to allow
for an assessment of semen parameters of the ejaculate, a
determination of the number of spermatozoa inseminated, and
the standardization of the timing from insemination to
hysterectomy.

Of the group of women recruited to the study, seven had
partners who had had a vasectomy and it was therefore necessary
to use proven fertile frozen donor semen for insemination. The
three partners who had not been vasectomized produced a semen
sample by masturbation. This was allowed to liquefy at 37°C
for 30 min before 0.5 ml was removed and used for intracervical
insemination (mucus sampling syringe, Rocket, London, UK).
The remainder of the sample was analysed for the characteristics
of sperm motility (Hamilton Thorn motility analyser, Hamilton
Thorn Research Inc., Danvers, MA, USA) (Zhu et al., 1992).
For those women whose partners had had a vasectomy, frozen
donor semen was thawed and 0.5 ml was inseminated into the
endocervix, with the remainder used for motility assessment. The
median number of motile spermatozoa inseminated was
6.1 x 10° (range 2.85—38.7 X 10%. This wide range was
brought about by the use of either partner or donor semen.

Total abdominal hysterectomy

During total abdominal hysterectomy, the Fallopian tubes were
identified and ligatured into ampullary, isthmic and intramural
regions in order to prevent mixing of the luminal contents. During
surgery, handling of the tubes was kept to a minimum. The tubes
were dissected carefully from the ovaries and removed intact
with the uterus. The tubes were then dissected from the body
of the uterus. The presence of a follicle or corpus luteum on the
ovary was recorded along with which tube came from the
side of ovulation. Subsequent histological assessment of the



endometrium was used to confirm the ovulatory status of each
woman and the normality of the endometrium.

Tubal processing

Each tube was processed as has been described previously
(Williams et al., 1992). The segments from the tube on the side
of ovulation were flushed, with the aim of recovering spermato-
zoa to assess their numbers and functional status. The tube
contralateral to the ovulatory ovary was processed either by
scanning electron microscopy (SEM), or by homogenization.
SEM of a section of each segment of each tube was carried out
to enable observation of any sperm/epithelial interaction in vivo.
Homogenization enabled complete segments rather than small

proportions of each segment to be processed, thus quantifying

the total numbers of spermatozoa present.

Treatment of the Fallopian tube from the side of ovulation

Flushing procedure. The tubal segments were flushed and the
flush fluids treated as has been described previously (Williams
et al., 1992), with minor modifications. Briefly, each segment
was flushed with 5—6 ml of Earle’s balanced salt solution at 37°C
(Gibco Ltd, Uxbridge, UK). A 10 ul of aliquot of each flush
fluid was removed and observed (phase, X400 magnification,
Laborlux S, Leitz, Germany) for the presence of spermatozoa.
The fluids were then incubated with a lysis buffer (10 mM
KHCO;, 0.155 mM NH,CI, 0.1 mM EDTA, Sigma Chemical
Co., UK) for 15 min prior to centrifugation to pellet the contents
at 3000 g for 30 min. Following centrifugation, the pellets were
resuspended into a known volume of approximately 200—300
¢l of supernatant. Two 10 gl aliquots of the pellet resuspension
were removed and observed for the presence of spermatozoa
using phase-contrast microscopy at X400 magnification. The
remainder of the suspension was spotted onto multispot glass
slides (Hendley Ltd, Loughton, Essex, UK) in 10 pl aliquots and
stained for sperm quantification, as described previously
(Williams er al., 1992).

SEM. The flushed segments were prepared for SEM to allow
for the assessment of the number of spermatozoa that remained
in the tube after flushing. The segments were fixed overnight
at room temperature in 3% glutaraldehyde (Taab Laboratories,
Aldermaston, UK) in 0.1 M sodium phosphate buffer (BDH,
Poole, UK). The segments were then placed in 0.1 M sodium
phosphate buffer (BDH) and stored at 4°C until processed. The
fixed segments of Fallopian tube were washed well in 0.1 M
sodium phosphate buffer, divided into three or four small sections
and then post-fixed in 2% aqueous osmium tetroxide (Oxchem,
Oxford, UK) for 2 h. Each section was then prepared for SEM,
as has been described previously (Williams et al., 1992).
Cannulation of the lumen. Prior to flushing in patients 6— 10,
the tubal segments were cannulated to recover native tubal fluid.
A 20 pl capillary tube, which had been pulled to produce a fine
tip (Microcaps, Drummond Scientific Co., USA), was passed
carefully into the lumen of each segment and any fluid present,
allowed to enter the tube by capillary action. This fluid was
observed (X400 magnification, phase) for the presence of
spermatozoa.

Control procedures. To assess the efficiency of the flushing
technique, control segments of human Fallopian tube were

Sperm recovery from the human Fallopian tube

inseminated with a known number of washed spermatozoa
(median, 972; range, 474 —40 976) and left for 15 min. Each
segment was then flushed, as described above, and the numbers
of spermatozoa recovered were recorded.

Treatment of the Fallopian wbe contralateral to the side of
ovulation

SEM. In patients 1—35, the segments from the tube contralateral
to the ovulatory ovary were fixed and examined by SEM as
described above. The number of spermatozoa present was
quantified, as has been described previously (Williams ez al.,
1992). Briefly, the surface area of the mucosa of each segment
was calculated. Using this, together with the segment length, the
area of segment scanned and the number of spermatozoa seen,
the total number of sperm per segment could be calculated.
Homogenization. The tube segments from patients 6 —10 were
homogenized (modified from Johnson and Varner, 1988). The
tubes were stored at —20°C prior to homogenization. Briefly,
each tube segment was chopped into small pieces, added to 15 ml
of homogenization fluid (0.5 M NaCl, 0.05% (v/v) Triton X-100,
3.8 mM NaNj; Sigma) and then homogenized in a Waring
blender until very fine. The homogenate was then filtered through
20 pm polyester mesh (Lockertex, Warrington, UK). This pore
size allowed sperm passage, but removed the larger pieces of
connective tissue which did not homogenize (unpublished
observations). The filtrate was centrifuged at 1500 g for 30 min,
and the pellet was resuspended in approximately 0.5 ml of super-
natant. Aliquots of 5 ul were spotted onto multispot slides, air-
dried and stained using the Feulgen DNA staining method (Drury
and Wallington, 1967) to quantify the intact sperm heads within
the homogenized tissue.

Control procedures. A control segment of Fallopian tube was
inseminated with 230 washed sperm and left for 15 min. This
was then processed for SEM as above and enabled assessment
of the efficiency of the SEM technique. To determine the
efficiency of the homogenization technique, control segments of
Fallopian tube were inseminated with known numbers of washed
sperm (median, 6533; range 509 —112 333). These controls were
then treated as described above.

Statistical analysis

All data analysis was performed using the SPSS.PC statistical
package (Ashton Tate UK Ltd, UK). Non-parametric analyses
were carried out due to the small numbers of patients involved
and the limited nature of the data. The Pearson’s rank correla-
tion test was used to correlate the numbers of motile spermatozoa
inseminated, and the time-period between the onset of the LH
surge and the hysterectomy, to the number and percentage
distribution of recovered spermatozoa. The Mann—Whitney
U-test was used to analyse for differences between the numbers
and distribution of spermatozoa between the different groups of
patients. The Wilcoxon matched-pairs signed-ranks test was used
to analyse for differences between sperm numbers and distribu-
tion within the ovulatory and non-ovulatory tubes. Because many
comparisons were made on the same data, and the patient
numbers were low, a correlation or difference was considered
significant only at significance levels of P < 0.01. It was
considered that with P < 0.05 a significance due to chance may
arise.
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Results

Selection of the required patient group was made difficult as a
high proportion of those women on the waiting list for total
abdominal hysterectomy were either over 40 years of age,
previously sterilized, non-parous or had additional pathology and
did not therefore fit the acceptance criteria. Over the study period
of 21 months, 10 women replied to the recruitment letter and
subsequently consented to take part in the trial. All ten patients
complied well with the daily LH assessments and short notice
admission prior to hysterectomy.

Patient group

The tubal pathology of those women recruited to the trial, the
time between the onset of the LH surge and hysterectomy, the
time interval between insemination and hysterectomy, semen type
and number of motile spermatozoa inseminated are shown in
Table 1. In this table, the patients are numbered chronologically,
with respect to their recruitment to the study, but they are ordered
in sequence from pre-ovulation through to post-ovulation. The
ovulatory status of each woman at the time of hysterectomy
is also indicated. Five of the women recruited had their
hysterectomies prior to ovulation, while five were carried out
post-ovulation. At hysterectomy, patient 2 demonstrated a hydro-
salpinx of the Fallopian tube on the side of ovulation, and a
histological assessment of the endometrium indicated the presence
of small fibroids. Patient 3 did not have an LH surge as expected,
but was confirmed to be pre-ovulatory by the presence of a
follicle. All patients, except patient 2 who had fibroids, were
demonstrated to have a normal endometrial and uterine histology.
When those patients inseminated with partner’s semen were
compared to those inseminated with donor semen, no significant
differences were detected between the time from insemination
to hysterectomy, the time between the onset of the LH surge and
hysterectomy, the number of motile spermatozoa inseminated and
the percentage sperm motility within the semen sample. Their
data were therefore pooled for all subsequent analysis, as it was
considered that adequate standardization between the two groups
had been achieved.

Sperm recovery

The recovery efficiencies for the three techniques used to quantify
spermatozoa recovered from the Fallopian tubes are shown in
Table II. These results on the efficiency of recovery demonstrate
that the experimentally determined values of sperm numbers
within the Fallopian tubes were probably an underestimation of
the true values, but were not inaccurate by orders of magnitude.

Using the flushing technique, spermatozoa were recovered
from the Fallopian tube on the side of ovulation in all ten patients
(Table III) (median of total spermatozoa, 136; range 23 —1224).
Spermatozoa were never observed within the aliquots removed
from the flush prior to staining, due to their low numbers, and
therefore motility assessment was not possible. Cannulation of

.the ampullary segments from patients 6 — 10, prior to flushing,

produced approximately 20 ul of fluid in each case. Only four
spermatozoa were observed after cannulation and all of them
came from the ampullary native fluid of patient 7. Three of these
four spermatozoa were motile, displaying the qualitative
characteristics of hyperactivation (Burkman, 1984); the fourth
spermatozoa showed a non-progressive weak movement.
Cannulation of the isthmic and intramural regions of the Fallopian
tube proved to be technically very difficult, due to the small
diameter of the lumen and the very small volumes of fluid present.
Spermatozoa were observed within the Fallopian tubes examined
by SEM after flushing, but in patient number 7 only. These
spermatozoa were lying on the surface of the mucosa and were
not obviously attached to the epithelium.

The total numbers of spermatozoa observed by SEM within
the non-ovulatory Fallopian tube are shown in Table Il (median,
0; range, 0—673). Spermatozoa were never observed to be
present within the folds of the tubal mucosa, and were not
obviously attached to the epithelial cell surface on which they
lay. After homogenization a median of 225 (range, 162—951)
spermatozoa were recovered from the non-ovulatory tube. No
significant difference existed between the number of spermatozoa
recovered from the non-ovulatory tube by homogenization
compared to the number calculated to be present by SEM. Thus,
all data detailing the contralateral tube, obtained by the two

Table I, Pathology, timing of insemination and hysterectomy and semen characteristics for women undergoing total abdominal hysterectomy

Patient Pathology Interval from Interval from Semen Number of
LH surge to insemination to type motile spermatozoa
hysterectomy hysterectomy inseminated (x 105)
(days) )]
32 Normal * 20%: Donor 3.00
107 Normal 0 19% Donor 11.04
58 Normal Y% 18% Donor 3.35
9° Normal 1% 19 Donor 6.60
42 Normal 1%-2 20% Partner 2.85
2b Hydrosalpinx (ovulatory side) 2 20% Donor 5.35
* Normal 2-2% 18% Partner 38.70
(4 Normal 2% 19 Donor 6.10
g Normal 2% 17 Donor 11.50
1® Normal 4 22 Partner 6.20

“Pre-ovulatory at hysterectomy.
®Post-ovulatory at hysterectomy.
“Unknown.

LH = luteinizing hormone.
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methods, were pooled. The median of the total number of
spermatozoa within the non-ovulatory tube for the whole group
was therefore 162 (range 0—951). The total number of sperma-
tozoa calculated to be present within both Fallopian tubes
(median, 251; range 79— 1386) represented approximately 1 in
every 25 000 (median) of those motile sperm which had
been inseminated (range, 1:8000 to 1:68 000), i.e. only 0.004 %
(0.013—0.001%) of those motile spermatozoa inseminated
achieved access to the Fallopian tubes and were recovered.

No significant difference was detected between the numbers
of spermatozoa present within the tubes of patients who were
pre-ovulatory at hysterectomy compared to those who were post-
ovulatory. Also, no significant difference was detected between
the numbers of spermatozoa present within the non-ovulatory tube
compared to the ovulatory tube. For patients 2 and 3, who
demonstrated slight abnormalities from the initial acceptance
criteria, no obvious deviations from the rest of the group in terms
of sperm numbers and distribution within the Fallopian tubes
(Table IIT) were observed. The data from these two patients have
therefore been included in all the following analyses, as it
appeared that there had been no obvious effect on sperm transport
and distribution in these two women.

Effect of the numbers of motile spermatozoa inseminated,
and the time-period from the onset of the LH surge to the
hysterectomy, on sperm numbers and distribution within
the Fallopian tubes

The numbers of motile spermatozoa inseminated and the time
from the onset of the LH surge to hysterectomy were correlated
with the numbers and percentage distribution of spermatozoa
within the Fallopian tubes, to determine whether any effect of
these factors could be detected on sperm transport. Correlations
were determined for the group as a whole and individually for
those patients whose hysterectomy occurred prior to ovulation
and those patients whose hysterectomy occurred post-ovulation.

Numbers of spermatozoa within the Fallopian tubes

As no significant difference was detected in sperm numbers
between the ovulatory and non-ovulatory tubes, correlations will
be described for the combined data from like segments. In the
whole group, a significant correlation (r = 0.8258, P < 0.01)
existed between the number of motile spermatozoa inseminated
and the total number of spermatozoa within the combined isthmic
regions. This significance was not evident for the total number
of spermatozoa recovered, although a trend was observed (Figure
1). In the pre- and post-ovulatory groups, no significant
correlations were detected between the number of motile
spermatozoa inseminated and the number recovered.

Table II. Percentage recovery efficiency of the techniques used to quantify
spermatozoa collected from the Fallopian tubes

Technique n Percentage recovery

Median Range
Flushing 5 61 32-100
SEM 1 83 —
Homogenization 4 25 20-45

N = number of experiments; SEM = scanning electron microscopy.

Sperm recovery from the human Fallopian tube

The time-period from the onset of the LH surge to the time
of hysterectomy was significantly positively correlated to the
number of spermatozoa within the intramural regions in the whole
group (r = 0.8681, P < (.01), and for the pre-ovulatory group
(r = 1.000, P =< 0.001). For the post-ovulatory group, no
significance was detected.

Percentage distribution of spermatozoa

The percentage of spermatozoa within the segments of both
Fallopian tubes are included in Table HI. The percentages of
spermatozoa within each segment of the Fallopian tubes were
not significantly different between the pre- and post-ovulatory
patients. In the whole group, there was a significantly (P < 0.01)
greater percentage of spermatozoa within the ampullary region
of the ovulatory tube compared to the percentage present within
the ampullary region of the contralateral tube. No significant
correlations were detected between the time-period from the onset
of the LH surge to hysterectomy, and the percentage of
spermatozoa within the combined regions for the whole group

Table III. Number (%) of spermatozoa recovered from the ampullary,
isthmic and intramural regions of the Fallopian tubes

Patient Ovulatory tube Non-ovulatory tube

Ampulla  Isthmus Intramural Ampulla Isthmus  Intramural

region region

3 99 (40) 28 (11) 124 (49 0 ©® 0 (@© 0 (U
10 12¢3 7@30) 407 0 (0 166 100) 0 (0
58 64 (48) 5843 12 (9) 00 0 O o0 (O
9° 100 (53) 63 (33) 26 (14) 252(47) 283 (53) O (O
42 15 (14) 65 (59) 30 (27) 0o 0 O o0 O
28 14 (18) 30 (38) 35 (44) 0©O® 0 @ 0 O
7 1040 (85) 174 (14) 10 (1) 7949 70 43) 13 (8

6° 0 (0 114(83) 24(17) ND ND ND

8 87(78) 2422) O (0 561(59) 344 (36) 46 (5)
12 97 (68) 26 (18) 19 (14) 445(66) 128 (19 0 (15)

20vulatory tube flushed, non-ovulatory tube observed by scanning electron
Microscopy.

Ovulatory tube flushed, non-ovulatory tube homogenized.

ND = no data.

Total number of sperm recovered
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Fig. 1. Relationship between the number of motile spermatozoa
inseminated and the total number of spermatozoa recovered from
Fallopian tubes (n = 9).
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or for the pre- and post-ovulatory groups individually. When the
ampullary regions of the two tubes were treated separately,
because of their difference in distribution in the whole group,
there was still no significant correlation between timing and the
percentage of spermatozoa present within either tube.

Discussion

The present study recruited women to enable a database to be
determined, describing sperm numbers and their distribution
within the Fallopian tubes around ovulation. The women who
elected to take part in the study were as standardized and as
‘normal’ as could be recruited, and there was no reason to believe
that their need for total abdominal hysterectomy would comprom-
ise sperm transport adversely. All but one of them had normal
uterine histology, thus eliminating the possibility of uterine
pathology affecting sperm transport. The strict inclusion criteria
meant patient numbers were limited. Two patients recruited to
the study after fulfilling the initial acceptance criteria presented
with pathological or hormonal abnormalities at the time of
hysterectomy. However, their sperm numbers and distribution
within the Fallopian tubes were not obviously different when
compared to the remaining patients. Sperm transport to the
Fallopian tubes from the cervix had evidently not been signific-
antly affected by these abnormalities.

The present study design enabled a standardized timing between
insemination and ovulation, and a relatively constant timing from
insemination to hysterectomy of 17—22 h. The timing of
admission of the patients allowed the hysterectomies to be evenly
spread within a small window of 4 days after the onset of the
LH surge. Logistically, it was not possible to tighten this window,
but the spread in timing of the hysterectomies meant that the
influence of the time to ovulation on sperm numbers and
distribution could be investigated. The constraints of a routine
operating list did not permit any further decrease in the range
in time between insemination and hysterectomy. If a sustained
migration of spermatozoa to the Fallopian tubes had occurred,
it could be assumed that by 17 h the fertile sperm population
may have been established within the Fallopian tubes, so that
the range in timing would have had little effect on the results
achieved. It was not possible to detail the hour-by-hour changes
that may have occurred when follicle rupture was imminent, but
it was hoped that any changes that may have occurred over this
short time-period would have been observed when the patients
were divided into those whose hysterectomies occurred pre-
ovulation or post-ovulation.

Spermatozoa were consistently recovered from the Fallopian
tubes in small numbers. Sperm numbers decreased by an order
of magnitude from the site of insemination to the site of
fertilization; this observation accords with those made on other
mammalian species (for review, see Barratt and Cooke, 1991).
Very few spermatozoa were observed after SEM of the flushed
tubes, demonstrating that the flush technique was efficient at
removing those sperm present.

Semen type could not be standardized to partner only, since
most of the women had partners who had been vasectomized. The
protocol was not standardized to donor only, as the use of
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partner’s semen allowed an investigation of the effect of a greater
range in the number of spermatozoa inseminated.

The use of frozen donor spermatozoa did not appear to affect
their transport to the Fallopian tubes. The number of spermatozoa
recovered in this group were very similar to those recovered from
the Fallopian tubes of two patients in whom a similar number
of fresh spermatozoa were inseminated initially. The numbers
of motile spermatozoa used for insemination in this study were
similar to those regularly used for donor insemination (Barratt
et al., 1990), and which are known to lead to successful
fertilization and pregnancy. Our results indicate that the
previously frozen donor spermatozoa were transported and
distributed within the Fallopian tubes in the same manner as those
of fresh semen from the male partner.

The greatest number of spermatozoa were recovered from the
patient with the highest number inseminated (patient 7) and whose
hysterectomy was carried out 2—2% days after the onset of the
LH surge. It is not known whether larger numbers of spermatozoa
were recovered because more were inseminated or whether the
timing of hysterectomy was important. Since the recovery ratio
(number of spermatozoa recovered/number of motile spermatozoa
inseminated) for this patient (1:28 000) did not obviously differ
from those for other patients in the group (median, 1:25 000;
range 1:8000—1:68 000), it seems that there was a relationship
between large number of spermatozoa recovered and the greater
number inseminated. This conclusion was supported by the trend
observed between the number of motile spermatozoa inseminated
and the total number recovered; this concentration effect should
be tested over a wider range of sperm concentrations in a similar
patient group.

The fate of those spermatozoa not recovered from the Fallopian
tubes was not apparent from the present study. Spermatozoa may
have traversed the tubes to the peritoneal cavity (Ramsewak et al.,
1990), or have been lost from the vagina (Gallager and Senger,
1989; Baker and Bellis, 1993), or may have remained within the
cervix.

To date, there have been no attempts to determine whether
sperm transport between the two Fallopian tubes of the human
female varies. In the present study, ovulatory and non-ovulatory
Fallopian tubes were compared to identify any differences in the
number of spermatozoa and their distribution. A significant
difference was detected between the percentage of spermatozoa
recovered from the ampullary region of the ovulatory tube as
compared with the non-ovulatory tube. The greater proportion
of sperm within the ovulatory ampulla may have been in
preparation for fertilization. If subtle differences exist between
the environment of the ovulatory and non-ovulatory tubes, these
differences may exhibit some control over the internal distribu-
tion of spermatozoa. In the rhesus monkey, the oxygen tension
within the ovulatory oviduct has been shown to differ from that
of the non-ovulatory oviduct (Maas et al., 1976). In the cow,
the oviduct ipsilateral to ovulation has been demonstrated to
exhibit a much greater muscular and secretory activity, as well
as a decreased luminal sodium concentration compared to the
oviduct contralateral to ovulation (for review, see Ellington,
1991). Thus, variations exist in the internal environment of the
oviducts in other mammals, and they need to be investigated in



detail in the human, especially with reference to their effect on
sperm transport.

The functional status of those spermatozoa recovered from the
Fallopian tubes could only be assessed for the four spermatozoa
within the native ampullary fluid of a single patient. Three out
of four of these spermatozoa showed the characteristics of
hyperactivation. While the numbers recovered were extremely
low, the data are in agreement with the situation in other
mammals, where spermatozoa present within the ampulla have
been shown to be hyperactivated (Shalgi and Phillips, 1988;
Demott and Suarez, 1992). Sperm hyperactivation in the ampulla
is thought to facilitate detachment of spermatozoa from the
mucosal walls and prevent entrapment within the isthmus,
enabling fertilization to occur (Coddington et al., 1991; Demott
and Suarez, 1992). An assessment of the functional character-
istics, such as motility, hyperactivation, capacitation and
acrosomal status of those spermatozoa within the flush fluid was
not feasible due to their small numbers. It was, therefore, not
possible to determine whether the spermatozoa recovered from
the Fallopian tubes were a selected functionally fertile population.

Future investigation of the process of sperm transport within
the human female reproductive tract must aim to increase the
numbers of spermatozoa within the Fallopian tubes and improve
their recovery techniques, thus aiding the assessment of functional
status. Increasing the numbers of spermatozoa present may be
possible by the use of intracervical insemination of a very large
number of spermatozoa in a small volume, inseminating
spermatozoa directly into the uterine cavity or carrying out
repeated pulsatile inseminations. If a physiological block exists
to prevent large sperm numbers, such manipulations may be
ineffectual in increasing sperm numbers within the Fallopian tubes
to sufficiently high levels to assess their functional status. Flush
techniques could be improved, but it must be remembered that
the media may affect sperm function. The tubal lumen could be
cannulated, if a sufficiently fine cannula could be produced to
collect and examine the microlitre fluid volumes present within
the isthmus and intramurine region. Transillumination of the
human Fallopian tube is not possible, as used for the mouse
oviduct (Suarez, 1987), and therefore human spermatozoa
cannot be viewed in situ within excised tubes. It is important,
therefore, that observation of sperm in vivo be developed, using
techniques such as falloposcopy (Scudamore er al., 1992).

Sperm/epithelial binding and sperm redistribution around the
time of ovulation were investigated in relation to the existence
of sperm storage reservoirs within the Fallopian tube. There was
no evidence of binding of spermatozoa as observed by SEM in
either the ovulatory or non-ovulatory tubes. Insufficient data
existed to decide conclusively whether binding occurs between
spermatozoa and the tubal epithelium, and more work is needed
both in vivo and in vitro, to assess epithelial binding as a feature
of human sperm transport, as observed in other mammals (Smith
and Yanagimachi, 1990; Pollard et al., 1991; Suarez et al.,
1991).

The percentage distribution of spermatozoa within each tube
was not influenced by the interval from insemination to ovulation,
within the time-span studied. No significant difference in
percentage distribution arose between the pre- and post-ovulatory

Sperm recovery from the human Fallopian tube

groups although this may occur with a larger time-span.
Spermatozoa were apparently not redistributed from one region
of the tube to another in relation to ovulation, which contrasts
with observations in other mammals (Barratt and Cooke, 1991).
It is possible that such a redistribution occurred earlier, €.g. when
the LH surge began, and was overlooked, but this would seem
to be illogical, since spermatozoa would be present at the site
of insemination ~ 40 h prior to ovulation (Lenton, 1993), a time
span much greater than in other mammals.

An increase in the number of sperm inseminated led to a greater
number recovered from the isthmus, but not the ampulla or
intramural region. The formation of an isthmic sperm ‘reservoir’,
as in other mammals (Barratt and Cooke, 1991), could increase
the number of sequestrated spermatozoa in this region as more
were inseminated. Although spermatozoa may be sequestered by
the isthmus, the lack of an obvious redistribution implies that
a steady supply of spermatozoa to the ampulla is likely, rather
than a sudden influx from a specific storage region.

Sperm numbers within the intramural region apparently rose
with increasing time between the onset of the LH surge and the
time of hysterectomy, i.e. as ovulation approached. Spermatozoa
within the ampullary and isthmic regions showed no correspond-
ing decrease, so it is unlikely that the increase in intramural
spermatozoa arose through sperm migration from these regions.
It is more feasible that spermatozoa were supplied from lower
in the female tract. Perhaps sperm transport to the intramural
region is enhanced as ovulation approaches as in other mammals
(Hunter et al., 1982). No corresponding increase existed beyond
the intramural region, which may indicate a limitation on sperm
numbers at the site of fertilization.

More patients must be recruited for well-timed, standardized
studies to amplify the present analyses. Spermatozoa must be
sampled from the Fallopian tubes at varying times to ovulation
and larger numbers of spermatozoa must be recovered if their
functional status is to be assessed. Other regions of the female
reproductive tract must be examined, to identify any alternative
sites of sperm storage.
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PROBLEM: Sperm interaction with the immune sys-
tem of the human cervix is poorly understood.
METHOD: The leukocytic response of the human
cervix to sperm was examined in a closely monitored
patient population (N = 10), using monoclonal anti-
body cell identification techniques. Baseline data
were collected from both cervical mucus and smears
sampled before treatment by donor insemination.
Donor insemination was timed to coincide with ovu-
lation by monitoring plasma LH concentrations
twice daily. Following insemination the numbers of
leukocytes were recorded in cervical mucus and
smear samples taken over a 24-h period relative to
the time of treatment. Controls treated with “pure
sperm,” seminal plasma, cryopreservative, and cer-
vical smearing alone were also included in the study.
RESULTS: Only those women treated with sperm
cells exhibited substantial elevations in leukocyte
numbers following inseminations. Additionally,
serial cervical smearing induced an inflammatory
response of the cervix. In all the women, the neu-
trophil was the predominant leukocyte of the cer
vix both during the baseline and treatment periods
(median values ranged from 77 to 86%). Macrophages,
T-helper lymphocytes, and T-suppressor lympho-
cytes were also detected, but only in low numbers
(2-10.6%). Two patients and one control (“pure
sperm”’) became pregnant during their study cycle.
CONCLUSIONS: We conclude that the leukocytic
reaction is a physiological response of the cervix
to sperm, the function of which remains to be estab-
lished. (Am J Reprod Immunol. 1992; 28:85-89.)

Key words: Sperm, cervical mucus, cervical smears,
pre-and postinsemination, neutrophils

INTRODUCTION

Following the introduction of sperm into the mammalian
reproductive tract a leukocytic influx is evoked across the
uterine cervix,! the precise function of which remains
unclear. However detailed studies in rabbits, raminants,
and cattle have enabled several hypotheses to be advanced,
which include clearance by phagocytosis of the nonfertil-
izing sperm population and/or bacteria introduced dur-
ing coitus,? sperm selection,?® and supplementation of
energy to the fertilizing sperm population.*

In humans very little is known of the leukocytic reac-
tion (LR). However it is important to determine whether
this response, which appears to be physiological,>®” is
a prerequisite for unassisted fertilization in vivo. Human
cervical mucus has recently been shown to be a “selective”
filter, preventing penetration by morphologically abnor-
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mal sperm.® Such a process will substantially reduce the
number of sperm entering the upper reproductive tract.
Whether the LR forms part of this selective mechanism
is yet to be established, but may be possible, as our pre-
vious studies have shown that the neutrophil, a phagocytic
cell, is the major leukocyte involved in this response.”
There has been only one study to date® that has exam-
ined the human LR in any detail. As this study relied
on the basic Papanicolaou stain it was not possible to
identify the different leukocyte subsets involved in this
response. In order to establish the role of the LR, accu-
rate identification of the leukocytes involved is neces-
sary. In the present study we expand on our initial
observations of the LR, reported previously,” and examine
the LR over a 24-h sampling period in a group of 10 women
using monoclonal antibody cell identification techniques.

MATERIALS AND METHODS
Patient Population

The patient group comprised 10 couples attending the
University Research Clinic, Jessop Hospital for Women,
Sheffield UK., for treatment by donor insemination (DI).
The female partners comprised the same 10 patients
reported previously.” Fertility investigations identified
male factor as being the primary source of infertility.
From hormonal, laparoscopic, and hysterosalpingogram
investigations the female partners were found to have a
normal hormonal profile, uterus, and fallopian tubes, and
were therefore presumed to be potentially fertile. A pre-
requisite for commencing the DI program was that the
women were free from genital tract infection, which was
excluded by cervical culturing.

Experimental Design

The couples abstained from intercourse for at least 2
days prior to and during the study period. The women
attended clinic from approximately 3 days prior to ovu-
lation for twice daily LH blood and cervical mucus (CM)
monitoring (see Table I). On the morning of the first visit
a cervical smear (CS) was also obtained. This period was
termed the “baseline period.”

Starting on the day of the onset of the LH surge, fol-
licular development and rupture was monitored by trans-
vaginal ultrasound scanning (Kretz Combison 320, Zipf,
Austria). Treatment by DI was given 24 h following the
onset of the LH surge. Because ovulation had previously
been shown to occur agproximabely 36—40 h following the
onset of the LH surge” (Chauhan M., unpublished data),
this allowed the sperm ample time to reach the site of fer-
tilization. All treatment samples were stored at — 196°C.
Each semen sample had been screened for sexually trans-
mitted diseases!’ and routinely analyzed before and after
freezing. The samples were frozen in a 1:1 ratio with egg-
yolk glycerol cryopreservative. Only post-thaw samples
with > 10 million motile sperm/ml were accepted into
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TABLE L. Flow Chart of the Study Protocol

Time Sample
0900 blood
Baseline cMm?
Period CSP (baseline)
1600 CM
2100 blood
|
Onset of LH surge
0900 blood
scan
CM
1600 CM
2100 blood
!
24 h following
onset of LH surge
t=0 blood
scan
CM
CS
i
Treatment treatment
Period t = 20 min CM
t=4h CM
CS
t=24h blood
scan
CM
CS

8CM = cervical mucus
5CS = cervical smear

the donor insemination program. All the treatment sam-
ples were stored in insemination straws (Rocket, London,
U.K.) and were thawed at room temperature, which took
about 15 min. For treatment two straws were used, each
straw inserted into an endocervical inseminator (Rocket,
London, UK.) and its contents expelled into the endocer-
vix. CM and CS were sampled over a 24-h period relative to

Leukocytes/ml cervical mucus (millions)
-
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Fig. 1. The patient group cervical mucus leukocyte data expressed as

median numbers of leukocytes with minimum and maximum values
per ml of cervical mucus.

the time of insemination and this period was termed the
“treatment period” (Table I). Scans and blood samples
were also taken during this period to determine whether
ovulation had occurred.

Five groups of controls were also included in the study,
which fitted the criteria of the patient group and con-
sisted of the following: (1) two nonsmear controls, (2) two
“pure sperm” controls, (3) two seminal plasma controls,
(4) two cryopreservative controls, and (5) two smear con-
trols. Control groups 1-4 were treated identically to the
patient group apart from omission of the cervical smears.
To identify the exact stimuli of the LR the controls in
groups 2—4 were each treated with a separate component
of frozen semen samples, which were “pure sperm,” sem-
inal plasma, and cryopreservative, respectively. To assess
the contribution of cervical smearing to the LR, the
women in group 5 did not receive treatment.

“Pure Spermatozoal” Preparation

The pure spermatozoal populations were prepared on
a discontinuous Percoll gradient according to the method

Leukocytes in millions/ml cervical mucus
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Fig.2. The control group cervical mucus leukocyte data expressed as
mean numbers of leukocytes per ml of cervical mucus. ® = nonsmear
controls; O = seminal plasma controls; 8 = egg-yolk glycerol controls;
O = “pure sperm” controls.

of Kessopoulou et al.'! The 80% fraction, containing the
motile sperm population, was used for treatment follow-
ing washing for 10 min at 500g in Earles/bovine serum
albumin medium (3 mg/ml BSA).

LH Measurement

Venous blood samples were obtained from each patient
during the morning visit to the clinic, while the patients
sampled their own blood in the evening using an autolet.
The evening blood sample was returned to clinic at the
next morning’s visit. The two blood samples were assayed
daily for LH concentration using a commercially avail-
able immunoradiometric assay (Maiaclone, Serono Diag-
nostics Ltd., Herts, UK.; Assay sensitivity 0.15 U/L; inter-
and intraassay coefficients of variation 3.9% and 1.6%,
respectively).



TABLE II. The Individual Cervical Mucus Leukocyte Data of
Three Women (Patients 1, 2, and 5) in the Patient Group
INlustrating the Individual Variation in the Onset, Intensity, and
Duration of the LR?

Patient T=0 T=20min T=4h T=24h
Total 1 6.75 39.30 63.00 29.00
Leukocytes 2 1.75 22.00 44.00 7.00
5 1.00 7.20 24.00 5.30
1 3.75 31.00 42.50 21.00
Neutrophils 2 1.00 16.00 38.50 5.25
5 1.25 6.50 22.00 4.50
1 0.75 1.95 4.50 2.0
Macrophages 2 NDb 0.38 0.38 0.38
5 ND ND 0.75 0.25
T-helper 1 0.75 1.90 4.50 3.50
cells 2 0.25 0.75 1.52 1.25
5 0.25 0.25 1.00 0.75
T-suppressor 1 0.75 1.10 4.00 1.50
cytotoxic 2 ND ND 0.38 0.75
cells 5 ND ND 0.25 ND

sLeukocytes are expressed X 10%/ml of cervical mucus.
PND = not detected.

Cervical Sampling

CM was sampled as outlined previously.” CS was per-
formed following CM extraction by rotating an Ayres
wooden spatula around the undocervix twice. The first
rotation removed a dead cell layer, while the second rota-
tion removed a living cell layer. Each CS was spread
evenly and thinly over poly-l-lysine-coated slides using
a coverslip. The slides were stored at —20°C for subse-
quent immunocytochemical staining.

Monoclonal Antibody Cell Identification Techniques
Immunobead cell selection assay

For reasons described previously immunocytochemi-
cal staining of the CM leukocyte populations proved an
unsatisfactory method of leukocyte quantification.”
Instead immunobead cell selection assays were performed
on each CM sample; for details see Thompson et al.”

Immunocytochemical staining

Cervical smears were retrieved from storage at —20°C
and left to thaw at room temperature. The slides were
fixed and stained using the Alkaline Phosphatase Anti-
Alkaline Phosphatase (APAAP) E)rocedure according to
the method of Kessopoulou et al.'! Each cervical smear
was stained for total leukocytes, neutrophils, macro-
phages, and T lymphocytes. Positive and negative periph-
eral blood leukocyte controls were included in each
staining procedure to control for MAb specificities and
nonspecific binding/staining.

The slides were examined under bright field illumina-
tion (Leitz Laborlux, Wetslar, Germany) at X 400 magnifi-
cation. Positively stained leukocytes were identified by red
peripheral membranes and blue counterstained nuclei
and these were quantitated per 100 squamous cells,
according to the method of Pandya and Cohen.® As coef-
ficients of variation of < 3% were achieved when reading
the same area on a slide 10 times, the slides were subse-
quently read twice only, from which average values of
leukocytes were calculated.
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Statistical Analysis

The amount of time spent by each patient on the trial
was dictated by menstrual cycle length. To enable stan-
dard statistical analyses to be performed on the data the
study was split into two periods: (1) the baseline period,
which incorporated the first two days of baseline data,
and (2) the treatment period, which incorporated the t
= 0—t = 24-h data. As the LR was subject to interpatient
variation in terms of time of onset, intensity, and dura-
tion, it was only feasible to use descriptive statistics for
most of these data, i.e., means, standard errors, medians,
and minimum and maximum values. Where statistically
appropriate, the data, which was nonparametric, was anal-
yzed using the Mann-Whitney U test, the Wilcoxon signed-
rank test, and the Spearmans rank correlation test.

RESULTS

The patients’ CM leukocyte data are illustrated in Fig-
ure 1 as median numbers of leukocytes with minimum
and maximum values. While each of the positive con-
trols (both peripheral blood and CM leukocytes) run
through the immunobead cell selection assay was anti-
gen specific, none of the negative controls was specific
to any of the primary MADb tested (data not shown). An
average cell retrieval rate of 73.8% *+ 1.59% (mean = SE)
was determined for the assay and, where statistically
appropriate, coefficients of variation were calculated and
were < 5%. Over the baseline period the neutrophil was
the predominant leukocyte of the CM (median value
77%), while concentrations of macrophages, T-helper
cells, and T-suppressor/cytotoxic cells were low (median
values 8.25%, 10.5%, and 3.68%, respectively). A char-
acteristic increase in leukocytes was observed in the day
1, 1600-h CM sample, which in some patients contin-
ued into the day 2, 0900-h sample (see maximum values
at this sampling point). The increase corresponded to the
CS given during the day 1, 0900-h visit and was not seen
in the nonsmear control data (Fig. 2) where stable lev-

No of leukocytes per 100 squames

5 f p=0.05
0.5 l T
.
0.05 E 1
0'005 L 1 i 1 1
baseline t=0 t=4 h t=24 h

Sampling Points

Fig. 3. Patient group cervical smear leukocyte data expressed as
median ratios of leukocytes per 100 squamous cells with minimum and
maximum values. ® = smear control leukocyte data expressed as mean
ratios of leukocytes per 100 squames. Squame = squamous cell.



88 THOMPSON ET AL.

els of leukocytes were seen throughout the baseline period.
Like the patient group data, the neutrophil comprised
the predominant cell type of this control group (mean
value 83%).

Following insemination at t = 0 an elevation in leu-
kocytes (the LR) was observed throughout the patient
group, which occurred as rapidly as 20 min in some
patients. Significantly more leukocytes (P = <0.05) were
detected in the t = 4-h and t = 24-h patients’ CM sam-
ples in comparison to their t = 0 samples. Concentra-
tions of leukocyte either peaked at 4 h postinsemination
or remained elevated at 24 h postinsemination (Fig. 1).
Throughout the treatment period the neutrophil remained
the predominant leukocyte of the patients’ CM (median
value 86%) while the numbers of macrophages, T-helper
cells, and T-suppressor cells were low (median values
3.5%, 4.35%, and 3.4%, respectively). Table II shows the
CM leukocyte data of three women in the patient group
and demonstrates the individual variation in this response.
A similar pattern was also observed in the nonsmear con-
trol group (Fig. 2), although the increase in leukocytes
was not as marked as those of the patient group. Like
the patient group the neutrophil was the principle leu-
kocyte of the CM in all the control groups (median
value 85%).

The “pure sperm” and seminal plasma control data con-
firm that the LR is initiated in response to sperm alone
(Fig. 2). Neither the egg-yolk glycerol nor the seminal
plasma controls elicited LRs to the different treatment
regimes. A slight elevation in leukocytes was observed
in the t = 24-h CM samples of the seminal plasma con-
trols and the t = 4-h CM samples of the egg-yolk glyc-
erol medium controls. However these elevations were
probably due to cervical traumatization as a result of
repeated CM sampling and did not follow the trend of
the sperm-elicited LRs.

Figure 3 shows the patient group CS data as median
ratios of leukocytes per 100 squamous cells. While each
of the positive control slides run through the APAAP
staining regime were highly specific, no positively stained

TABLE III. The Individual Cervical Smear Leukocyte Data of
Three Women (Patients 1, 2, and 5) in the Patient Group
Illustrating the Individual Variation in the Initial Levels of
Leukocytes and the Onset, Duration, and Intensity

of the LR®*

T=0 T=4h T =24h
Total 1 0.10 0.37 0.01
leukocytes 2 0.39 2.175 3.165
5 0.535 0.53 0.22
1 0.075 0.305 0.025
Neutrophils 2 0.26 2.229 3.155
5 0.505 0.585 0.24
1 0.01 0.01 NDP
Macrophages 2 0.02 0.01 0.055
5 ND 0.005 0.005
1 0.015 0.01 0.005
T cells 2 ND ND 0.025
5 ND ND 0.02

*Leukocytes are expressed as ratios per 100 squamous cells.
°ND = not detected.

cells were detected on the negative control slides. A high
level of interpatient variation is seen in the patient CS
data; for example, the baseline ratios of leukocytes ranged
from 0.03 to 1.544. Whereas some patients had high base-
line levels of leukocytes, others had low levels. The pat-
tern of the LR varied according to the initial levels of
leukocytes detected in the baseline smears. Those patients
with high baseline levels of leukocytes showed little
increase in leukocytes over the treatment period, while
those patients with low baseline levels of leukocytes
showed a marked increase in leukocytes, which either
peaked at t = 4 h or remained elevated att = 24 h
postinsemination. As with the CM samples, the neutro-
phil comprised the predominant leukocyte of the CS both
during the baseline and treatment periods (median value
79%). Again the levels of macrophages and T cells were
low (median values 8.4% and 2%, respectively). Table III
shows the individual CS leukocyte data of three women
in the patient group, illustrating the huge variation of
leukocytes in the pretreatment CSs and the individual
variation of this response. The smear control data in Fig.
3 show how intense smearing of the cervix over a 24-h
period causes local inflammation of the cervix.

Spermatozoa were rarely observed in the postinsemi-
nation cervical samples; however of those seen, the major-
ity of sightings occurred in the t = 20 min cervical mucus
samples. No correlation was found between the inten-
sity of the LR and the density of spermatozoa in each
inseminate sample (P = 0.684).

Three women became pregnant (two patients and one
control) during their study cycles. Pregnancy outcome
was not, however, correlated with the intensity of the LR
(P = 0.13).

DISCUSSION

These data confirm that the LR is a physiological
response of the human cervix, whose stimuli is specific-
ally sperm.® This study accurately documents the leu-
kocytic events occurring at the cervix before and after
the introduction of sperm cells, seminal plasma, and
cryopreservative medium. Only those women treated with
sperm elicited LRs, which varied in terms of onset, dura-
tion, and intensity. Consistent with other studies the neu-
trophil was the predominant leukocyte at the cervix, both
before and after the introduction of sperm cells®!2
(median values 77% and 86%, respectively). These find-
ings lead us to speculate a dual role exists for this cell
at the cervix: (1) nonspecific protection of the upper repro-
ductive tract against bacterial intrusion, and (2) phago-
cytosis of the nonviable/nonfertilizing sperm populations
left at the cervix.

The levels of mononuclear cells (macrophages, T-helper
cells, and T-suppressor cells) detected in this study were
low, but were considerably higher than those previously
reported by Pandya and Cohen.’ The present data empha-
size the need for conventional methods of cervical leu-
kocyte staining to be reassessed.”

In our last study’ we considered the contribution of
seminal leukocytes to the LR, as it is well known that
all semen samples contain leukocytes, predominantly
neutrophils.’! Seminal leukocytes were not found, how-
ever, to contribute to the LR, because significantly more
leukocytes were isolated in the t = 24-h postinsemination



cervical mucus samples than were introduced at the cer-
vix during insemination (P = 0.000). The present study
further supports these findings. The control patients
treated with sperm alone, i.e., samples not containing
seminal leukocytes, elicited LRs comparable to the
patient group, clearly demonstrating that seminal leu-
kocytes are not significant contributors to the LR.

In an attempt to closely mimic the initial work of
Pandya and Cohen on the human LR,’ the leukocytes in
our CSs were quantitated per 100 squamous cells.
Although little to no variation in squamous cell num-
bers was observed throughout the sampling periods, we
found this method of leukocyte sampling unsatisfactory.
Two fundamental problems were encountered with this
technique. First, as illustrated by our control data, intense
smearing of the cervix over a short period of time induced
an inflammatory response, which made interpretation
of the LR difficult. Since CM sampling does not have the
associated traumatization of cervical scraping (Fig. 2)
we recommend that future studies on the LR employ this
method of leukocyte sampling. Second, enumeration of
the CS was highly subjective. Because many of the cell
smears were two to three layers thick, areas of one cell
layer thickness had to be selected for quantification. The
CS data therefore only represents a proportion of the
actual cell numbers involved in the LR.

Three women became pregnant in this study follow-
ing CM aspirations 20 min postinsemination, which reit-
erates the fact that the fertilizing populations of sperm
will penetrate through the cervical os within minutes
of introduction. Presumably these spermatozoa bypass
the LR. However, if the human uterine environment is
similar to that of many other mammalian species, the
LR will extend into it.'*!2 The fertilizing population of
spermatozoa would require mechanisms of protection from
the LR, particularly if spermatozoa storage occurs in the
uterine cavity. Whether such sperm are equipped with anti-
phagocytic mechanisms needs to be addressed, as do sperm
storage and leukocyte infiltration into the uterine cavity.

In conclusion, the human LR is a physiological phe-
nomenon whose stimuli is specifically sperm. Neutro-
phils are the predominant leukocyte involved in this
response. What now needs to be established is the func-
tion of the LR and whether it is a prerequisite for natu-
ral fertilization in vivo.

HUMAN CERVICAL LEUKOCYTIC REACTION 89

ACKNOWLEDGMENTS

The authors would like to thank the nursing staff, lab-
oratory staff and clinicians of the University Research
clinic for their great support and cooperation with this
study. Special thanks are extended to Antonio Mackenna,
Alistair Warren, Mathew Tomlinson, and Effrosini Kes-
sopoulou.

This work was supported by a Serono clinical trial
scholarship.

REFERENCES

1. Barratt CLR, Bolton AE, Cooke ID. Functional significance of white
blood cells in the male and female reproductive tract. Hum Reprod.
1990; 5:639-648.

2. Cohen J. Immunological aspects of sperm selection and transport.
In: Crighton DB ed. Immunological aspects of reproduction in mam-
mals. London: Butterworths, 1984:77—-89.

3. Sinosich MJ, Saunders DM. Potential role of pregnancy associated
plasma protein A in human reproduction. J Reprod Immunol. 1987;
10:724-727.

4. Soupart P. Leukocytes and sperm capacitation in the rabbit uterus.
Fertil Steril. 1970; 21:724-756.

5. Pandya IJ, Cohen J. The leukocytic reaction of the human uterine
cervix to spermatozoa. Fertil Steril. 1985; 70:71-77.

6. Thompson LA, Barratt CLR, Bolton AE, Cooke ID. The leukocytic
reaction of the human uterine cervix. J Reprod Fertil. July 1990;
Abstract series 6: No 61.

7. Thompson LA, Tomlinson MdJ, Barratt CLR, Bolton AE, Cooke ID.
Positive immunoselection—A method of isolating leukocytes from
leukocytic reacted cervical mucus samples. Am J Reprod Immunol.
1991; 26:58-61.

8. Katz DF, Morales P, Samuels SJ, Overstreet JW. Mechanisms of
filtration of morphologically abnormal human sperm by cervical
mucus. Fertil Steril. 1990; 54:513-516.

9. Nulsen J, Wheeler C, Ausmanas M, Blasco L. Cervical mucus
changes in relationship to urinary luteinizing hormone. Fertil Steril.
1987; 48:783--786.

10. Barratt CLR, Monteire EF, Chauhan M, Cooke S, Cooke ID.
Screening donors for sexually transmitted diseases in donor
insemination clinics in the UK: A survey. Br J Obstet Gynae-
col. 1989; 96:461-466.

11. Kessopoulou E, Tomlinson MdJ, Barratt CLR, Bolton AE, Cooke ID.
Origin of reactive oxygen species in human semen: Spermatozoa
or leukocytes? J Reprod Fertil. 1992; 94:463—-470.

12. Marcus SL. Influence on ovarian hormones on the leukocytic
response to spermatozoa in the uterus of the golden hamster. Fertil
Steril. 1966; 17:212-220.

13. Brinsfield MV, Clark CF, Gerich V, Hawk H. Disappearance
and phagocytosis of sperm in sheep uteri. J Anim Sci. 1970;
31:218-222.



Paper 5:

Williams M, Thompson LA, Li TC, Mackenna A, Barratt CL, Cooke ID. Uterine flushing: a

method to recover spermatozoa and leukocytes. Hum Reprod. 1993b 8:925-8.



Human Reproduction vol.8 no.6 pp.925-928, 1993

Uterine flushing: a method to recover spermatozoa and

leukocytes

M. Williams'?, L.A.Thompson?, T.C.L{,
A.Mackenna*, C.L.R.Barratt’ and I.D.Cooke?

2University of Sheffield, Department of Obstetrics and
Gynaecology, Jessop Hospital for Women, Sheffield S3 7RE,
3Jessop Hospital for Women, Sheffield S3 7RE, UK and *Unit of
Reproductive Medicine, Department of Obstetrics and Gynaecology,
Clinica Las Condes, Lo Fontecilla 441, Santiago, Chile

'To whom correspondence should be addressed

The process of sperm transport from the cervix, where a
leukocytic reaction is initiated, through the uterus to gain
access to the site of fertilization is very poorly understood.
This preliminary study was designed to utilize a uterine
flushing technique to determine firstly, the number of
spermatozoa that can be recovered from the uterine cavity
at 4 h post-insemination, around the time of ovulation, and
secondly, to establish whether the spermatozoa initiate a
leukocytic response while present. Uterine flushing was
carried out in 10 potentially fertile women at 4 h post-
insemination with donor semen, 24—36 h after the onset of
the luteinizing hormone (LH) surge. The flush fluid was
analysed for the numbers of spermatozoa and leukocytes
present. In 8/10 women spermatozoa were retrieved from the
uterus, in consistently low numbers (median 46, range
3—415). In 5/5 women leukocytes were recovered (median,
2.75 x 10%/1, range 2.0 x 103—12.7 x 10%/) from an origin
other than peripheral blood contamination. These results
suggest firstly that the flushing technique was a consistent
method for retrieving spermatozoa and leukocytes from the
uterine cavity, secondly that only low numbers of spermatozoa
can be retrieved on flushing and thirdly that the leukocytic
reaction to spermatozoa extends to the uterine cavity.

Key words: human uterine flushing/leukocytic reaction/sper-
matozoa

Introduction

Sperm transport through, and interaction with, the uterine cavi-
ty and its environment is poorly understood (Barratt and Cooke,
1991). This is primarily due to the ethical and logistical problems
of working with humans, and the technical difficulties associated
with retrieving the contents of the uterus (Mortimer and
Templeton, 1982). In humans it is known that sperm progression
from the vagina into cervical mucus elicits a leukocytic reaction
(Thompson ez al., 1991). Subsequent progression of spermato-
zoa from the cervix to the oviducts (Williams ez al., 1992) and
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the peritoneal cavity (Ramsewak et al., 1990) has been
demonstrated, but in very low numbers. The role of the uterus
in the overall process of sperm transport has largely been ignored
and needs to be addressed.

From work in mammals it is known that sperm storage occurs
within uterine glands (bats and guinea-pigs; Austin, 1960),
synergistic interaction between the uterine and tubal environments
prepare spermatozoa for fertilization (Hunter and Hall, 1974; Seki
et al., 1992), and following the passage of spermatozoa into the
uterus, an influx of leukocytes is initiated (Soupart, 1970).
Although phagocytosis of spermatozoa has been observed (goats,
cattle and rabbits; Cohen, 1984), the exact function of the
leukocytic reaction remains unclear.

Work in humans has shown that spermatozoa can be retrieved
from the uterine cavity but the techniques used have been
unreliable and information on the numbers present is variable
(Moyer et al., 1970; Mortimer and Templeton, 1982). No
information is as yet available on the functional status of
spermatozoa recovered from the uterus. At present it is not known
whether the leukocytic reaction, as seen at the cervix (Thompson
et al., 1992), extends into the uterine cavity.

From the lack of information in humans and the limitations
of the animal model, it is important that a reliable technique for
flushing the uterus should be developed, to facilitate investiga-
tion of the spermatozoa and leukocytes present. In this study we
utilized a flushing technique to quantify the numbers of
spermatozoa and leukocytes that could be retrieved from the
uterine cavity 4 h after cervical insemination, at around the time
of ovulation. The study was designed to quantify the spermatozoa
that could be recovered, not to assess their functional status, with
a view to future development of the technique allowing such
assessment.

Materials and methods

Patient recruitment

A group of 10 women routinely attending the University Research
Clinic, Jessop Hospital for Women, Sheffield, UK, for donor
insemination treatment were recruited to this study. Prior to
recruitment, the study and its implications were explained to each
patient and a consent form signed. The women had normal
ovulatory cycles, as indicated by previously normal hormonal
profiles, and had no pathological history, from which they were
presumed to be potentially fertile (Chauhan er al., 1989). The
median number of previous donor insemination cycles per patient
group was 3.5 (range 0—9). The women were asked to abstain
from sexual intercourse during the study period.
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Two additional women were recruited to the trial, as controls,
to determine the numbers of leukocytes present in the uterus at
the time of the onset of the luteinizing hormone (LH) surge,
i.e. prior to insemination. Their recruitment, flushing and
leukocyte assessment were carried out as described for the patient
group. Donor insemination was performed on these women after
flushing rather than before.

Three women attending the Jessop Hospital for Women
radiology department for assessment of tubal patency by
hysterosalpingogram (HSG) during the first 10 days of their cycle,
were investigated for uterine volume; this was to determine
whether, during flushing, any of the flush fluid was expelled into
the Fallopian tubes. The HSGs were carried out using a Foley
catheter, positioned as described for the uterine flushings (see
below). The volume of the fluid required to fill the Foley catheter
and uterine cavity without spillage to the Fallopian tubes and
peritoneal cavity was measured. All three women were shown
to have patent Fallopian tubes.

LH timing and insemination

Each patient attended clinic in the morning from day 10 of her
cycle for daily LH assessment by either blood or urine sampling.
The patient also collected blood (finger prick, Autolet) or urine
samples in the evenings, to ensure accurate identification of the
onset of the LH surge (Nulsen et al., 1987). Inseminations were
performed between 24—36 h of the onset of the LH surge.
Patients were inseminated into the endocervix with 0.5 ml of
donor semen (Barratt et al., 1990) and were treated with a median
number of 4.65 X 10° motile spermatozoa (range 0.18—13.10
X 10°). Each patient has previously been assigned a suitable
donor prior to recruitment to the trial and it was therefore not
possible to standardize insemination using a single donor. The
large range in number of motile spermatozoa inseminated was
a result of standardizing the volume of semen inseminated and
the variability of sperm concentration between the donors assigned
to each patient. The volume of inseminate was standardized at
0.5 mi in keeping with the method used routinely within our
donor insemination clinic. It was hoped that it would be possible
to relate the variation in the number of motile spermatozoa
inseminated to the variation in numbers of spermatozoa and
leukocytes retrieved from the uterine cavity.

Uterine flushing

All uterine flushings were carried out at the University Research
Clinic, on an out-patient basis. Flushing took place 4-h post-
insemination. A period of 4 h ensured enough time for
spermatozoa to penetrate through the cervical mucus, distribute
throughout the tract and stimulate the leukocytic reaction
(Thompson et al., 1992). A bivalve speculum was inserted into
the vagina to visualize the cervix. The cervical mucus was
carefully and thoroughly removed from the os using a sampling
syringe; in this way, any spermatozoa and leukocytes present
in the cervical mucus were removed and contamination of the
flush was thus prevented. The cervix was then cleaned with
physiological saline. The flushing was carried out according to
the method described by Li er al. (1992) with minor modifica-
tions. A size 8 Foley paediatric catheter (Rusch, UK) was passed
through the cervix into the uterus, taking care to prevent uterine
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contamination with cervical contents. The Foley balloon was then
inflated with 1 ml of physiological saline to hold the catheter in
place. Two ml of physiological saline was slowly loaded through
the Foley catheter and into the uterine cavity, left for ~30 s and
withdrawn using gentle suction. The flushing procedure was
repeated with the same fluid to ensure thorough washing of the
uterine cavity. The volume of flush fluid retrieved was recorded,
along with visual assessment of mucus contamination.

Sperm assessment

An aliquot of the cervical mucus sample was spread onto a glass
slide, air-dried, fixed, stained (Papanicolaou, Department of
Cytology, Jessop Hosptial for Women) and examined for the
number of spermatozoa/10 high power fields (h.p.f.) (X400
magnification, bright field, Leitz Laborlux S). The flushing
sample was centrifuged at 2869 g (4000 r.p.m.) for 30 min to
recover as high a percentage of spermatozoa and leukocytes as
possible, while maintaining cell morphology (M.Williams and
L.A.Thompson, unpublished observations). This high spin speed
may have affected sperm function but the primary aim of the
study was to quantify spermatozoa and not to measure their func-
tional status. A 2 ml control solution of known sperm concen-
tration was treated identically to each flushing sample to enable
determination of the sperm retrieval efficiency rate by centrifuga-
tion for each patient. The flush and control pellets were each
resuspended into known volumes of phosphate-buffered
saline/human serum albumin (PBS/HSA) medium. A 10 gl ali-
quot of the flush solution was examined (X400 magnification,
phase contrast) for sperm content. A further eight 10 ul aliquots
of the flush sample were stained using the modified alkaline
phosphatase —anti alkaline phosphatase (APAAP) procedure
(Tomlinson ez al., 1992). The number of spermatozoa present
was recorded (X400 magnification, bright field microscopy).
Four 10 ul aliquots of the control solution were stained as describ-
ed for the flush sample. Since the total resuspension volume was
known, the total number of spermatozoa present in the uterine
flush fluid could be calculated.

Leukocyte assessment

The existence of minimal blood contamination within the flush
meant it was necessary to determine whether or not the leukocytes
in the flushing originated from peripheral blood contamination
and/or another source. Prior to flushing the uterus a venous blood
sample was taken from the patient. After the flushing procedure
the flush and blood samples were analysed for whole blood cell
count (Haematology Department, Jessop Hospital for Women,;
Coulter counter, Model S-Plus, Coulter Electronics Inc., FL,
USA). Calculation of the ratio of the haemoglobin concentra-
tion in the two samples (blood haemoglobin/flush haemoglobin)
enabled a dilution factor (DF) to be determined. Using this DF,
along with the concentration of leukocytes in the peripheral blood
([Lk}p, the concentration of leukocytes in the flush ({Lk]g) and
the background detection level of the counter (BG), the actual
concentration of leukocytes in the flush from a source other than
peripheral blood contamination ([Lk],s) was determined as
follows:

[Lklas = [Lk]g — ((Lk]w/DF) — BG



Statistics

The data were non-parametric and were therefore analysed using
the Spearman’s rank correlation coefficient on a PC with SPSS
software. Correlations were determined between the number of
spermatozoa flushed from the uterus and: (i) the number of
spermatozoa inseminated, (ii) the number of leukocytes
recovered, and (iii) the number of spermatozoa in the cervical
mucus. P-values of =0.05 were considered to be statistically
significant.

Results

The uterine flushing technique recovered spermatozoa from 8/10
of the women and leukocytes from 5/5 of the women (Table I).
The fluid volume of 2 ml used during the flushing procedure
was shown at HSG to fill the dead space of the Foley catheter
with 1 ml and the uterus with a further 1 ml. Volumes of >1 ml
were required to flush fluid from the uterus to the Fallopian tubes
and peritoneal cavity during HSG. The median number of
spermatozoa recovered, after correction for each individual
centrifugation efficiency, was 43.5 (range 0—415) (prior to
correction median 32.5, range 0—60). Spermatozoa were never
observed within the wet film preparation. The numbers of
spermatozoa recovered by flushing were not found to be
significantly related to the number of motile spermatozoa
inseminated. Spermatozoa were observed in the mucus of all 10
women (median 4/10 h.p.f., range 1—14/10 h.p.f.) but there
was no significant relationship between the number present in
the mucus and the number flushed from the uterine cavity. The
median number of leukocytes recovered on flushing, originating
from a source other than peripheral blood contamination, was
2.75 x 10%1 (range 2.00—12.70 X 10%/1). The control flush-
ings contained numbers of leukocytes that were lower than the
background detection levels of the Coulter counter. There was
no significant correlation between the concentration of leukocytes
recovered on flushing and the number of spermatozoa inseminated
or recovered.

The flushing technique consistently recovered =85% of the
flush fluid (10/10 women) with minimal discomfort and

Table 1. Spermatozoa and leukocyte recovery from the uterus 4 h post-
insemination

Patient ~ Motile Counted Corrected Leukocyte®
spermatozoa®  spermatozoa/  spermatozoa/  concentration
x10° flush flush x 10811
1 0.46 2 3 ND
2 4.25 0 0 ND
3 1.93 25 42 ND
4 0.18 0 0 ND
5 4.80 4 7 ND
6 13.10 47 74 2.00
7 4.50 54 415 2.00
8 9.60 40 47 2.75
9 8.72 40 45 12.70
10 5.80 60 136 8.21

2Number of motile spermatozoa inseminated.
Leukocytes from source other than blood contamination.
ND = not determined.

Sperm and leukocyte recovery from the uterus

inconvenience to the patient. Cervical mucus contamination was
not observed on visual examination of each flush fluid.

Discussion

This is the first study to describe a consistent technique for
recovering spermatozoa and leukocytes from the human uterine
cavity, timed to within 24 h of ovulation. Furthermore, these
data are the first to suggest that the human leukocytic reaction
to spermatozoa extends into the uterine cavity.

Previous attempts to retrieve spermatozoa from the uterine
cavity have been inconsistent in their technical success (Moyer
et al., 1970; Mortimer and Templeton, 1982), with the number
of spermatozoa recovered ranging from one to four (Moyer et
al., 1970) to 68—21 083 (Mortimer and Templeton, 1982).
Problems were encountered with both mucus contamination and
leakage through the cervix. These two studies are therefore
inconclusive due to their inconsistencies. The present study
employed a flushing technique which produced no mucus
contamination of the flush and reliably recovered a high
percentage of the flush volume, without leakage at the cervix,
or loss to the Fallopian tubes and peritoneal cavity. Lack of mucus
contamination within the flush suggested that our method of
sampling the uterus by-passed the cervix, providing us with a
uterine population of spermatozoa and leukocytes. This is
substantiated by the very low numbers of spermatozoa recovered
by flushing.

Retrospectively, no significant correlation existed between the
number of motile spermatozoa inseminated and the number
recovered from the uterine cavity, and thus the range of
spermatozoa inseminated did not affect the study outcome. The
range of sperm numbers recovered was much smaller than that
shown by Mortimer and Templeton (1982), with greater similarity
to the numbers recovered by Moyer et al. (1970). The low
numbers of spermatozoa flushed from the uterus in this study
may have been due to one or more of the following factors.
Firstly, around the time of ovulation the uterus does not act as
a storage site for spermatozoa and therefore very few were
present. This is supported by the evidence that very low numbers
of spermatozoa achieve access beyond the uterus to the Fallopian
tubes (Williams et al., 1992). Secondly, sperm epithelial
attachment or storage in uterine crypts may have occurred, as
seen in the oviducts of other animal species (Austin, 1960; Barratt
and Cooke, 1991). Thus our flushing technique may not have
been rigorous enough to dislodge those spermatozoa atiached or
stored. Most of the flush fluid was not displaced into the Fallopian
tubes or peritoneal cavity, as >85% of the flushing fluid was
recovered in all cases, and the HSGs showed the volume of fluid
used did not enter the Fallopian tubes. Lastly, sperm numbers
may have been considerably reduced by phagocytosis, in view
of the large numbers of leukocytes retrieved. Indeed phagocytosis
of spermatozoa has been shown to occur in the uteri of many
other mammals (Howe, 1967).

Previous work has shown that the leukocytic reaction occurs
at the cervix within 4 h of insemination (Thompson et al., 1992).
This enabled us to speculate that a similar time course may occur
in the uterus. The results would suggest that the infiltration of
leukocytes into the uterine lumen occurs within 4 h of insemina-
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tion, and is not brought about by the flushing procedure itself.
The leukocyte population recovered was almost certainly uterine
in origin as the cervix was cleared prior to flushing and there
was no evidence of cervical contamination both visually and from
the number of spermatozoa retrieved. No significant correlation
existed between the number of motile spermatozoa inseminated
and the number of leukocytes retrieved, again providing evidence
that our results were not affected by the range in number of motile
spermatozoa inseminated.

The function of a leukocytic reaction within the uterus remains
to be established but it may play a role in non-specific phago-
cytosis of non-viable or antigenically challenging spermatozoa
and/or removal of bacterial contamination introduced during
coitus (Moyer et al., 1970). Other functions ascribed to the
leukocytic reaction, such as induction of sperm capacitation
(Soupart, 1970), should also be addressed.

This preliminary study indicates that our flushing technique
was a quick and consistent method of sampling the uterine
contents. Flushings were performed on an out-patient basis, were
minimally invasive, and gave little inconvenience and discomfort
to the patient. No pregnancies were achieved in this patient group,
but little can be inferred from this due to the small size of the
group. All patients were advised prior to recruitment that the
procedure may reduce their chances of pregnancy during the
study cycle. We are currently adapting our flushing technique
to assess its efficiency of sperm recovery, and to utilize different
timings and patient groups to enable determination of the role
played by the uterus and the leukocytic reaction in the process
of sperm transport. We are also aiming to develop the technique
to allow concurrent assessment of sperm functional status, thus
enabling determination of whether those spermatozoa recovered
are a functional or dysfunctional population.
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Objective: To determine the predictive value of quantitative motility characteristics produced
by the Hamilton Thorn Motility (HTM) Analyzer (Hamilton Thorn Research, Beverley, MA) for
in vivo conception.

Design: A prospective analysis of 222 couples attending a regional infertility clinic. The measure-
ments were made on a semen sample, and the presence or absence of a treatment-independent
conception up to 22 months later was determined. The semen variables were then correlated to
conception.

Setting: University based center for reproductive medicine.

Patients, Participants: The presence or absence of an in vivo conception was recorded in 222
couples in whom the influence on fertility of the female partner was minimized, i.e., normal in
terms of history and examination, a regular menstrual cycle, ovulatory (midluteal serum P >18
nmol/L [5.6 ng/mL]), and the outcome of the hysterosalpingogram was normal. The median fol-

low-up time was 13 months (range, 5 to 22 months).

Interventions: None.
Main OQutcome Measure: Pregnancy.

Results: A number of variables were significantly related to time to conception. When a forward
stepwise analysis was performed, the total number of spermatozoa was selected on the first step,
and average path velocity was selected on the second step. No other variables were selected. The
final variables consisted of the total number of spermatozoa and average path velocity.

Conclusion: The measurement of quantitative motility and sperm number using a HTM Ana-

lyser is of clinical value.

Fertil Steril 1993;60:520-5
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Recently, several large prospective studies have
shown that the subjective measurement of sperm
motility is of significant prognostic value for deter-
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mining in vivo fertility (1, 2). Several other studies
using intracervical donor insemination also em-
phasize the importance of subjective sperm motility
for fertility (3). These results have encouraged the
determination of the diagnostic potential of com-
puter-aided sperm analysis (CASA) instruments
because these provide rapid quantitative data with
reduced technical error when using appropriate
controls (4). However, despite the widespread use
of CASA in many infertility laboratories, the pre-
dictive value of the sperm movement characteris-
tics produced by such instruments for determining
conception in vivo has not yet been determined in a
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prospective trial. A prospective study is the most
appropriate method to determine the clinical value
of such characteristics and the accumulation of this
data is essential if the clinical value of these sys-
tems is to be realized (1, 5-7).

Interestingly, there are now clinical data showing
that the measurement of sperm movement charac-
teristics, using a variety of quantitative techniques,
is of significant value in determining the fertilizing
potential of a semen sample for IVF (8, 9). For ex-
ample, Liu and colleagues (9) examined sperm
movement characteristics using a Hamilton Thorn
Motility (HTM) Analyzer (Hamilton Thorn, Be-
verley, MA) and related these characteristics to
IVF-ET success in 108 patients. Using logistic re-
gression analysis, linearity (LIN) in semen was posi-
tively correlated, and the percentage of sperm with
an average path velocity (VAP) between 10 and 20
um/s in the insemination medium negatively corre-
lated to IVF rates (9). They concluded that the ob-
jective measurement of the motility characteristic
by the HT'M Analyzer was clearly superior to man-
ual methods of motility analysis and that such mea-
surements provided predictive information for IVF.

There are several studies that have determined
the clinical value of quantitative motility measure-
ments using a donor insemination population.
These data suggest that the use of CASA tech-
niques will be of clinical value. For example, Holt
and colleagues (10) using a semiautomated com-
puter system showed that the mean sperm velocity
was significantly higher in donor ejaculates that
achieved a conception compared with those that did
not. This confirmed an earlier smaller study by Ir-
vine and Aitken (11) who used time exposure pho-
tography to show that the concentration of motile
cells inseminated and their mean velocity were posi-
tively correlated to pregnancy. Data from motion
characteristics, analyzed using the Cell Soft system
on frozen-thawed bull semen shortly after thawing
demonstrated a significant correlation between per-
centage of motile spermatozoa, curvilinear velocity
(VCL), lateral head displacement (ALH), straight
line velocity (VSL), and fertility (12). A combina-
tion of these motion characteristics accounted for
>88% of the variation in the competitive fertility
index.

A very recent retrospective analysis of 1,147 in-
trauterine cycles of insemination with frozen-
thawed donor spermatozoa in 191 women examined
the predictive value for fertility of the Cell Trak/s
system (Motion Analysis Corporation, Santa Rosa,
CA) (13). Sperm concentration and percent motil-
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ity were analyzed by a manual method. Using multi-
ple hazards regression, the total number of motile
sperm inseminated demonstrated the best associa-
tion with fertile outcome (P < 0.003). Only the ad-
dition of VCL of the inseminating sperm added to
the predictive value of the model. This study is the
only one on a large group of patients that addressed
the diagnostic value of CASA systems for in vivo
conception. The relevance of these measurements
to the examination of semen samples in couples at-
tending for infertility investigations is difficult to
assess because the semen examined was from
highly selected donors, and all inseminations were
intrauterine. To determine the predictive value of
quantitative motility measurements for determin-
ing time to conception, we examined the semen
characteristics of men attending our infertility
clinic using a HTM Analyzer and followed up the
patients to determine whether they achieved a spon-
taneous conception.

MATERIALS AND METHODS

Patients

A prospective study was undertaken of subjects
referred for the investigation of subfertility be-
tween April 1990 and January 1992. Couples were
investigated according to the World Health Organ-
isation protocol for the management of the infertile
couple (unpublished data). Couples with a clinical
diagnosis of sexual dysfunction in either partner or
ejaculatory dysfunction in the male partner were
excluded from this study because the relative con-
tribution of semen parameters in these couples
would have been impossible to estimate. Men with
azoospermia were excluded from the analysis. To
assess the predictive value of semen parameters,
the influence of the female partner on fertility
needs to be minimized (5). Therefore, in this study
we only used data from men with whom the female
partner had the following characteristics: normal in
terms of history and examination, a regular men-
strual cycle, ovulatory (midluteal serum P >18
nmol/L [5.6 ng/mL]), and the outcome of the hys-
terosalpingogram (HSG) was normal. All patients
had a normal plasma PRL and thyroid function
tests. The median follow-up time was 13 months
(range, 5 to 22 months). Two hundred thirty-eight
couples were recruited to the study, and follow-up
information was available for 222 couples (93 % fol-
low-up). If the subject indicated that a conception
had occurred and the pregnancy had not been
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managed at the Jessop Hospital for Women, confir-
mation of the pregnancy was sought. If the subject
indicated that a spontaneous abortion had oc-
curred, this was only accepted as a conception if
evidence was available from histology, ultrasound
examination, visualization of a fetus or gestational

sac by a reliable witness, or an elevated serum B- -

hCG (1, 6). The median female age was 31 years
(range, 19 to 44 years); the median male age was 30
years (range, 21 to 54). Eighty-three percent of
women had primary infertility, and 17% had sec-
ondary infertility.

Measurement of Sperm Motility and
Concentration

Semen samples were obtained by masturbation
after a period of 48 to 72 hours of sexual abstinence
from men attending the University Research Clinic
at the Jessop Hospital for Women, Sheffield,
United Kingdom. Without exception, all samples
were collected on the premises to allow for the quick
examination of the samples. The semen samples
were allowed to liquefy at 37°C (approximately 30
minutes) and were examined within a maximum of
1 hour after production. Each sample was mixed
gently before analysis to ensure an even distribu-
tion of spermatozoa. Spermatozoa were loaded into
prewarmed 20-um disposable microslides (Launch
Diagnostics, Dartford, Kent, United Kingdom).
These chambers provide consistent and accurate
data on sperm concentration and motion kinetics
(14). Sperm motility and concentration were ana-
lyzed using the HTM Analyzer (2030, version 7,
Hamilton Thorn Research Inc.). The pertinent set-
tings used during the HTM analysis were the follow-
ing: recording time 0.8 s; frame rate of 20 at 25
frames/s; minimum contrast of 6; minimum size of
4; lo/hi size gates of 0.3 and 1.7; lo/hi intensity gates
of 0.3 and 1.5; magnification of 3.31 (15). Low VAP
value was set at 10 um/s, medium VAP value at 25
pum/s, slow motile cells were counted as not motile,
and the threshold for straightness was 80%. The
playback function of the HTM Analyzer was used
to accurately identify motile cells as a red dot and
immotile cells as a blue dot and was used to check
the threshold settings on every occasion. The mi-
croslides were loaded onto a heated stage (37°C) on
an Olympus BH-2 microscope (Olympus Optical
Co., Ltd., Tokyo, Japan) with negative phase-con-
trast objective (X20) at an approximate total mag-
nification of X200. The internal optical system of
the HTM Analyzer was not used. An external video
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camera (WV-BL200/B; Panasonic, Tokyo, Japan)
was connected to a (VHS) video recorder (NV-870;
Panasonic) and to the HTM Analyzer. All samples
were videotaped and stored so that it was possible
to repeat the analysis if at all necessary.

For each semen sample at least three fields were
examined and at least 50 spermatozoa per semen
sample were analyzed. The precision of measure-
ments of the HTM have been previously reported
to be very good with coefficients of variations (CVs)
<11% for motility parameters (9). Our data that
compared motion characteristic at different sperm
concentrations (>3 to 20 X 10°%/mL; 21 to 150
X 10%/mL) confirmed these observations.

We measured VCL, VAP, VSL, ALH, and linear-
ity (LIN). We also reported percentage of rapid
(>25 um/s), moderate (=10 to <25 um/s), slow
(<10 um/s), and static spermatozoa. The following
parameters were calculated: progressive motility
(% rapid + % moderate), concentration of motile
spermatozoa (% rapid + % moderate X concentra-
tion/100), concentration of rapid spermatozoa (%
rapid X concentration/100), total number of pro-
gressively motile spermatozoa (concentration of
motile sperm X volume), total number of spermato-
zoa (concentration X volume). Men with severe oli-
gozoospermia (sperm concentration <5 X 108/mL)
were not analyzed with the HTM Analyzer because
of difficulties in the analysis of sufficient number of
spermatozoa (4); also excluded from the analysis
were men with high numbers of spermatozoa (>150
X 108/mL) because the measurement of sperm mo-
tion characteristics in such men was subject to
error. Men with antisperm antibodies were not in-
cluded in this study.

Statistical Analysis

In this type of study in which the objective is to
determine the predictive value of measurements, it
is necessary to use statistical tests that will deter-
mine if parameters are predictive of future concep-
tion and also take into account time to achieve a
conception (1, 2, 5, 6). To determine which vari-
ables or combination of variables were indepen-
dently and significantly related to conception,
life-table analysis was performed using Cox’s pro-
portional hazards model, which was implemented
by the SPSS system for windows (version 5.03;
SPSS Inc., Chicago, IL) on a personal computer
(16). This model enabled the relationship between
semen variables and cumulative conception rates to
be studied both individually and in various combi-
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Table 1 Semen Characteristics of 222 Men Whose Partners
Had Normal Menstrual History, Normal HSG,
and Were Ovulatory*

Pregnant Not pregnant
Variable (n = 54) (n = 168)
Volume 4 (0.8 to 11.0) 3 (0.8 to 8.0)
Sperm concentration
(X10%/ML) 51 (8 to 144) 28 (6 to 147)

Rapid progressive motility

(>25 um/s) (%) 28 (0 to 76) 14 (0 to 71)
Moderate progressive

motility

(<25 um/s to <10 um/s) 9 (2 to 45) 7 (0 to 32)
Slow motility

(<10 um/s) (%) 8 (0 to 25) 4 (0 to 42)
Static (%) 54 (10 to 87) 71 (0 to 98)
Progressive motility

(>10 um/s) (%) 38 (9 to 86) 24 (0 to 86)
Concentration of rapid

progressive spermatozoa 11 (0 to 80) 4 (0to 77)
Concentration of

progressively motile

sperm cells (X10°) 16 (1 to 95) 6 (0 to 93)

Total number of
spermatozoa

Total number of
progressively motile

160 (30 to 700) 80 (6 to 620)

sperm (X10°)

58 (3 to 382)

16 (0 to 372)

Ideal forms (%) 42 (11 to 88) 31 (0 to 75)
Head (%) 40 (2 to 82) 47 (1 to 98)
Midpiece (%) 16 (0 to 39) 19 (0 to 60)
Tail (%) 10 (0 to 82) 14 (0 to 69)
VAP (um/s) 45 (23 to 72) 39 (0 to 60)
VSL (um/s) 37 (19 to 65) 31 (0 to 50)
VCL (um/s) 57 (28 to 81) 48 (0 to 91)
ALH (um) 3(2tob) 3(0to9)
LIN (%) 65 (48 to 78) 64 (0 to 82)
Straightness (%) 79 (61 to 87) 78 (0 to 98)
Beat cross frequency (Hz) 8.0 (2to 15) 8.0(0 to 13)

* Values are medians and with ranges in parentheses.

nations. This analysis expresses the chance of a par-
ticular male to conceive within a certain period of
time (1, 2, 5, 6, 16). For the purpose of statistical
analysis, follow-up commenced at the point of re-
cruitment to the study. Variables were analyzed as
continuous variables.

RESULTS

This study was based on a prospective analysis of
the incidence of spontaneous pregnancy in 222 cou-
ples in whom the influence of the female factors on
conception was minimized. Fifty-four patients con-
ceived within the duration of the study. The median
and ranges of the semen variables are presented in
Table 1. Many variables were noticeably higher in
the conception group compared with the noncon-
ception group. When analyzing the results using
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Cox proportional hazards model, a number of vari-
ables were significantly related to conception rate
(Table 2). The percentage of static spermatozoa
was negatively associated with time to conception
(Table 2). The most significant variable was the
total number of spermatozoa (P = 0.0002) followed
by the total number of progressively motile sperma-
tozoa (P = 0.003) (Table 2).

A forward stepwise analysis was performed (see
Table 2 for significant variables). The total number
of spermatozoa was selected on the first step, and
VAP was selected on the second step. No other vari-
ables were significant. The final equation was h(t;z)
= Aat® “le®121222) where o = 3.136, A = 1.5 X 1073,
bl = 0.0241, b2 = 0.0025 (17). The proportion of
variation accounted for by our model was 72%. Us-
ing this model, we can estimate baseline survival
function, and then we can estimate the probability
of conceiving at time t for a particular patient with
independent variable values z which is given by
P(t;z) =1 - S(t;z) = 1 — [S,(t)]*"". In our model the
baseline survival function is obtained by S,(t) = exp
[— f Y Aaud;']. The estimated set of parameters b are
then applied to a particular set of independent vari-
ables using the following equation: b’z = (0.0241
X VAP) + (0.0025 X total number of spermatozoa).
The conversion factor to convert the baseline sur-
vival function estimate So(t) to the survival proba-
bility for a particular covariate pattern S(t;z) are
0.87 and 0.68 for 12 and 18 months, respectively.
For example, a man who has a total number of sper-
matozoa of 150 and a VAP of 40: b’z = (0.0241 X 40)
+ (0.0025 X 150) = 1.339. As probability of achiev-
ing a conception by 18 months = 1 — [0.68]¢""” = 1
—0.23 = 0.77 (i.e., a 77% chance of conceiving at 18
months).

Table 2 Significant Variables Using Cox’s Regression in 222
Ovulatory Women

Variable x2 Probability

Total number of spermatozoa

(X108)* 13.8565 0.0002
Total number of progressively

motile spermatozoa (X10°) 8.6327 0.0033
Static spermatozoa (%) 6.3875 0.0115
Concentration of spermatozoa

(X10%/mL) 6.1910 0.0128
VAP (um/s)t 5.4947 0.0191
Concentration of progressively

motile spermatozoa (X10°/mL) 5.3413 0.0208
Progressive motility (%) 4.7303 0.0296
VCL (um/s) 4.6389 0.0313

* First variable selected using stepwise method.
t Second variable selected using stepwise method.
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DISCUSSION

This is the first prospective study to examine the
predictive value of quantitative motility measure-
ments made using a CASA system to determine
time to in vivo conception. This study clearly shows
that such measurements are of clinical significance.
Many of the motility measurements were statisti-
cally significantly related to time to conception.
The most predictive parameter was the total num-
ber of spermatozoa followed closely by the total
number of progressively motile spermatozoa. Fu-
ture studies must concentrate on improving our
diagnosis by including other complementary mea-
surements of sperm function (7, 15).

In this study we used the HT'M Analyzer to mea-
sure quantitative sperm movement. We used ap-
propriate quality control procedures for the effec-
tive use of such apparatus, e.g., analyzed a
minimum of 50 cells in three random fields, deter-
mined our limits of detection by analyzing CV at
various sperm concentrations, used a videotape
system as a back up to prevent the loss of data, and
used chambers of a fixed depth (20-um microslides)
that allowed for accurate determination of motility
kinetics and concentration (14). We used the play-
back system to identify motile and nonmotile cells
and to determine if any adjustment of the system
was necessary. Such important aspects of quality
control are necessary because in our laboratory con-
siderable experience in the operation of the HTM
Analyzer was necessary to ensure the acquisition of
accurate data. We also used appropriate statistical
techniques, i.e., Cox’s regression, to determine the
influence of movement characteristics on time to
conception. The influence of the female factor on
fertility was minimized because we only performed
the analysis on patients in whom the female
partner was thought to be normal. We have previ-
ously emphasized the importance of using appro-
priate statistical analysis and minimizing the effect
of the female factor.

In view of the indirect evidence supporting the
use of quantitative motility measurements in the
investigation of male infertility and the known im-
portance of motility to ascend the female tract (18),
it was not surprising that such measurements made
using the HT'M Analyzer were significantly related
to time to conception (Table 2). Our finding that
the total number of spermatozoa independent of
sperm motion was the most predictive factor of
time to conception is different from that concluded
by Holt et al. (10) and Marshburn et al. (13) who
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have examined the fertility of donor semen. How-
ever, this difference is probably due to the different
subject selection because in the present study men
were attending an infertility clinic, thus their se-
men characteristics are very different from those of
semen donors.

The total number of progressively motile sper-
matozoa showed a highly significant correlation to
conception (Table 2), which is concurrent with
other studies, e.g., Marshburn and colleagues (13)
who, using the Cell Trak/S system in a donor insem-
ination population, demonstrated the total number
of motile sperm inseminated showed the best associ-
ation with fertile outcome (P < 0.003). It is also
interesting that the addition of a specific motility
parameter, e.g., VAP in our study and VCL in that
of Marshburn and colleagues (13) added significant
value to the models. This is very encouraging and
strongly suggests that the measurement of sperm
concentration and motility characteristics using
CASA systems are appropriate and of clinical
value. This should encourage the use of these sys-
tems in andrology laboratories for the assessment
of sperm function.

Our finding that the speed of sperm movement
was significantly related to time to in vivo concep-
tion is also concurrent with previous in vivo studies
that have determined quantitative sperm move-
ment (10, 11). However, because of the high degree
of correlation between many of the motion charac-
teristics, after selection of the most significant vari-
ables, other less significant variables were no longer
of significance.

Using the data presented in this study, it is possi-
ble to calculate the probability of conception over
time using the regression coefficients. For example,
for a man who has a total sperm number of 20 X 108
and VAP of 10 um/s, there is a 40% chance of a
conception at 18 months after production of the
semen specimen. If a man had total sperm count of
250 X 10° and VAP of 60 um/s, there would be a
95% chance of a conception at 18 months. These
calculations should only be used as approximated
and only apply to couples when the female has
characteristics of the patient group described in Ma-
terials and Methods. As a result of our experimen-
tal design and standard methodology using a large
number of patients, these results should be applica-
ble to other laboratories wishing to estimate the
chances of conception in vivo from CASA systems.

In the future, other complementary measure-
ments of sperm function that are not dependent on
motility or concentration should be used to predict
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in vivo fertility, e.g., measurement of reactive oxy-
gen species (7, 15) and the presence and induction
of the acrosome reaction. It is not realistic to expect
that such tests of sperm fertilizing ability can pre-
dict fertility in all cases, but we should be optimistic
and aim to improve our predictive value to approxi-
mately 90%.

It will also be important to examine whether we
can improve on our existing analysis of sperm motil-
ity. This could be performed using several methods,
e.g., measuring more spermatozoa and using multi-
variate cluster analysis to identify subpopulations
of spermatozoa that may further refine the move-
ment measurements that predict sperm fertility (8,
19, 20). Also, in addition to mean values that were
analyzed in this study, the clinical value of fre-
quency distributions of sperm movement charac-
teristics requires examination because these mea-
surements may be of more diagnostic value and
more robust (Sherrins RJ, unpublished observa-
tion). It may also be appropriate to measure the
kinetics of capacitated spermatozoa, specifically
hyperactivated populations, because the ability to
undergo hyperactivated motility is an important
aspect of sperm function in the oviduct in animals
and may also be in humans (18).

In conclusion, the measurement of quantitative
motility and concentration using a HTM Analyzer
is of clinical value. Clinicians and scientists can
now be confident about using such information as a
guideline for diagnostic significance. However, this
study should be seen as a starting point only, and
future studies must concentrate on improving our
diagnosis by assessing other complementary mea-
surements of sperm function.
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Prospective study of leukocytes and leukocyte subpopulations in
semen suggests they are not a cause of male infertility*
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University of Sheffield, Department of Obstetrics and Gynaecology, Jessop Hospital for Women, Sheffield, and the Infertility Unit, Royal

Shrewsbury Hospital, Shrewsbury, Shropshire, United Kingdom

Objective: To determine the effects of leukocytes in semen on sperm quality and the ability to
achieve conception.

Design: A prospective analysis of 512 couples attending a regional infertility clinic. Leukocyte
subsets were quantified using a monoclonal antibody-based staining procedure. In addition to basic
seminal parameters (density, motility, morphology, and antisperm antibodies), reactive oxygen
species and immature germ cells were also quantified in the semen of each patient. The presence or
absence of a treatment-independent conception was determined 22 months after the start of the
study. Semen parameters were then related to the ability to conceive.

Setting: University-based center for reproductive medicine.

Participants: Success or failure to conceive was recorded from 512 couples. Couples were then
selected to minimize the influence of any pathology of the female on outcome. A final study group of
229 couples, in which the women had regular menstrual cycles, ovulatory midluteal serum P levels
of >18 nmol/L, and patent fallopian tubes was finally selected for analysis.

Main Outcome Measure: Pregnancy.

Results: Leukocyte concentration (total or individual subsets) was not associated with either
reduced semen quality or conception rates. Similarly, neither reactive oxygen species or antisperm
antibody (immunobead) concentration had any bearing on the outcome. Of all semen parameters
measured, only the level of immature germ cells was found to be negatively associated with the rate
of conception.

Conclusion: Measurement of seminal leukocytes in routine semen analysis appears to be of
little prognostic value with regard to male fertilizing potential. As reactive oxygen species and
antisperm measurement were of similar predictive value, the term “immunologic male infertility”’
should be redefined. Fertil Steril 1993;60:1069-75

Key Words: Seminal leukocytes, prospective follow-up, in vivo conception, immature germ

cells, reactive oxygen species, immunologic infertility

The relationship between leukocyte populations
of the ejaculate and male fertility status remains
controversial. Many studies have implicated semi-
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nal leukocytes in male factor infertility but gener-
ally indirectly, merely demonstrating associations
between leukocyte concentration and reduced
sperm function (1, 2). Conflicting results obtained
from numerous studies, possibly related to differing
cytological techniques used by individual centers
have only confused the issue. Indeed, two studies
comparing leukocyte prevalence in the ejaculates of
fertile men with those of subfertile men reached
opposite conclusions (3, 4). In separate investiga-
tions, Cohen et al. (5) and Van der Ven et al. (6)
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found correlations between increased “round cell”
concentration (assumed to be leukocytes) and
reduced success with their IVF procedures. When
this work was repeated but with the advantage of
more modern cell identification methods that en-
able differentiation between leukocytes and other
round cell elements also present in semen, we found
no such relationship (7). Instead, the concentration
of those other round cell elements, principally im-
mature germ cells, were found to be significantly
higher in the group of semen samples that failed to
fertilize an egg in a natural IVF cycle. The logical
step forward from these types of investigations
would therefore be to determine whether round
cells (leukocytes and immature germ cells) are simi-
larly associated with a reduction in the chances of a
natural conception.

For some time a concentration of >1 X 10°
leukocytes/mL of semen has been used as a clinical
marker for pathologically significant leukocyto-
spermia (8), not only because this number is asso-
ciated with infection of the genital tract (9) but also
because more recent evidence has suggested that
there is an increased chance that sperm quality is
significantly lowered (2). However, as yet, no study
has considered whether this 1 X 10® threshold is
actually associated with a significant reduction in
an individual’s chance of achieving a pregnancy or
indeed the prevalence of leukocyte-related infertil-
ity in a large patient population.

For the present study, semen data (including leu-
kocyte profiles) on 512 men attending our infertil-
ity clinic was collected over a 2-year period. These
patients were subsequently followed-up to deter-
mine success/failure of conception, which was then
in turn related to the various seminal characteris-
tics, including leukocyte profile, immature germ
cell content, quantitative motility measurements,
morphology, reactive oxygen species concentration,
and antisperm antibodies. From these data we were
able to determine the full effect of both leukocytes
and the germ cell elements on male fertility status.

MATERIALS AND METHODS

Study Subjects

All study patients were attending the University
Department of Obstetrics and Gynaecology, Jessop
Hospital for Women, Sheffield, United Kingdom
between April 1990 and February 1992 (median du-
ration of infertility, 38 months, range, 7 to 120
months) for infertility investigation/semen analy-
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sis. All couples were investigated according to
World Health Organization (WHO) guidelines
(10). Females with any reproductive dysfunction/
pathology and men with sexual dysfunction or
azoospermia were excluded from the study. The cri-
teria for normality of the female were confirmed by
hysterosalpingogram and/or diagnostic laparos-
copy, regular menstrual cycles, one or two midluteal
serum P measurements of >18 mmol/L (5.6 ng/
mL), plasma PRL concentration, and normal thy-
roid function. Median female age was 31 years
(range, 19 to 44 years). Primary infertility was
found in 83% and 17% had secondary infertility.

Follow-up was performed by a standard ques-
tionnaire. This provided information on both the
couple’s success/failure to conceive and whether
they had or were about to receive any form of treat-
ment. The median time to follow-up was 13 months
(range, 4 to 22 months). Conception was defined
either by evidence of ultrasound examination or
elevated beta-hCG levels.

From a total of 512, follow-up information was
available for 464 (91%) couples, of which 229 met
the criteria for normality in the female and had not
received any form of therapeutic intervention. Data
from this group of 229 were analyzed to determine
the most powerful predictive semen variables with
regard to successful conception. Semen parameters
were correlated to individual leukocyte subsets in
the entire population of 512 patients.

Semen Analysis

The following semen parameters were measured
on each patient: sperm concentration and motility,
sperm morphology, immature germ cells, antisperm
antibodies, seminal reactive oxygen species, and
seminal leukocyte profile. Basic semen analysis was
performed in accordance with WHO guidelines (8).
Antisperm antibodies were tested using either the
direct or indirect (where appropriate) immunobead
test described elsewhere (11).

Seminal leukocytes were stained using the mono-
clonal alkaline phosphatase antialkaline phos-
phatase staining procedure (Dakopatts, High
Wycombe, United Kingdom) described by Tomlin-
son and co-workers (12). Monoclonal antibodies di-
rected at individual leukocytic subsets are de-
scribed as follows: HLe-1 (pan-leukocyte;
Becton-Dickinson, Ozxford, United Kingdom);
FMC-10 (neutrophils; Serotec, Oxford, United
Kingdom); Dako-Macrophage, Dako-B cell, T8
(suppressor/cytotoxic), and T4 (helper/inducer)
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(Dakopatts). Those round cells that remained un-
stained when using the HLe-1 antibody were deter-
mined to be immature germ cells. These were quan-
tified per 100 sperm. Reactive oxygen species were
measured by luminometry according to the meth-
ods of Kessopoulou and co-workers (13).

Statistical Analysis

Logistic regression, a nonparametric multivari-
able statistical method, was used to assess the basic
predictive value (whether positive or negative) of
the measured seminal parameters (alone or in com-
bination) with regard to future conception. To ac-
count for the time taken to conceive, Cox’s (propor-
tional hazards) regression was also used for
increased sensitivity (14).

The logistic (1) and Cox’s (2) regression equation
for more than one independent variable are shown
below:

1
1+e”

Probability (pregnancy) = (1)

Pregnancy (time t)
=1 — exp(exp[B1 X VAR1 + B2 X VAR2
+ -+ +.Bnx VARn] X In [1 — P,]), (2)

Where P, is the underlying pregnancy rate be-
fore time t is taken into account.

Z = constant — (B1 X VAR1) + (B2 X VAR2)
+ -+ (BX X VARX)

and B is the estimated regression coefficient for
each named variable from Bostofte et al. (14).

Logistic regression was performed using SPSS-
PC on a Vig 2 (Viglen Computers, United King-
dom) IBM compatible personal computer licensed
to Sheffield University. Analysis using Cox’s re-
gression model was performed using the statistical
analysis system package for the personal computer.
Correlations between either leukocytes or imma-
ture germ cells and semen parameters were made
using Spearman’s ranked correlation, performed on
SPSS-PC (SPSS Inc., Chicago, IL).

RESULTS

From the total of 512 couples selected for analy-
sis, 229 satisfied the criteria for normality of the
female partner. In this latter group, spontaneous
conception occurred in 54 (23.5%) within the dura-
tion of the study. Of the “traditional” semen vari-
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Table 1 Semen Parameters in 229 Conceiving and
Nonconceiving Couples in Whom Influence of Pathology
in the Female was Minimized*

Conceiving Nonconceiving

Semen parameter (n = 54) (n = 175)
Motile density

(X 10%/mL) 22 (3, 68) 4.5 (0, 58)%
Sperm density

(X 10%/mL) 55 (13, 117) 23.5 (5, 117)%
Progressive

motility (%) 25 (7, 51) 12 (3, 40)%
Ideal forms (%) 41 (20, 64) 27 (15, 60)%
Total leukocytes

(X 10*°/mL) 14 (ND,§ 262) 13 (1, 244)
Neutrophils

(X 103/mL) 7.5 (ND, 234) 4.5 (ND, 149)
Macrophages

(X 103/mL) 3 (ND, 48) 4 (ND, 69)
HLA-DR-positive

cells (X 10°/mL) 2 (ND, 24) 2 (ND, 20)
T4 lymphocytes

(X 10*/mL) ND (ND, 3.8) ND (ND, 2.4)
T8 lymphocytes

(X 10*/mL) ND (ND, 3.4) ND (ND, 3.0)
B lymphocytes

(X 10*/mL) ND (ND, 4.0) ND (ND, 2.0)
Interleukin-2-positive

cells (X 10°/mL) ND (ND, 0.8) ND (ND, 2.0)
Reactive oxygen

species (mVs) 18 (1, 719) 19 (1, 406)
Immature germ cells

(cells/100 sperm) 11 (3, 30) 14 (4, 69)1

* Values are medians with 10% and 90% confidence limits in
parenthesis.

+ Groups are significantly different, P < 0.05.

f Groups are significantly different, P < 0.0001.

§ ND, not detected.

ables, sperm density, progressive motility, and the
percentage of morphologically ideal sperm forms
were all significantly higher in the conceiving
group, whereas the number of immature germ cells
(per 100 sperm) were significantly lower in this
group (Table 1). In contrast, no such difference was
observed in either reactive oxygen species concen-
tration or concentration of any leukocytic subset.
From logistic regression and Cox’s analysis of the
229 normal couples, the concentration of motile
sperm, progressive motility, and sperm density
were the most significant predictive parameters of
pregnancy as shown by Table 2. The percentage of
ideal forms and concentration of seminal neutro-
phils were also positive predictors. The level of sem-
inal infiltration by immature germ cells was nega-
tively associated with pregnancy outcome. Other
immunologic seminal parameters, i.e., reactive oxy-
gen species measurements (peak value or timed in-
tegral) and antisperm antibodies (immunoglobulin
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Table 2 Semen Parameters Predictive of Pregnancy
in the 229 Selected Couples

Logistic Cox’s
regression regression

Semen parameter x> P x> P

0.0000* 6.24 0.013
0.0000* 5.16 0.017
0.0001* 5.117 0.024

Motile concentration 18.962
Progressive motility 24.07
Sperm concentration 15.455

Percent ideal forms 8.349 0.0039* 4.35 0.037
Total neutrophils 6.269 0.012* 4.262 0.039
Total leukocytes 5.832 0.016* 2.25 0.093

Immature germ cells 5.04 0.025t 3.29 0.06

* Positively correlated with pregnancy.
+ Negatively correlated with pregnancy.

[Ig]G or IgA), had no bearing on pregnancy out-
come.

Relationship of Leukocytes to Semen Quality

Seminal parameters were correlated with the
concentration of leukocyte subsets/activation
markers in a total of 512 infertility patients. Leuko-
cytes were detected in 90% of patients, with neutro-
phils and macrophages the most abundant pheno-
types. T or B lymphocytes were rarely detected (see
Table 3).

No leukocyte phenotype was associated with a
reduction in semen quality. As Table 4 shows, only
the appearance of activation markers human leu-
kocyte antigen (locus) DR (HLA-DR) on the sur-
face of macrophages had any significant detrimen-
tal effect on sperm function, being correlated with
reductions in progressive motility (P < 0.01).

This apart, leukocytes were associated with im-
proved semen quality, which concurs with their pos-
itive association with pregnancy. Concentration of
neutrophils and macrophages were highly corre-
lated with ideal sperm morphology. Sperm head de-
fects were correspondingly negatively correlated
with these cell types. In addition, macrophage con-
centration was associated with an increased sperm
density (Table 4).

Reactive oxygen species were strongly correlated
with neutrophils, macrophages, and HLA-DR ex-
pression but not with other semen variables. Nei-
ther T' (CD4+/CD8+) or B lymphocytes, or the ap-
pearance of the interleukin-2 (TAC) receptor on
their surface were associated with any semen vari-
able.

Leukocytospermia

Leukocytospermia, defined as a concentration of
>1 X 10° leukocytes/mL of semen occurred in 14 of
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512 patients (2.7%). Comparison of these with non-
leukocytospermics revealed a significant difference
only in the levels of reactive oxygen species (P
< 0.0001). All other semen parameters were similar
in both groups. Within the 229 normal couples only
seven males were leukocytospermic, three of whom
achieved a pregnancy (43%). In the remaining non-
leukocytospermic patients, the pregnancy rate
was 24%.

Oligozoospermia

Significantly fewer leukocytes in total (P
< 0.0002), neutrophils (P < 0.005), and macro-
phages (P < 0.00001) were found in oligozoosper-
mic semen. Macrophage activation (HLA-DR) was
not similarly reduced. All major motility variables
were also significantly poorer in this group, e.g., pro-
gressive motility (P < 0.00001).Sperm morphology
was significantly poorer in oligozoospermics with a
reduction in percent of ideal forms (P < 0.00001)
and corresponding increases in head (P < 0.0001)
and midpiece defects (P < 0.0005).

Leukocytes, Antisperm Antibodies, and
Vasovasostomies

Of the 512 patients, 11% were antisperm anti-
body positive and 48% of these were associated with
vasectomy reversal operations (vasovasostomy).
Neither the presence or titre of antisperm antibod-
ies were associated with any particular leukocyte
phenotype. Similarly, antisperm antibodies were

Table 3 Leukocyte Subsets in the Semen of 512 (Unselected)
Infertility Patients

Leukocyte Detected

phenotype in Mean + SE  Median Range

%
Total count

(X 10°/mL) 90 132.8 +26.9 15 ND* to 5,340
Neutrophils

(X 10%/mL) 70 67.0 *14.6 5 ND to 4,300
Macrophages

(X 10°/mL) 76 239 = 3.2 4 ND to 902
T4 lymphocytes

(X 10°/mL) 25 094+ 0.16 ND ND to 57.6
T8 lymphocytes

(X 10°/mL) 25 117+ 0.18 ND ND to 37
B lymphocytes

(X 10*/mL) 20 1.62+ 0.46 ND ND to 164
HLA-DR positive

(X 10*/mL) 65 105 = 1.71 1.1 ND to 450
Interleukin-2 positive

(X 10*/mL) 15 086+ 0.19 ND ND to 50

* Not detected.
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Table 4 Correlation Matrix for Leukocytes with Seminal Parameters

Total count Neutrophil Macrophage HLA-DR +ve
Leukocyte -
phenotype r pP* r pP* r P* r pP*
Percent ideal forms +0.18 0.001 +0.19 0.001 +0.15 0.01 NS
Percent head defects +0.17 0.001 -0.17 0.001 -0.15 0.01 NS
Progressive motility NS+ NS NS —0.21 0.001
Sperm density NSt NS NS NS
Reactive oxygen
species +0.55 0.001 +0.45 0.001 +0.44 0.001 +0.40 0.001

* P < either 0.01 or 0.001.

not associated with reductions in semen quality or
indeed reduced chance of pregnancy. Both classes
of antisperm antibodies tested (IgG and IgA) were
highly correlated with agglutination (P < 0.001) but
again this has no apparent bearing on semen qual-
ity or conception rates.

A significantly higher concentration of macro-
phages (P < 0.001) and HLA-DR-positive cells
were found in vasovasostomized individuals with a
concomitant increase in the levels of reactive oxy-
gen species. These latter two parameters (HLA-DR
and reactive oxygen species) were both strongly as-
sociated with the poorer motility parameters ob-
served in this group (P < 0.001). Immature germ
cells were significantly correlated with low sperm
density (r = —0.54, P < 0.001), poor progressive
motility (r = 0.28, P < 0.001), and poor morphology
(r = —0.383, P < 0.001).

DISCUSSION

This prospective study presented the first de-
tailed examination of the influence of the round cell
content of semen, i.e., leukocyte subsets, immature
germ cells on pregnancy outcome, and their rela-
tionship to other seminal parameters. From a total
of 229 couples selected for absence of pathology in
the female partner, the predictive value of each of
these variables with regard to conception success
was also calculated using logistic and the slightly
more sensitive Cox’s regression analyses.

Contrary to previous reports (1, 2, 5, 6), reduc-
tions in either sperm fertilizing capacity or semen
quality were not found to be leukocyte related. Nei-
ther the leukocyte total nor any of the individual
leukocyte phenotypes were associated with reduced
natural conception rates or a loss of semen quality
(as indicated by progressive motility and sperm
morphology). Similarly, levels of reactive oxygen
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+ NS, not significant.

species, which correlated very strongly with leuko-
cyte concentration, did not adversely affect semen
quality or pregnancy outcome.

More interestingly was the finding that imma-
ture germ cells were more prevalent in those men
who failed to achieve a conception. This was con-
cordant with our earlier study, which showed that
ejaculates from men with unexplained infertility
that failed to fertilize at IVF contained a signifi-
cantly higher concentration of immature germ cells
when compared with fertilizing ejaculates (7). Be-
cause semen quality was similar between groups, we
concluded that rather than germinal cells having
any direct effect on sperm function, their increased
presence was a reflection of hidden abnormality/
immaturity of the sperm population. However, the
present study, which was based on a much larger
patient population, did reveal strong associations
between levels of immature germ cells/germinal
cells and poorer semen quality. Germinal cells were
more prevalent in oligozoospermic/asthenozoo-
spermic and teratozoospermic samples and may as
previously indicated (8) suggest a serious problem
during spermatogenesis.

Our results appear to largely disagree with earlier
findings, suggesting that an increased leukocyte
presence is associated with reduced semen quality
(2, 15), sperm-oocyte fusion (1, 16), and fertiliza-
tion at IVF (5, 6). In addition, others have demon-
strated that levels of seminal reactive oxygen spe-
cies are associated with reduced oocyte fusion and
pregnancy rates (17).

In contrast to this previously published work, all
the evidence of this present study suggests that the
fertilizing capacity of an ejaculate can actually be
enhanced by the presence of certain leukocyte phe-
notypes, including those that are the principal
reactive oxygen species releasers, namely neutro-
phils. Neutrophils alone were positively predictive
of pregnancy outcome (and significantly so) using
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both logistic and Cox’s regression methods. Along
with the macrophages, these phagocytic cells were
highly correlated with an increased percentage of
morphologically ideal sperm, in agreement with our
earlier findings (12) suggesting that in certain indi-
viduals both neutrophils and to a lesser extent mac-
rophages may “cleanse” and increase the quality of
an ejaculate possibly by removal of abnormal and
degenerate forms. Work by Bize and colleagues (18)
suggested that reactive oxygen species, namely
hydrogen peroxide, were in contrast to earlier find-
ings (17, 19) vital for sperm capacitation, acrosome
reaction, and sperm-oocyte fusion. Our present
study would appear to support such a hypothesis,
with a major hydrogen peroxide producer, i.e., neu-
trophils, correlating with improved sperm morphol-
ogy and an increased pregnancy rate. Macrophages
were positively associated with sperm density, sup-
porting the hypothesis that both have a common
source, i.e., the epididymis and not the major acces-
sory glands (Tomlinson MJ, unpublished data).

Of the 512 ejaculates initially entered into the
study, only 2.7% contained >1 X 10%/mL leuko-
cytes, i.e., were leukocytospermic. Semen parame-
ters for these individuals were no poorer and in fact
the pregnancy rate in this group was slightly higher
than in the nonleukocytospermic patients. The
only parameter to be significantly different in leu-
kocytospermics was the reactive oxygen species
level, which may be expected, because the correla-
tion between leukocytes and reactive oxygen spe-
cies was highly significant.

Only one leukocyte parameter showed any nega-
tive correlation with semen quality. HLA-DR ex-
pression was associated with reduced progressive
motility and an increase in immotile sperm, two of
the most important predictive parameters with re-
gard to fertility. This relationship may well be asso-
ciated with the release of soluble mediators that are
dependent on macrophage stimulation, e.g., reac-
tive nitrogen intermediates (20), into the local
milieu. Although this relationship appeared to be
highly significant, it was not sufficient to directly
affect the pregnancy rate. Therefore, perhaps only
in exceptional circumstances where the introduc-
tion of a high concentration of activated macro-
phages occurs, e.g., subclinical chronic infection of
the epididymis, orchitis, and others, subfertility due
to the release of factors such as toxic nitrogen in-
termediates may result. It is interesting that in va-
sovasostomized individuals HLA-DR expression is
significantly increased and this is accompanied by a
highly significant reduction in motility parameters.
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Incomplete healing, subclinical infection, or resid-
ual granuloma from the original vasectomy are all
potential sources of the inflammatory macrophages
in such cases. Therefore local release of inflamma-
tory mediators could reduce sperm motility in an
“innocent bystander” situation in these individ-
uals. This would be a more likely reason for their
subfertility than would, for example, the presence
of antisperm antibodies often associated with va-
sectomy reversal. This hypothesis is supported by
the present data in that neither the presence of IgA
nor of IgG antibodies were related to semen quality
or pregnancy outcome. This latter was most sur-
prising, considering the amount of literature impli-
cating antisperm antibodies as a major male factor
infertility problem (21, 22). However, some studies
do support our data. Critser and co-workers (23)
questioned the clinical significance of antisperm
antibody results from the immunobead test after
circulating antisperm antibody titres in fertile indi-
viduals were found to be no different than those in
infertility patients. Using the tray agglutination
test (TAT), Aitken et al. (24) found no correlation
between antisperm antibody titres and sperm func-
tion and showed that antisperm antibodies could
either promote or suppress sperm/oocyte binding.
Poor correlation between different antisperm anti-
body testing methods has also been reported (25).
Perhaps future efforts should concentrate on stan-
dardization of antisperm antibody testing and se-
lection of the most appropriate method for estab-
lishing their true effects on sperm fertilizing
capacity. The numbers of neutrophils and macro-
phages were significantly reduced in those ejacu-
lates with <20 X 10°® sperm/mL (oligozoospermics)
but, interestingly, HLA-DR expression did not
alter. This therefore effectively leaves them with an
increased proportion of HLA-DR expressive macro-
phages and suggests that the poorer motility ob-
served in oligozoospermics may also have a related
etiology.

In conclusion, round cells in semen are two dis-
crete cell populations and should not (as they have
in the past) be treated as a single entity. It is clear
from our patient data that seminal leukocytes do
not significantly affect semen quality or male fertil-
ity status, whether present in concentrations of ei-
ther greater than or less than 1 X 105/mL. Routine
measurement of leukocytes in the diagnostic an-
drology laboratory, which has been suggested by
some to be a necessary integral part of semen analy-
sis, (8) therefore appears to be of little value. In
addition, because neither reactive oxygen species or
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antisperm antibodies had any influence on semen
quality or pregnancy outcome, perhaps the term im-
munologic male infertility should be re-evaluated.
With regard to round cells in general, perhaps
greater understanding of the significance of imma-
ture germ cells, which have been largely overlooked
by many, is required, as these are most certainly
associated with poorer semen quality and a lowered
chance of conception.
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The clinical significance of antisperm antibodies for fertility
remains controversial. In this study, we determined whether
the presence, isotype, region and/or amount of sperm-bound
antibody was of any predictive value for future fertility in
534 men using Cox’s proportional hazards model. Significant
correlations between the presence of antibodies and semen
parameters were recorded, such as sperm mucus penetration
and sperm motility. However, low ( <10%) negative binding
and moderate (< 50%) binding had no significant effect on
the probability of conception or the time to conception. This
study confirms in-vitro data suggesting that sperm function
is not impaired unless the degree of antibody binding to
spermatozoa is very high,

Key words: antisperm antibodies/cervical mucus penetration/
conception/prognostic factors

Introduction

The clinical significance of antisperm antibodies for fertility is
still the subject of some debate (Critser et al., 1989; Barratt et al.,
1989a, 1990a; Alexander, 1990; Meinertz er al., 1990). The
consensus of opinion is that the importance of circulating
antisperm antibodies, as determined with currently available
techniques, is low (Eggert-Kruse et al., 1989; Critser et al., 1989)
and the detection of the amount, isotype (IgA, IgG) and location
of antibodies on spermatozoa should provide an accurate diagnosis
of the fertility status of the male (Matson et al., 1988; Adeghe
et al., 1988; Hammitt er al., 1988; Meinertz et al., 1990).
However, there is a paucity of studies examining the in vivo
prognostic value of the amount, isotype and location of sperm
surface antibodies.

Numerous studies have documented the effect of sperm surface
antibodies on cervical mucus penetration and sperm—oocyte
interaction (Clarke, 1988; Matson et al., 1988). Sperm-bound
IgA antibodies are associated with poor cervical mucus penetra-
tion but sperm-bound antibodies of the IgG class do not appear
to be associated with poor cervical mucus penetration (Wang
et al., 1985; Parslow et al., 1985; Clarke, 1988). The regional
specificity of the IgA class affecting penetration is not yet
determined. The work of Wang er al. (1988) suggested that head-
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directed antisperm antibodies were of primary importance. In
contrast, Clarke (1988) suggested that antisperm antibodies
directed to the tail were of primary importance, confirming earlier
observations (Kremer and Jager, 1980). The fertilization rates
of human oocytes in vitro are not significantly impaired, even
when the levels of antisperm antibody binding are high (>70%
of motile spermatozoa bound; see Alexander, 1990; De Almedia
et al., 1989). For example, Clarke et al. (1985) observed a
significant decrease in the fertilization rate only when >80%
of the motile spermatozoa were bound with both IgA and IgG.
A 72% fertilization rate was obtained when <80% of the sper-
matozoa were bound with IgA and IgG; high levels of IgG
(>90%) did not affect the fertilization rates.

The type of antibody on the spermatozoa and its clinical
relevance may vary according to the stimulus for its production
(Parslow et al., 1985). Vasovasostomized men with antisperm
antibodies have a higher conception rate than men with antisperm
antibodies where the stimulus for their production is unknown
(Parslow et al., 1985). Meinertz ¢t al. (1990) examined the effect
of sperm surface IgG, IgA and secretory IgA antisperm antibodies
on conception in vivo in 216 vasovasostomized men. In a
sub-group of men with a pure IgG response, the conception rate
reached 85.7%, yet when all the spermatozoa were bound by
IgA, the conception rate was reduced t0 21.7%. The combina-
tion of IgA on all spermatozoa and a strong immune response
(a titre =256) was associated with a conception rate of zero
(Meinertz et al., 1990). There are no comparable data for men
with antisperm antibodies attending an infertility clinic, the
majority of whom (~85%) have not had a vasovasectomy and
are classed as having idiopathic infertility (Barratt et al., 1989a).

The aim of our study was to examine whether the presence,
isotype, region and/or amount of antisperm antibody attached
to the sperm surface was of any predictive value for future fertility
in men attending an infertility clinic.

Materials and methods

Experimental design
The presence of antisperm antibodies on spermatozoa or in
semninal plasma was measured in 534 men, excluding those with
azoospermia, and the results correlated to standard semen
parameters, including two putative sperm function tests. The
prognostic significance of antisperm antibodies was initially
determined by examining the incidence of pregnancy in the
partners of men with and without antisperm antibodies and then
the possible influence of antisperm antibodies on time to
conception was exarnined using Cox’s proportional hazards model
(Dunphy er al., 1989a).
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Subject recruitment and follow-up

A prospective study was undertaken of 534 subjects referred for
investigation of fertility between October 1988 and January 1990.
Couples were investigated according to the World Health
Organization (WHQO) protocol for the management of the infertile
couple. A follow-up programme was instituted by questionnaire
and telephone. If a subject indicated that a conception had
occurred and the pregnancy had not been managed at the Jessop
Hospital for Women, Sheffield, confirmation of the pregnancy
details was obtained. If the subject indicated that a spontaneous
abortion had occurred, this was only accepted as a conception
if evidence was available from histology, ultrasound examination,
visualization of the fetus or gestational sac by a reliable witness,
or an elevated level of serum beta-human chorionic
gonadotrophin.

Semen analysis

The semen samples were allowed to liquefy completely
(~30 min) and the following semen characteristics were
measured using standard techniques as previously described
(Barratt et al., 1988): semen volume, pH, sperm concentration
and sperm motility. Motility was graded as follows: Grade 1,
fast forward progresson; Grade 2, moderate forward progression;
Grade 3, motile but no forward progression; Grade 4, immotile
spermatozoa (see Barratt e al., 1988). Sperm motility and the
presence of sperm agglutination was determined at X400
magnification using phase contrast microscopy. Sperm
morphology was determined using bright field illumination at
X 1000 magnification, after preparing air-dried Papanicolaou-
stained smears (Barratt er al., 1988, 1989b).

Hypo-osmotic swelling (HOS) test

This test was performed and the results interpreted as described
previously (Barratt ef al., 1989b).

Bovine mucus penetration test (BMPT)

This test was performed using commercially available prepara-
tions of mucus (Penetrak Serono Diagnostics, Massachusetts,
USA) stored at —20°C until use. One flat capillary tube
containing mucus was allowed to reach room temperature
(~25 min) and was placed vertically in a BEEM OQ capsule
(Agar AIDS EM Supplies, Stansted, UK) containing 200 gl of
liquefied semen. After 90 min of incubation, the capillary tubes
were placed on a calibrated microscope slide and the number
of spermatozoa per high power field (X400 magnification, phase
contrast microscopy) at 10, 20, 30, 50 and 65 mm counted. The
distance travelled by the vanguard spermatozoon was recorded
to the nearest millimetre. All procedures were performed at a
constant temperature (25°C). This was important as fluctuations
in the ambient temperature can produce significant variation in
BMPT results (Stumpf et al., 1984).

Immunobead test

The immunobead test was chosen as a test for autoimmunity as
it is simple, quick, enables the class and region of antibody
binding to be determined, is independent of sperm motility and
has repeatedly been shown to be a reliable test for the detection
of antisperm antibodies (Adeghe er al., 1988; Barratt et al.,
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1989a). A direct immunobead test was performed on all semen
samples except where not suitable, e.g. in men with low sperm
motility or a low sperm concentration. In such cases, the indirect
immunobead test was performed on seminal plasma samples. The
seminal plasma samples were obtained by centrifugation of
aliquots of fresh semen at 700 g for 10 min and the samples were
stored at —20°C (see Adeghe er al., 1988; Barrett er al., 1989a
for further details). Strict quality control procedures were adopted
for the direct (IBT) and the indirect immunobead tests (IIBT)
with simultaneous positive and negative control samples used for
the latter. In an attempt to avoid false positive results, a 1:4
dilution of seminal plasma was used for the [IBT. For both tests,
100 spermatozoa were counted and the results were expressed
as motile spermatozoa with one or more immunobeads attached
to the surface. These analyses were performed using phase
contrast microscopy, at X400 magnification. The region of
binding was noted (head, middle, tail) and the percentage binding
recorded in each case (see Barratt ef al., 1989a). Anti-IgA and
anti-IgG immunobeads were obtained from Biorad Laboratories
(Biorad, Richmond, CA, USA). The immunobeads were stored
at 4°C at a concentration of 2 mg/ml. When required, 1 ml was
washed to remove sodium azide and any free antibody and was
then resuspended in 1 ml Earle’s medium (37°C).

Statistical analysis

A Spearman’s correlation was calculated to examine the
relationship between individual semen parameters and the
presence, type and region of binding of antisperm antibodies.
Only those relationships which were significant at the 1% level
were tabulated. In order to determine whether the incidence of
spontaneous pregnancy was significantly higher in women whose
partners had antisperm antibodies compared to those without,
the Mann—Whitney U non-parametric test was performed. The
above analyses were performed using SPSS/PC at the computing
services at the University of Sheffield.

Life Table Analysis was performed using Cox’s proportional
hazards model, which was implemented by the statistical analysis
system. For the purpose of the statistical analysis, follow-up
commenced at the point of recruitment of the study, with the
variables analysed as continuous variables. Relative risks were
calculated as outlined by Polansky and Lamb (1988). In all the
above analyses, the data were examined with regard to percentage
binding, region of binding, total amount of binding and isotype.
Total sperm-bound IgA, -IgG, seminal plasma IgA and seminal
plasma IgG were also calculated. The relevance of a putative

Table I. Incidence of IgG and IgA antibodies

Percentage of motile spermatozoa bound

Isotype 0 1-9 10-20 21-50 251
Sperm bound antibodies:

IgG 357 63 9 11 2
IgA 348 68 23 11 1
Seminal plasma antibodies.

1gG 64 14 0 2 1
IgA 58 13 3 3 2




threshold point was also evaluated at < 10% binding, 10—20%
binding, 21 —50% binding and =51% binding with either IgA
and/or 1gG.

Results

The incidence of antisperm antibodies on spermatozoa and in
seminal plasma is shown in Table 1. Using a threshold level of
=10% binding, in 58% of the cases both IgA and IgG were
present on the spermatozoa, in one case IgG was present in the
absence of IgA and in 14 cases IgA was present in the absence
of IgG. In men with seminal plasma antibodies (using <10%
binding as a threshold level), all men who had IgG also had IgA
antibodies.

Of a total of 534 couples who were recruited to the study, 75
achieved a spontaneous conception. Of 251 couples of whom the
female partner was demonstrated to have regular spontaneous
ovulation and patent Fallopian tubes at either hysterosalpingo-
graphy or laparoscopy, 42 achieved a spontaneous conception.
The mean female age was 29 years and the mean duration of
infertility prior to investigation was 56 months. First the data
from all couples were examined. Correlations between the
antibodies and semen parameters are outlined in Table II.

There was a highly significant negative correlation between
the presence of antisperm antibodies and sperm cervical mucus
penetration (Table IT). The presence of antibodies was also
positively associated with the concentration of round cells, and
the number of peroxidase positive cells. The proportion of
slow/moderate progressive spermatozoa was significantly reduced
in the presence of antisperm antibodies (Table II).

Examining the data for all 534 couples, there was no significant
difference between the pregnant and non-pregnant groups for any
of the antisperm antibody categories alone or in combination.
In addition, no significant difference was detected when the
analysis was confined to those with regular spontaneous ovulation
and patent Fallopian tubes (the 5% level of significance was used
as a cut-off point). No antibody parameter had a significant effect
on time to conception when analysing the data using Cox’s
regression.

Table II. Correlations between spermatozoal antisperm antibodies and semen
parameters

Region of binding Parameter P-value
and isotype
IgA head 0.1726 concentration of round cells <0.001
0.1651 “percentage of peroxidase posiuve cells <0.001
—0.1457 pH <0.01
0.1197 agglutination 1n semen <0.01
IgA tail —0.1491 pH <0.01
—0.1432 vanguard <0.0]
—0.1230 concentration of spermatozoa in mucus <0.01
0.1478 agglutination in semen <0.001
1gG tail —0.1281 moderate/slow progressive motihity <0.001
—0.1205 vanguard <0.01
1gG head 0.2314 agglutination in semen <0.001
0.1617 agglutination in semen <0.001
—0.1250 concentration of spermatozoa in mucus < 0.01
IgG mixed —0.1251 concentration of spermatozoa in mucus <0.01

* = mamly neutrophls (Barratt er al., 1990c).

Antisperm antibodies and in vivo conception
Discussion
The results of this study clearly indicate that the presence of
sperm-bound antisperm antibodies, at least at low (10—20%
binding) and moderate (< 50% binding) levels, has no significant
effect on the probability of conception or the time interval to
conception. The incidence of antibodies in this study using < 10%
binding as a cut-off point (WHO, 1987) was 6.5% which agrees
with our previous studies (Barratt ef al., 1989a) and those of
others (De Almeida et al., 1989). Our strict quality control
procedures in semen analysis and the immunobead antisperm
antibody testing, as previously outlined (Barratt ez al., 1989a;
Dunphy er al., 1989b), ensured that the reliability and
reproducibility of the results were satisfactory.

Concordant with other studies, the presence of antisperm
antibodies significantly affected penetration into cervical mucus
and the degree (distance) of penetration. Both IgA and IgG tail
antibodies affected this penetration, which is in agreement with
previous studies (Clarke, 1988; Kremer and Jager, 1980). In
contrast to the studies of Wang et al. (1985), we did not observe
an effect of head-directed antibodies on cervical mucus penetra-
tion, although in this study we used bovine cervical mucus and
not human cervical mucus. More significant results may be
obtained if human cervical mucus is used. Sperm motility was
significantly affected by the presence of IgG on the tail (P <
0.01), confirming our previous observations of the effects of
sperm antibodies on sperm motility (Barratt ez al., 1989a). In
agreement with other studies, we noted an association between
antisperm antibodies and sperm agglutination in the semen (De
Almeida et al., 1989) and the presence of round cells and
peroxidase-positive cells (WHO, 1987). It is interesting to
speculate on the association between round cells and antisperm
antibodies. In previous studies, an increase in antisperm
antibodies has been documented in men with a genital infection
(Witkin and Sonnabend, 1983). We have categorized a higher
median number of round cells and peroxidase positive cells in
men with such infections compared to controls (Barratt et al.,
1990b,c). It is therefore feasible that this association reflects a
possible development of the antibodies from a genital infection.
The association between antisperm antibodies, genital infection
and leukocytes warrants further investigation.

The finding that there was no significant effect of antisperm
antibodies on conception is not surprising in view of the fact that
only five out of 535 men in this study had high levels of antibody
binding (= 50%). The low incidence of high levels of antibodies
in this study enables us to examine realistically the effects of
low/moderate levels of antibodies. In this context, the results are
in accordance with Meinertz et al. (1990) who demonstrated no
significant effect on conception except at high levels of antisperm
antibody binding. Interestingly, a retrospective analysis of
conception rates in men with <50% antibody binding and >50%
antibody binding clearly shows that the latter group had a
significantly lower conception rate (P < 0.005) (Ayvaliotis er al.,
1985). It is also clear from in vitro studies (using cervical mucus
and human eggs) that a high level of antisperm antibody binding
is necessary before significant effects on sperm function are
observed (Clarke et al., 1985; Clarke, 1988). These results raise
important questions for the treatment of such men. The use of
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corticosteroids has recently been demonstrated to be of significant
benefit in men with antisperm antibodies (Hendry et al., 1990).
This treatment does have side-effects and such treatment should
be restricted to appropriate cases. From our data we would only
recommend treatment using corticosteroids to men who have high
levels of antisperm antibodies, i.e. >50%, and where there is
a clear impediment of sperm function, e.g. on sperm cervical
mucus testing, as recommended by Hendry et al. (1990).

In conclusion, our study demonstrates that the region, type
and/or percentage of sperm bound antibodies have no effect on
conception rates, at least when the regional antibody binding is
<50%. We therefore recommend that treatment should not be
implemented in men unless specific defects in sperm function
can be observed.
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In their article (this issue, pp.247-248), Seibel and Zilberstein
make several obvious but important points. The World Health
Organization (WHO, 1993) and the Human Fertilisation and
Embryology Authority (1991) strongly suggest that patients
are dealt with as a couple rather than as individuals. Con-
sequently, the role of the female factor in the interpretation of
semen analysis results is continually emphasized, e.g. many
long-term follow-up studies where the in-vivo prognostic
significance of semen variables has been addressed confine
observations to apparently normal female partners, thus minim-
izing the female factor. In addition, the negative influence of
female age is now well documented. A second obvious point
is that one semen variable examined in isolation will not reveal
the whole picture; other semen variables (concentration of
spermatozoa, presence of antisperm antibodies etc.) must be
taken into consideration when providing the couple with
diagnostic and prognostic information. Thirdly, prognostic
information is often a question of probability of conception
(and live birth) with or without various forms of treatment.
Using the example of donor-inseminated patients (Seibel and
Zilberstein, 1995), it is very likely that the use of donor semen
would significantly increase the chances of conception for
these couples compared to the chances of a natural conception.
In the final analysis, the clinician, using reliable and accurate
data, makes recommendations to the couple so they can make
an informed decision. The vast majority of professionals are
well aware of the above points; however, several other points
may not be so obvious.

How standard, and accurate, are semen laboratory tests?

This is a critical question. Time after time, studies emphasize
that technicians in different laboratories examining the same
sample (and sometimes the same slide) produce results which
are quite disturbing with respect to the high degree of variation.
This degree of variation is generally regarded as unacceptable
but, paradoxically, very little is done about correcting it. As it
is critical that the andrology laboratory performing the semen
assessment provides accurate results, why do we have such
poor standards of quality in andrology laboratories?

Two factors compound the problem: (i) The vast majority
of andrology laboratories do not have standard training proced-
ures for the technicians performing semen assessments. More-
over, they do not regard quality as an important aspect of
laboratory practice. Many excuses are offered, e.g. no standards
are available for andrology, quality control is difficult using
live gametes and the results of semen analysis provide poor
prognostic information so why bother fine-tuning the standard
laboratory tests? These points are easily addressed. For
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example, standard material, although not perfect, is available
(WHO, 1992), quality control can be performed on live gametes
and, if the technical variation of a procedure is high, then it
is unlikely to produce accurate data which have any meaning
(the obvious often requires emphasizing). In addition to this,
training methods for technicians in semen assessment are
available, so are numerous courses [run by the British Androl-
ogy Society and the European Society of Human Reproduction
and Embryology (ESHRE)]; thus reliable and accurate data can
be produced in the andrology laboratory, providing appropriate
procedures are used.

(i) The methods used to perform standard semen assess-
ments vary considerably. The question becomes, What is
current practice? In this context, What is a normal spermato-
zoon? Opinions vary as to the answer. The WHO, whose
published laboratory procedure is often regarded as the standard
reference method (WHO, 1992), has recently changed its
definition of normal (see Table I) and, amazingly, this change
was not based on any biological data. As a consequence, the
implementation of these new standards has resulted in some
controversy (to put it mildly). It is clear that the examination
of sperm morphology has moved to using more strict criteria,
e.g. Tygerberg criteria, where a biological endpoint for the
definition of normal has been developed (examination of
spermatozoa that had penetrated cervical mucus). Perhaps as
a result, there is a considerable body of clinical data [specific-
ally from in-vitro fertilization (IVF)] to support the use of
strict criteria. However, even using strict criteria it is difficult
to determine if results between studies are really comparable,
e.g. the Tygerberg dimensions of a normal spermatozoon have
been redefined over time (Table I). In addition, other authors
using so-called strict criteria actually use different definitions
of normal, e.g. Kobayashi et al. (1991). Therefore it probably
comes as no surprise that problems in interpretation occur and
differences in clinical results between centres appear to be
commonplace. External quality control schemes operating amid
such ‘confusion’ show this point clearly. For example, in the
British Andrology Society external quality control scheme, the
same sample examined for percentage normal morphology
showed a 12-80% range (median 50%, 18 laboratories; Matson,
1995). What is the answer? Automated methods may help,
and there are some encouraging data to support their use
(Kruger et al., 1993), but let us hope we don’t follow the
same tortuous path as has been the case for sperm motility,
where we had to wait a number of years before clinical data
on the usefulness of these measurements became available.
Interestingly, there remains a paucity of biological data to
support the use of computer-aided semen analysis in a clinical
setting (Barratt et al., 1993). In general, the trend is to wait
for improved software, e.g. for imaging morphology, but I
would plead with anybody who is developing these systems
to remember the importance of biological data to support the
measurements made. This is the strength of strict criteria for
morphology assessment (Kruger er al,, 1988). What should
we do while we are waiting for computerized morphology to
appear in a cost-effective form? An alternative may be to
define limits of normality within each laboratory, as suggested
by the WHO (1992). This can be done for morphology (using
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Table 1. Strict criteria: head dimensions of a normal spermatozoon

Study Kruger Kruger Menkveld Kobayashi WHO WHO
et al. (1986) et al. (1988) er al. (1990) et al. (1991) (1987) (1992)
Length (um) —2 5-6 3-5 4-6 3-5 4-55
Width (um) — 2.5-35 2-3 2.4-35 2-3 2.5-35
Length/width ND ND 1.5-1.67 ND 1.5-2.0 1.5-1.75
ratio
Stain Pap Diff-Quik Pap Diff-Quik Pap Pap
Cut-off point >14% <4% ND <12% ND ND
normal very poor lower =50% =30%
fertilization fertilization pregnancy normal normal
rate rate; >14% rate/cycle
normal rate

?Quantitative data not supplied in reported study.

WHO = World Health Organization; Pap = Papanicolaou stain; ND = no data provided in reported study.

an eyepiece graticule, and/or a drawing tube attached to the
microscope to estimate sperm sizes). The problem comes in
what should be measured, i.e. defining normal. Using the
Tygerberg data may help, but it is important to consider that
different preparation methods and staining regimes will alter
cell size. In addition, spermatozoa from very fertile men need
to be examined. As these are often difficult to obtain in
anything like the numbers required, it is important to locate
other sources of control material, e.g. the regional semen bank.
In the near future, I envisage computerized morphology systems
will still only be found in elite laboratories, awaiting further
development. It is therefore important to use the data available
in the literature and develop your own system using high
standards of technician training. If an external quality control
scheme is available, join it.

Are sperm function tests of any clinical value?

In view of the apparent poor prognostic value of basic semen
parameters, in the andrology laboratory there is a niche for
sperm function testing, e.g. examination of the acrosome
reaction, zona binding and reactive oxygen species (ROS) to
name but a few. An increasing body of evidence supports the
use of such data in many aspects of clinical management.
Two examples will suffice to illustrate this point: (i) several
independent studies have indicated no fertilization or very
poor fertilization rates in human IVF when spermatozoa are
unable to acrosome react (usually in response to A23187).
This is a defined cause of sperm dysfunction. Interestingly,
Liu and Baker (1994) have developed such observations by
defining a subgroup of these men whose spermatozoa were
able to bind to the zona (and thus presumably have the egg
sperm recognition process intact) but did not acrosome react.
Single spermatozoa bound to the zona (acrosome intact) have
been used for intracytoplasmic sperm injection and pregnancies
achieved. (ii) Another example of the usefulness of sperm
function testing is the detection of ROS, which are known to
damage spermatozoa. Men with high levels of ROS production
show highly significant improvements in human sperm zona
binding after treatment with vitamin E (600 mg per day for 3
months). Trials involving placebo and active drug at IVF are
now being planned. These two examples illustrate the use of

sperm function tests, not as a primary line of investigation,
but as a secondary line where a problem may be suspected.
Accurate diagnostic information can be provided and possible
treatment options discussed. Andrology laboratories should be
encouraged to use selected sperm function testing in an
appropriate and effective manner.

What progress has been made in our understanding of
how spermatozoa work?

I infer from the Seibel and Zilberstein’s article that they share
the view of many andrologists, namely, what real progress in
our understanding of male infertility has been made? The
answer | believe is very little. A concentrated effort now needs
to be applied at a basic research level so that improvements
in our understanding of male fertility/infertility can be made.
There are many studies, with I suspect, many more in the near
future, examining the role of traditional semen variables in
infertility, but I think we should now concentrate on determin-
ing the cellular/molecular basis of how spermatozoa work, and
on an understanding of spermatogenesis.

One well-known example highlights our ignorance. To date,
over 1000000 cycles of IVF have been performed in the
world, yet we know practically nothing about how a human
spermatozoon interacts with a human egg. This is astounding,
as the interaction is observed by hundreds of scientists all over
the world every day of the week! Animal studies don’t
really provide much information. For example, although the
consensus of opinion suggests that ZP3 is the ligand on the
zona responsible for sperm binding and the acrosome reaction
(despite an almost total lack of information in the human), a
plethora of complementary receptors on the spermatozoon are
suggested. Why don’t we know more? The simple answer is
that not enough high-quality basic research is being performed
using human gametes. With rapid advancements in cellular and
molecular biology we should be able to draw on experiences in
other disciplines to answer basic questions in reproductive
biology, e.g. how a spermatozoon interacts with an egg. Being
optimistic, we may even manage to address the enigma of
capacitation!

In conclusion, a major reason why the basic assessments of
semen have variable predictive value is due to a high degree
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of error in the techniques used to assess the samples. In
addition, different laboratories may not use the same techniques
(although they may think they do; see Table I). It is clear that
a considerable amount of technician training is required. Also,
external quality control programmes are necessary. It is vital
for satisfactory patient management that high standards in
semen assessment are achieved. In this context, it is particularly
welcome that ESHRE has identified these areas and taken
affirmative action by instigating basic semen assessment train-
ing courses throughout Europe. It is critical that each andrology
laboratory supports these efforts. Finally, sperm function tests
are appropriate and clinically useful in some cases; however,
real progress will only come if we attempt to understand more
about how a spermatozoon is made and how it works.
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Comprehensive quality control procedures were integrated
into the routine semen analysis workload of a large
university-based andrology laboratory. Methods were
chosen to match as far as possible those which have been
used successfully for many years in disciplines such as
clinical chemistry. Levey-Jennings and cusum charts were
plotted in order to monitor the immunobead-binding test
for antisperm antibodies and a video-taped control sample
for computerized semen analysis. A cryopreserved semen
control was also charted. Daily manual sperm counts were
plotted against the corresponding computer-assisted semen
analysis (CASA) value. Multiple readings of 30 slides were
used to monitor morphology assessments. Monthly means
for morphology were also calculated regularly. Coefficients
of variation were calculated for all variables and were
found to be more appropriate for some aspects, such as
CASA, than for others, such as morphology, when differ-
ence from the previous reading of the same slide was
found to be more useful. These integrated quality control
procedures had a direct influence on the production of
results from the laboratory. Together with a high standard
of technician training, comprehensive routine quality con-
trol based on repeated analyses of control samples is an
effective way of assuring the validity of semen analysis
results.

Key words: computer-assisted semen analysis/controls/cusum
plots/quality control/semen analysis

Introduction

Almost 30 years have passed since Freund (1966) showed that
basic semen analysis could be subject to gross error. From a
multicentre study on morphology assessment he concluded
that the methods used were ‘subjective, qualitative, non-
repeatable and difficult to teach’. This potential for gross
analytical error in semen analysis has been revealed by a
number of subsequent studies (Jequier and Ukombe, 1983;
Dunphy et al., 1989; Neuwinger et al., 1990). In addition,
concern has been expressed at the lack of operational standards
in computer-assisted semen analysis (CASA; Davis and Katz,
1993a,b). A comparison of the measurements obtained by
computer-assisted image analysis with those obtained by con-
ventional means has shown the potential for discrepancy due
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to the methodology used (Macleod er al., 1994). The need for
suitable quality control within the andrology laboratory in
order to reduce the level of imprecision in semen analysis was
emphasized by Mortimer er al. (1986). The requirement for
adequate internal quality control for accreditation purposes has
provided added impetus in this field. However, despite the
urgency of the problem, there remains relatively little to
guide the andrologist in the practical application of routine
quality control.

Descriptions of quality control systems have tended to focus
almost exclusively on the training of technicians to a high
standard in order to assure the quality of semen analysis data.
Mortimer er al. (1986) showed how improvements to basic
manual techniques could reduce the differences between
technicians analysing the same sample, to levels which were
considered unlikely to influence clinical decisions. Dunphy
et al. (1989) assessed inter- and intra-technician variability in
manual semen analysis and noted that large errors could arise
in the determination of motility and morphology. They pointed
out that the interpretation of semen analysis data must involve
an appreciation of this analytical error, and stressed that
technicians should be selected on their natural abilities as
observers. A comprehensive scheme for monitoring, on a
regular basis, inter- and intra-technician performance of
motility, concentration and morphology assessment was
described by Cooper et al. (1992). Mortimer (1994) has stated
the need for goal-orientated, intensive technician-training,
not only as a prerequisite for new technicians but as an on-
going process in the quality control of technical skills in
the laboratory. In 1992, the World Health Organization
(WHO) introduced the subject of quality control into the
Laboratory Manual for the Examination of Human Semen
and Semen—Cervical Mucus Interaction, and again, tended to
concentrate on the training of technicians (WHO, 1992). This
emphasis is understandable when the complex nature of semen
analysis is considered, with its reliance on manual techniques.
Technician training has a central role in the quality assurance
programme of the andrology laboratory and has been integral
to our laboratory. However, operator error is only one com-
ponent of the total analytical error in any method.
Adequate training is essential if better precision and accuracy
are to be introduced into semen analysis, but should not be
seen as a panacea. The best-trained technician can never
produce results of high accuracy and precision using a method
of analysis which is essentially prone to error, just as a poorly
trained technician will be unlikely to assure optimum results
from the most reliable of assays.

There is an urgent need for quality control procedures which
operate together with technician training and which, by their
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integration into the routine workload of the laboratory, can be
used more directly to influence the quality of the results
produced (see Barratt, 1995). In 1981, the WHO report on the
external assessment of health laboratories described internal
quality control as having ‘an immediate effect on the informa-
tion emerging from the laboratory at the time of checking...
closely analogous to the quality control of randomly selected
samples of a product emerging from an industrial process’.
The system of internal quality control which has been imple-
mented in our laboratory is based on this model. Some attention
has already been paid to the provision of the control samples
which are essential for the continuous monitoring of assays.
The WHO (1992) Laboratory Manual suggests the use of stored
aliquots of diluted semen for concentration determinations at
periodic intervals and recommends the re-reading of morpho-
logy slides to assess consistency of scoring. Also suggested is
the use of cryopreserved semen and of videotaped samples to
provide longer-term control. The Manual also notes that
positive and negative controls for antisperm antibody tests
may be produced in-house from pooled and frozen seminal
plasma or serum samples (WHO, 1992). In addition, Mortimer
(1994) has addressed the problem of control samples for
vitality and motility assessment. In the IVF laboratory, Muller
(1992) has described the use of frozen aliquots of semen to
control assays of sperm penetration of oocytes. Davis and
Katz (1993b) have discussed methods to achieve quality control
of computerized semen analysis by the use of beads, videotapes
and computer simulations of sperm samples. The pilot scheme
for external quality assessment organized by the British
Andrology Society, in which samples were distributed to 20
laboratories throughout the UK, has demonstrated the success-
ful use of control samples (Matson, 1995). In addition, Knuth
et al. (1989) and Cooper et al. (1992) have illustrated the
effectiveness of long-term sampling of the monthly means of
semen analysis data in revealing systematic changes.

The present study shows that continuous process control
can be successfully introduced into the andrology laboratory,
using simple methods based on Levey-Jennings and cusum
charts, which have long been employed in disciplines such as
clinical chemistry, in order to assure and hopefully, improve
the quality of semen analysis. Quality control was first intro-
duced into this laboratory almost exclusively in the form of
inter- and intra-technician comparison exercises. These are
now seen as belonging to an overall strategy of quality
assurance which also includes, for example, education, speci-
men reception and handling, reagent quality, instrument checks,
and the reporting and checking of results (see Muller, 1992).

Materials and methods

The andrology laboratory at the Jessop Hospital for Women, Sheffield.
UK has performed exercises in quality control for many years
(see Dunphy et al., 1989; Barratt er al., 1993). However, a more
comprehensive system of routine internal quality control was intro-
duced from September 1992 (morphology), May 1993 (antisperm
antibodies) and August 1993 (CASA). Emphasis was placed on the
quality control of CASA rather than on manual methods for determin-
ing sperm concentration and motility, as we have used computerized
methods almost exclusively for analysis of donor and patient samples

Quality control in the andrology laboratory

for a period of several years (see Barratt et al., 1993; Zhu et al.,
1994). This university-based centre performed over 1000 patient
semen analyses in 1993 in addition to ~4000 analyses on fresh and
post-thaw samples from semen donors. Throughout the period of the
study, semen analysis was performed by the same three full-time and
three part-time technicians on both fresh and cryopreserved samples.
Most of the facilities used in routine analysis were also shared by
scientists engaged in research. Procedures for quality control were
introduced gradually and incorporated into written protocols. Results
were entered onto the appropriate forms in a loose-leaf quality control
binder. Data analysis of each month’s results was performed promptly,
and relevant charts were displayed in the laboratory. Quality control
was reviewed at monthly laboratory meetings.

Antisperm antibodies

Immunoglobulin (Ig)A and IgG antisperm antibodies were assessed
by an indirect immunobead test based on the WHO method (Barratt
et al., 1992). Ideally, controls should match patient samples as closely
as possible. Over 95% of the patient samples tested were seminal
plasma, so this was the material of choice. Pooled seminal plasma
which tested antibody negative (i.e. 0% for both IgA and IgG) by
the immunobead test was used for the negative control. To obtain a
positive control for the test, a large pool (20 ml) of highly positive
seminal plasma (immunobead binding of either or both classes of at
least 50% by either or both direct and indirect methods) was prepared
from patient samples previously tested and stored frozen at —20°C.
High levels of binding were required in the control sample as only
these levels were considered to be of clinical significance (Barratt
et al., 1992; WHO, 1992). Both controls were heat-inactivated at
56°C for 30 min. The pools were divided into over 100 aliquots of
125 pl and stored frozen at —20°C. A large number of aliquots was
required in order to maintain long-term quality control. Batches of
indirect antibodies were run once weekly, with one aliquot of positive
and negative control being thawed and incorporated into each run.
Total percentage binding was plotted on a Levey-Jennings control
chart for IgA and IgG. Negative controls were not plotted.

Computer-assisted semen analysis (CASA)

A videotape was used to monitor the performance of the Hamilton—
Thorn Motility (HTM) analyser (2030, version 7; Hamilton—Thorn
Research Inc, Beverly, MA, USA) under optimal conditions, i.e. the
tape was of a single field, and thus the variation due to operator, set-
up of the optical system, sampling error, field selection and chamber
depth was eliminated (Pedigo et al., 1989). The videotape was used
to assess instrument reliability over an extended period in order to
provide assurance to its users. The same section of tape was located
for each analysis by means of a digital counter. However, no attempt
was made to capture exactly the same spermatozoa on each analysis.
The tape was used as the closest approximation to a live semen
sample which could be used from week to week, allowing us to
estimate the error involved in the analysis of various populations of
~200 cells belonging to the same sample. The error involved was not
related simply to the starting point, but also to the random error in
the routine analysis of a relatively small number of cells. The
concentration of the sample recorded was at the lower range of
suitability for CASA, i.e. 20X 105 spermatozoa/ml. The motility was
~50% (rapid + medium + slow grades as defined below), allowing
assessment of the performance of immotile analysis. The sample also
included occasional large round cells, which allowed assessment of
the ability of the instrument to discriminate within a mixed population
of immotile objects. This sample therefore provided results which
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represent the limits for normality as suggested by the WHO (1992).
The tape was run weekly and at least 200 cells were analysed.
Parameters recorded were total concentration and four grades of
motility. These parameters were chosen as they form part of the
routine semen analysis report. However, percentage medium (10-25
pm/s) and slow (>0<10 um/s) motilities were very low and were
not plotted on control charts. Percentage rapid motility (>25 pm/s)
and percentage immotile (<0 pm/s) were recorded. Levey—Jennings
charts based on the mean and two standard deviations were established
(n = 12), upon which results were plotted weekly (n = 22). A cusum
plot was made at intervals of several months in order to detect long-
term trends in instrument performance.

A single cryopreserved ejaculate comprising 50 straws, obtained
from a donor who produced a large sample volume, was also used
as a routine quality control sample to monitor concentration, motile
concentration and percentage total motility in post-thaw samples from
patients and donors. These samples formed ~40% of the total workload
of the HTM analyser. The control sample was diluted 1:1 in a
glycerol-egg yolk—citrate buffer with a final glycerol concentration
of 7.5% by volume, packaged into 0.25 ml straws (Rocket, London,
UK) and frozen in a programmable freezer (Planer Products,
Middlesex, UK) using the following cooling rates: 20°C to 5°C at —
1°C/min, then —10°C/min to —110°C, before storage in liquid nitrogen.
One straw was thawed at room temperature and allowed to equilibriate
for several minutes before CASA. Values obtained from analysis of
at least 200 cells were plotted on a Levey-Jennings control chart
weekly (n = 30). The sample chosen had a motile (i.e. mean average
path velocity (VAP) >0 pm/s) concentration of ~10X 10%/ml, as this
was the lower limit of acceptability for post-thaw samples from
semen donors attending our centre. A limited number of straws (six)
was used to set up tentative limits for this control on a Levey—
Jennings chart. This was in order to retain a sufficient number of
straws to allow the ejaculate to be used over the long term. Limits
were recalculated after 18 measurements. However, owing to the
wide range of values obtained over a period of 6 months, this method
was discontinued.

In order to validate the semen analysis data obtained from the
HTM analyser, a manual concentration was carried out on the first
sample of each day’s run. This represented ~10% of patient specimens.
Only samples suitable for CASA were included, i.e. <10% agglutina-
tion and <10% concentration of round cells and debris (Davis and
Katz, 1992). CASA was performed as previously described (Barratt
et al., 1993). All samples with a concentration >70X10%/m} were
diluted to an appropriate level with Dulbecco’s phosphate buffer
supplemented with bovine serum albumin (0.3 g/l) and glucose
(1 g/M) (WHO, 1992). Homologous seminal plasma was not used
because of practical difficulties, including frequent cases of high
viscosity and low volume in our patient samples. Manual concentra-
tions were assessed by the use of an improved Neubauer chamber
(WHO, 1992). The set-up of the HTM analyser was adjusted to give
a concentration measurement to match the manual count. This was
usually achieved by adjusting the illumination intensity and the focus
on the external optical system to change the size and brightness of
the digitized image of the spermatozoa heads. Results of these checks
were recorded on a daily basis and analysed at the end of each month
for display as a Bland and Altman type chart (see Statistics). Over
time, there seemed to be an increased awareness of which samples
were unsuitable for HTM analysis and also an improvement in
operator skill in capturing accurate video images by use of the
external optics.

Morphology

Smears were prepared for morphology by spreading either 5, 10 or
20 ul of semen on clean glass slides, using a coverslip to drag the

2098

sample gently across the slide. The volume of sample used depended
on the concentration of spermatozoa (Menkveld er al., 1990). In the
case of viscous samples, an aliquot of semen was placed on one slide
and then covered by a second. After allowing the sample to spread
between the slides, the two slides were then gently pulled apart
(WHO, 1992). If the sample was oligo- or azoospermic, a smear was
prepared from the pellet obtained by centrifugation at 600 g for 20
min. The slides were fixed in methanol after being allowed to air-
dry, and then sent for Papanicolaou staining at a routine histology
laboratory. Scoring of normal (ideal) forms only was by WHO (1987)
criteria from September 1992 until November 1992, when WHO
(1992) criteria were adopted. Continuous monitoring of the method
was carried out using two approaches. The first involved periodically
selecting sets of five slides from a variety of patients or donors. A
wide range of slides was selected, including those showing a high
proportion of very poor morphology and others with borderline forms.
These were assigned a code-number, and were included in the routine
runs of morphology slides on a regular basis. The procedure finally
adopted was to include one set of five quality control slides with
every 50 routine slides. A check was made on the previous reading
obtained for each slide, allowing continuous monitoring of intra- and
inter-technician variability. Estimation of the precision of the method
over a long period was also possible after a suitable number of results
had been accrued.

The second method of quality control was that of calculating the
monthly mean. The mean of all the patient morphology results was
calculated immediately at the end of the month; it was only done
occasionally initially (March, September and December 1992, May,
July and September 1993), and then for every month thereafter, and
trends in the overall level of results were examined. This value was
used to aid interpretation of trends which were apparent in the reading
of the quality control slides when changing from WHO (1987) to
WHO (1992) criteria.

Statistical analysis

To establish Levey-Jennings and cusum control charts it was necessary
to accumulate sufficient data from repeated analysis of the control
samples in a reasonably short period in order to set confidence limits.
Normally, at least 20 samples are required to set limits for precision
in clinical chemistry (Broughton, 1978). The relatively small number
of semen analyses generally performed may preclude the rapid
collection of large volumes of data. Mortimer (1994) has suggested
that at least 10 values are required when defining precision in semen
analysis. In addition, more valid limits are set by analysis of control
samples under routine conditions when the precision is likely to be
less than that of repeated analysis under optimal conditions, such as
by a single operator on one occasion. These constraints mean that
frequently small numbers of data showing a wide range of values are
available. Some approaches, such as calculating the correlation
coefficient and coefficient of variation (CV), may be unsuitable in
this case. (Bland and Altman, 1986; Davis and Gravance, 1993).
Data in the form of percentages were not transformed before analysis
as it was felt that procedures should be kept as simple as possible, and
that the benefit of such manipulation was debatable (Broughton, 1978).

The emphasis in our laboratory was on implementing, as quickly
as possible, a comprehensive system of simple quality control
procedures which could be used by technical staff to monitor routine
analyses. As a crude check on the normality of the data we compared
the mean with the median value; in all cases this was similar, e.g.
for immunobead binding (see Table I). Levey-Jennings charts were
established by drawing limits of 2 SD each side of the mean and
plotting control values as obtained. Cusum plots involved plotting
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Table I. Change in value of percentage binding to IgA immunobeads shown
by an antisperm antibody positive control

18/05/93-27/10/93 03/11/93-29/03/94

IgA IgG IgA IgG
Mean 74.7 828 61.9 72.7
SD 12.1 85 14.5 18.8
cv 16.2 10.3 23.5 25.1
Min 53.0 67 28.0 33
Max 90.0 97 84.0 97
n 18 18 17 17

consecutively the cumulative sum of the differences from the original
mean value. In the immunobead-binding test, limits were based on
the first 18 results obtained under routine conditions. The coefficients
of variation for both IgA and IgG positive controls for the first 18
and the subsequent 17 plotted values were calculated in order to
detect any trend. Based on the mean value of the first 18 samples, a
cusum plot was also made for IgA and IgG positive controls. This
technique was used to amplify any systematic error which was not
immediately obvious from the Levey-Jennings chart. Similar methods
were used to analyse data from the videotape, using concentration,
percentage rapid motility, and percentage of static spermatozoa as
variables. Limits were set on the first 12 values obtained under routine
conditions. To set limits for the cryopreserved control, six straws
from a single ejaculate of 50 were analysed by the HTM analyser
for motility and concentration measurement. A Levey-Jennings con-
trol chart was based on the CASA values.

Initially, a scatter-plot was made to display CASA con-
centration values versus the manual check. The correlation coefficient
was also calculated. This was done on a monthly basis, but was
replaced by a method similar to that of Bland and Altman (1986).
(Emphasis was placed on the manual concentration as a reference
value rather than following the original procedure of Bland and
Altman, which was based on the comparison of two equivalent
methods.) This involved plotting the difference between the CASA
and the manual values, as a percentage of the manual count (Mortimer,
1994), against the manual count. The manual count was preferred to
the mean of the two methods as being the best approximation of the
true value, to which the CASA system should be calibrated (Davis
and Katz, 1992). The mean, median and range of the percentage
differences was also calculated monthly to allow assessment of bias
(mean) and potential for discrepancy (range) (Mortimer, 1994).

For morphology, coefficients of variation, means and ranges based
on small numbers of readings (minimum of four, maximum of eight)
were calculated at intervals. A ‘previous value check’ (Statland and
Westgard, 1991) was also applied to successive re-readings of the
same slide. This was expressed as difference in score from the
previous value. The monthly mean of normal spermatozoa per patient
was plotted as a bar chart, with all patient results being included
except those from azoospermic cases, as the only data available for
azoospermic samples was for the incidence of round cells etc.

Interpretation of the Levey—Jennings charts for antisperm antibody
positive controls, CASA videotaped control and cryopreserved control
involved observation of increased dispersion of recorded points due
to a decrease in precision, systematic drift due to a slowly developing
problem, and an abrupt change due to a sudden shift in the method
(Statland and Westgard, 1991). The cusum charts helped to amplify
any systematic changes in values. A horizontal gradient indicated
that the method was in control with values obtained similar to the
established mean. A downward or upward slope showed that values
obtained were systematically lower or higher than those expected.

Quality control in the andrology laboratory

The cusum plots were inspected for sharp changes in gradient, which
indicated problems as they arose.

Results

Antisperm antibodies

A wide range of values was obtained for the positive immuno-
bead controls over the 12 month period (Figure 1a). The mean
and median values for 39 assays of IgA were 69.2 and
70% respectively, range 28-90%. Slightly higher values were
obtained for IgG, which produced a mean of 77.5% and a
median of 80%, range 33-97%. The overall CVs were 20.4
(IgA) and 19.1 (IgG). Weekly values were plotted on the
control charts (Figure 1b and c). Limits (2 SD) set were 51—
99% (IgA) and 66-100% (IgG). Three controls for IgA and
six controls for IgG lay outside the limits, representing a total
of 26% of the plotted values. The cusum chart (Figure 1d)
showed a systematic tendency to give lower values than
expected (downward gradient), although this bias was not in
evidence towards the end of the study (horizontal gradient)
when the method appeared to be in control. The data used to
establish the control charts and those which were plotted are
summarized in Table 1. Binding was rarely observed in the
negative control and was never >10%. For this reason, negative
control values were not plotted.

Computer-assisted semen analysis

Control charts for the videotaped sample are shown in Figure
2. The limits set were 18.2-22.2 (concentration), 27.6-44.8
(rapid motility) and 39.7-65.3 (static). Eleven of the 66 plotted
values (16.7%) were outside the 2 SD limits (six concentration,
one rapid motility and four static measurements). This is
somewhat higher than the expected 5%. The cusum plot for
the videotaped control sample (Figure 2d) shows little change
in the value of concentration over time, but a systematic decline
in the percentage of cells classified as rapid, accompanied by
a reciprocal increase in the percentage of cells classified as
static. However, summaries of the data used to set the limits
and that used to plot the cusum chart (Table II) show that
these changes are relatively small.

Control charts for the cryopreserved sample are shown in
Figure 3, with the plotted values summarized in Table III. The
range of values provided by this particular sample was found
to be too wide to facilitate the effective use of this material
as a control, with a large number of results lying outside the
95% limits. This method was rejected as part of the routine
quality control in the laboratory.

Correlation coefficients with values close to 1.0 were
regularly attained when comparing paired CASA and manual
concentration values (e.g. August-November 1993, r = 0.96,
n = 68). Analysis of the percentage difference of CASA
results from the manual control showed a potential for discrep-
ancy more effectively. Figure 3¢ shows a plot of percentage
differences obtained in March 1994 against the manual values.
The magnitude of discrepancy did not appear to be related to
the concentration value. The range of differences was on
occasion very wide, but the mean differences were relatively
small, showing little bias of the HTM values from the manual
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Figure 1. Routine quality control for antisperm antibodies. (a) Variation in percentage binding to 1gA and 1gG immunobeads in a pooled
seminal plasma positive control for an indirect antisperm antibody assay over a period of 12 months. Binding to IgG immunobeads is shown
by the solid line, and to IgA by the broken line. Horizontal lines show lower limits suggested by WHO for positive (20%) and clinically
significant (50%) levels of immunobead binding. (b) and (¢) Levey—Jennings control charts for percentage binding to IgA and IgG
immunobeads in a pooled seminal plasma positive control. Results were plotted weekly. Horizontal broken lines denote upper and lower
limits of 2 SD from the mean (solid horizontal line). Limits were set on the previous 18 values. (d) Cusum plot of percentage binding to
IgA and IgG immunobeads in a pooled seminal plasma positive control. Binding to IgG immunobeads is shown by the solid line, and to
IgA by the broken line. Lines represent the cumulative sum of differences from the mean value of 18 previous measurements.

control. The agreement between the two methods steadily
improved over a 6-month period, with a reduction in the range
of differences (Figure 3d).

Morphology

Results for routine morphology are summarized in Table IV.
A mean of 6.4 readings was obtained per slide (median = 7).
A wide range of CVs was obtained, with a mean value of
24.0% (median 18.6%). Slides with lower mean values had
higher CVs. Analysis of the absolute difference in score from
the previous reading is provided by Figure 4a. Of the 145
repeat assessments (25 slides) by WHO (1992) criteria, 72
(49.7%) differed by a score of <3%, 13 repeats (9.0%) were
identical, and nine (5.5%) varied by a score of >10%. The
magnitude of the differences was not related to the number of
times that the slide had been read. Monthly mean values are
shown in Figure 4b and reveal a large reduction in the average
score, from 50% to just over 17% during the period of study.
This shift appears to be related to the change in criteria applied,
as the same technician read all the slides during the period
March 1992-November 1993, and comparable monthly means
for concentration and motility did not show trends to indicate
a significant change in the population (data not shown).

2100

Discussion

To our knowledge, this is the first description of the successful
introduction of a comprehensive system of routine, integrated
internal quality control procedures into a laboratory dedicated
to semen analysis that is not centred on technician assessment.
We consider that our system was successful for the following
reasons. Firstly, because it was sustainable and non-disruptive
in the context of a busy service andrology laboratory, being
integrated into the normal work-flow. Secondly, it was not
misconstrued as a ‘checking-up’ exercise on technicians’
abilities/performances. Thirdly, it improved our awareness of
the overall error of our methods and helped prevent the release
of potentially erroneous results. For example, manual checks
on the HTM analyser have helped us to improve our use of
CASA. Fourthly, through our systematic use of internal quality
control, we have begun to establish a ‘quality culture’ in our
laboratory.

Other systems have been reported which have addressed the
fundamental requirement for a high level of technician training,
the absence of which would undermine the value of routine
quality control procedures. Very high levels of precision in
analyses have been obtained by a commitment to goal-oriented
technician training and an emphasis on the adherence to
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Figure 2. Routine quality control for CASA based on a videotaped semen control sample. Results were plotted weekly on Levey—Jennings
control charts for sperm concentration (a), percentage rapid sperm motility (b) and percentage static cells (c¢). Horizontal broken lines denote
upper and lower limits of 2 SD from the mean (solid horizontal line). Limits were set on the previous 12 values. (d) Cusum plot.
Concentration, percentage rapid motility and percentage static spermatozoa are denoted by solid, broken and dotted lines respectively. Lines
represent the cumulative sum of differences from the mean value of 12 previous measurements.

Table IL. Videotaped control. The same section of tape was analysed weekly by the Hamilton-Thorn motility analyser. a = values used to establish control
chart; b = values plotted on control chart

Concentration (X 10%ml) Rapid motile (%) Medium motile (%) Slow motile (%) Static (%)

a b a b a b a b a b
Mean 20.2 19.7 36.2 34.7 8.9 8.4 2.7 2.4 52.5 54.4
SD 1.0 1.9 43 4.6 3.0 2.7 1.5 1.6 6.4 7.7
cv 4.9 9.5 11.8 13.3 33.6 326 56.1 67.3 12.2 14.1
Min 18.5 16.6 27.0 24 5.0 5.0 1.0 0.0 39.0 33
Max 21.9 23.7 45.0 43 16.0 17.0 6.0 7.0 63.0 71
n 12 22 12 22 12 22 12 22 12 22

rigorous standards at the bench (Cooper et al., 1992; Mortimer,
1994). There may, however, be some disadvantages in applying
a technician-orientated approach as a tool for the continuous
monitoring of analytical performance. It may not be appro-
priate to subject fully trained technicians, who have obtained
certificates of competence at courses held by relevant profes-
sional bodies such as the British Andrology Society, to repeated
testing of their performance in this way. The ‘quality control’
of technicians may be a sensitive issue (Dharan, 1977).
Inter-technician quality control exercises may also be time-
consuming and disruptive to the work-flow in the laboratory,
and may be seen as somewhat artificial in that they do not
reflect routine working practice. Although the scheme described
by Cooper et al. (1992), based largely on such exercises, is
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very comprehensive, it could prove expensive to implement.
A disadvantage of this system, in which small numbers of
control samples are assessed repeatedly over time, is that it is
perhaps unsuitable for monitoring techniques which are highly
subjective and obviously prone to bias through familiarity. It
is notable that the CVs reported in that study, such as for
morphology, are generally lower than those obtained in our
laboratory. Although this may be a consequence of the trans-
formation of data by Cooper et al., it may also be explained
by the way in which we have attempted to integrate control
samples into the workload — this approach would be
expected to give higher CVs which reflect the overall analytical
variation of the method. Subjectivity and familiarity are,
however, features of the quality control used for the
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Figure 3. Routine quality control of CASA based on a cryopreserved semen control sample and a ‘first sample’ manual check. Results were
plotted weekly. Levey—Jennings control charts are shown for the cryopreserved sample: (a) concentration and (b) motile concentration. Solid
horizontal lines denote mean and upper and lower limits of 2 SD based on analysis of six samples. (c) Monthly plot of differences between
CASA and manual measurements of a ‘first sample’ check sperm concentration, expressed as a percentage of the manual value. Values are
plotted against the manual value. Points within the broken lines denote CASA values which are within 10% of the manual value. Samples
from patients and semen donors were assessed at the commencement of each day’s workload. (d) Mean and range of differences between
CASA and manual measurements of sperm concentration, expressed as a percentage of the manual value, plotted monthly. Triangles
represent the maximum and minimum values, circles represent the means.

Table II1. Cryopreserved control sample assessed by the
Hamilton-Thorn motility analyser. One straw from the same ejaculate was
analysed at approximately weekly intervals

Concentration Motile concentration Motility (%)
(X 10%ml) (X 10%ml)

Mean 41.1 12.7 31.1

Median 40.7 12.2 310

SD 55 3.0 5.7

Ccv 13.3 23.7 18.4

Min 30.0 7.7 21.0

Max 52.7 216 450

n 30 30 30

immunobead-binding test in this study. To help overcome
personal bias in this test, all positive antisperm antibody
results are now checked by another technician.

Other systems have been described which, although based
on the analysis of data which has been obtained under routine
conditions, suffer from being retrospective (Macleod et al.,
1994). However, the technique of sampling the monthly mean
of semen variables described by Knuth et al. (1989) is easily
adapted as an on-going quality control measure for morphology
by prompt calculation of the statistic at the completion of the
month’s work (Cooper et al., 1992). This study showed how
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batch means were used to monitor the large change in values
obtained when applying stricter criteria to patient morphology.

The assessment of error in semen analysis has been the
focus of attention of other studies. From the results of a 1-day
workshop on semen analysis held by the British Andrology
Society in 1981, it was concluded by Jequier and Ukombe
(1983) that such errors could be very large. Dunphy et al
(1989) undertook a detailed investigation into the performance
of standard semen analysis by three technicians and noted the
potential for discrepancy in manual measurements of motility
and also in morphology assessments performed by a single,
highly experienced observer. In order to reduce such widely
reported levels of error, our laboratory has concentrated on
replacing manual with automated methods for analysis of
sperm motility and on the strict application of WHO criteria
in the classification of sperm morphology.

Much attention has been given to the quality of CASA in
clinical practice. In a study of the quality of semen data from
HTM analysis, Pedigo et al. (1989) determined instrument
precision by means of replicate analyses of the same section
of videotape. This technique was adapted in our laboratory to
provide long-term control over the performance of the HTM
analyser. (Currently the tape has been analysed 54 times over
a period of 15 months.) In general, operational standards for
CASA, which were suggested by Davis and Katz (1992,
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Figure 4. Routine quality control of morphology. (a) Histogram of difference in score from the previous reading based on 25 quality
control slides for assessment of morphologically normal spermatozoa. Slides were read according to WHO (1992) criteria. Semen smears
were from patients and donors and were stained by a Papanicolaou method. (b) Bar chart of monthly mean values for percentage
morphologically normal spermatozoa from patients undergoing routine infertility investigations. Mean values are given for the following
months: March, September, and December 1992, May and July 1993 and then each month from September 1993 to June 1994. WHO
(1987) criteria were applied until November 1992, whereafter WHO (1992) criteria were applied. The vertical reference line denotes the

change in methodology.

Table IV. Values represent percentage morphologically normal forms
obtained by repeated assessment of 30 quality control slides. Slides 1-5
were read according to WHO (1987) criteria, slides 6-30 were read
according to WHO (1992) criteria

andrology service laboratory (Aberdeen), of the comparative
assessment of 1435 routine patient semen samples using both
the HTM analyser and manual methods did not provide
comparable data (Macleod et al., 1994) for either concentration
or motility measurements. Reasons for this may be that

Slide Mean SD Ccv Min Max X
" unsuitable samples were analysed on the HTM analyser, as all
1 43.0 4.1 9.5 38 48 4 patient samples were analysed. (Our laboratory rejects ~25%
§ ;‘2"(5) g; 'g'g ;8 gg j of patient samples as being unsuitable for CASA.) The use of
4 485 137 283 40 69 4 an external microscope has also been found by this laboratory
5 26.0 2.7 10.4 22 28 4 to be a considerable improvement on the internal optical
g 3(7)2 22 ;f g ?‘;’ g? g system used in the study of MacLeod et al. We have also
8 10.6 43 40.4 7 18 5 found the use of homologous seminal plasma as a diluent, as
13 S-g gg ?2-2 2(7) %g g described in the Aberdeen study, to be unsatisfactory in many
" 217 6.6 303 13 3 6 cases. In adlelon t.o frt?quent d1§orders of low specimen
12 37.5 46 12.4 30 42 6 volume and high viscosity affecting samples, there is the
:i "12-(9) gg 22-; 42 ;g g problem of ensuring the homogeneity of the diluted specimen.
15 34.8 44 125 28 40 7 Similarly to Macleod et al. (1'994), emphasis was placed in
16 34.7 6.0 17.3 28 46 7 our study on the analysis of differences between manual and
:g i’;g g-g 'g-g 421(2) 3*73 ; CASA concentration values. However, our approach differed
19 427 46 10.8 37 49 6 in three ways. Firstly, we calculated the percentage rather than
20 443 2.7 6.1 41 48 7 the absolute difference between the two values as being a
g; 2(%'2 ﬂ gi'g l‘l‘ ;Z g more useful measure of discrepancy (see Mortimer, 1994).
23 13.8 62 45.3 7 23 8 Secondly, we plotted these differences against the manual
24 385 42 10.9 33 46 8 value rather than the mean of the two methods, as the manual
%g ;g :2 gg; ‘: g g method is usually considered to be less subject to error (WHO,
27 315 6.0 191 20 40 3 1992). Thirdly, we used the comparative data as a continuous
28 332 27 50.6 0 9 8 check on routine semen analysis in order to validate and
29 . 6.8 19.6 19 40 8 :
30 36 55 641 0 13 8 control CASA rather than as a retrospective assessment of the

1993b), have been introduced into this laboratory. However,
it has not been considered necessary to perform a manual
control of concentration for each sample, as the results from
the ‘first sample’ check which we have implemented suggest
that, provided that the operational standards concerning concen-
tration limits, agglutination and round cell interference are
adhered to, large discrepancy is unlikely.

It is of interest that a retrospective study, based in a regional

comparability of the methodologies.

The use of aliquots of a cryopreserved sample to provide
routine quality control of sperm penetration assays, based on
95% confidence limits, has been outlined by Muller (1992),
although the number of measurements was very small. Diffi-
culties experienced were in the lack of consistency between
vials and in the limited number of vials available. Cooper
et al. (1992) utilized three cryopreserved controls to assess
inter- and intra-technician variation in reporting manual con-
centration and motility with time, and again, encountered
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inconsistency between aliquots. A similar attempt to employ
a cryopreserved control in CASA was made in this study.
Although a larger number of aliquots were measured over a
6 month period (6/8/93-27/1/94), similar problems were
encountered (Table II, Figure 3a,b).

In contrast to most of these methods of assessing analytical
error, the system which has been introduced into this laboratory
is modelled largely on traditional methods which have long
been employed by pathology disciplines such as clinical
chemistry. We have reduced the emphasis on the quality control
of technicians. Inter-technician comparison exercises, held on
an approximately 2-weekly basis in this laboratory, have now
been largely replaced by routine methods of quality control
and are used only if a need is seen to arise, such as when a
technician commences semen assessments for the first time or
after a period of absence from the bench. Training exercises
are also used to provide data which can be used in the
estimation of achievable goals in day-to-day quality control.
For example, our data from the videotaped control suggest
that most of the differences obtained between technicians
analysing the same sample on the HTM analyser can be
accounted for by instrument imprecision and random error
inherent in the analysis of a relatively small number of cells.

The laboratory has focused on methods which monitor the
overall analytical process, in order to control assay perform-
ance. This has been achieved by using a variety of control
materials, some of which, however, have been found to be
more effective than others. Wall-mounted control charts have
enabled the laboratory to display its commitment to quality
control and hopefully assisted in the interpretation of the
laboratory’s results by its users.

The use of a single positive control for the immuno-
bead-binding test (Table 1, Figure 1) for an extended period
(currently more than 12 months) has provided the assurance
that, despite the obvious variability of the method, a highly
positive sample is unlikely to be found negative, that is, to
show <20% binding (WHO, 1992). Conversely, no results for
the negative control were found to be positive (data not shown
as binding was rarely observed). However, the quality control
data described here suggest that this test is less reliable in
discriminating clinically significant levels of antibody-binding
in a given sample, i.e. in excess of 50% for either class of
antibody (WHO, 1992). Some of the variability could perhaps
be ascribed to matrix effects resulting from the use of a pooled
sample of seminal plasma. A decrease in the value of the
positive control was shown by a cusum plot (Figure 1d),
accompanied by a simultaneous increase in the CV (Table
I), indicating a decrease in precision with time. Possible
explanations for these changes include a change of operator
in October 1993, a change to the methodology by increasing
the final BSA concentration of the immunobead suspension
from 0.4 to 5% to prevent clumping of the beads in March
1994 (Mortimer, 1994), and possible deterioration of the
control samples. It was not found necessary to repeat batches
due to poor performance as indicated by the control chart
during the period of this study. This was because a batch was
not repeated if the positive controls were out of limits but no
binding was observed in any of the patient samples, provided
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that the controls showed a minimum binding of >20%. (It has,
however, been found necessary to repeat batches subsequent to
this study where binding has been observed in patient samples
and the controls have been below the lower limits.) A direct
consequence of running the long-term quality control samples
has been to alert technicians and medical staff to the imprecision
of the method, which has led to the mandatory re-checking of
all suspected antisperm antibody-positive samples by another
technician. Although well-trained technicians will usually agree
on classifying a sample as positive, we feel that a second
opinion is invaluable, especially in weakly positive samples
and those in which mucus interference and poor sperm motility
make interpretation more difficult. In response to the poor
performance of the immunobead test revealed by our quality
control procedures, we have introduced a second positive
control prepared from a single serum specimen, and also
changed the technical staff performing the assays. Although
we have shown that control samples may be used to monitor
indirect immunobead tests, the routine quality control of direct
tests is not currently practised in this laboratory. Our overall
assessment of the immunobead test is that it is of limited
reliability and of dubious value in infertility investigations
(see Tomlinson et al., 1993).

Long-term precision of the HTM analyser was monitored
by the videotaped sample (Table II, Figure 2). Data from this
study shows that, when 200 cells are analysed, there is a
degree of unavoidable error due to the instrument, represented
by a CV which is at least 5% for concentration measurements
and significantly higher for percentage motility values. This
compares with a CV of ~10% which has been regularly
demonstrated in this laboratory by repeated concentration
measurements of fresh samples (data not shown). This informa-
tion is of value in interpreting between-operator error. A cusum
plot (Figure 2d) showed small but consistent differences from
the expected values for the percentage of rapidly moving and
static cells. A decrease in precision was also noted (Table II).
However, these changes were relatively small, and may have
been due to some decline in the tape quality after at least 34
playings. Measurements of concentration were shown by the
cusum plot to be consistent over a 9 month period. This routine
quality control procedure provided assurance of the analytical
reliability of the instrument.

The use of aliquots of a cryopreserved ejaculate for routine
quality control purposes was shown to be compromised by the
wide variation between straws, especially with respect to
percentage motilities (Table III, Figure 3a,b). This exercise
was designed principally to control the analysis of post-thaw
samples, which present special difficulties for CASA due to
their poor optical quality, clumping of cells, and a relatively
low motile concentration. The quality control charts showed
that the HTM analyser can be used to measure the motile
concentration of post-thaw samples more precisely than the
total concentration. One reason for this may be the variable
clumping to which post-thaw immotile cells are prone. Immot-
ile cells are also slightly less bright than motile cells. They
are therefore more easily lost to analysis, more so because
post-thaw spermatozoa are smaller than fresh spermatozoa and
are also suspended in a buffer which is more opaque than



seminal plasma, as it contains 25% egg yolk. Any attempt to
fine-tune the image to increase the pick-up tends to bring
interference from the lipid globules in the buffer. There may
also have been an operator bias toward picking up the motile
cells, as it is the motile concentration which is used to accept
or reject post-thaw samples. (If the motile concentration is
below a threshold value, the samples are discarded.) As control
samples should ideally be chosen to reflect as closely as
possible the samples being assayed, it is questionable whether
cryopreserved specimens may be used validly in routine semen
analysis using CASA for fresh specimens. As a result of
this demonstration of inter-straw variability, however, several
straws from potential semen-donor samples are now thawed
and pooled before analysis instead of relying on a single straw.

The introduction of routine manual checks of CASA (Figure
3c) has led to an improvement in accuracy relative to the manual
method of estimating spermatozoa concentration (Figure 3d).
Thus integrated quality control procedures are shown here to
contribute to technician training. The laboratory is now able
to report CASA concentration values with greater confidence.
For example, from the 92 manual checks performed until the
end of December 1993, 24 out of 92 CASA values (26%)
showed differences >20% of the manual method, whereas
from January to May 1994 inclusive, only five out of 81
CASA results (6%) showed this magnitude of discrepancy.
There has been an increased awareness of the need to perform
manual concentrations on samples unsuitable for analysis by
CASA. However, the results obtained in this study suggest
that CASA may be used with a greater degree of confidence
than is suggested by some studies, as illustrated by the
reluctance of the WHO to recommend CASA for patient
diagnosis (WHO, 1992).

The use of multiple sets of five slides which were read at
intervals of approximately 2 weeks was found to be a successful
way of introducing routine quality control into the assessment
of morphology (Table 1V). Although some slides were found
to fade more quickly than others, only one slide (no. 19) was
discarded for this reason. The quality control data acquired
here suggest that the use of CVs to characterize the precision
of morphology assessments is of limited value. This is because
the number of values obtainable is inevitably small due to the
increasing risk of bias due to familiarity with a slide, and also
because the CV is clearly related to the mean (Cooper et al.,
1992). The introduction of stricter criteria has involved a
reduction in the mean values obtained, with a corresponding
increase in the CV, and has not been shown to improve the
consistency of morphology assessments in this laboratory. A
disadvantage of computing the CV as a quality control tech-
nique is that it is a retrospective test. Analysis of the difference
in score from the previous reading may be a more informative
technique, as this reduces the effect of long-term changes,
such as the adoption of different criteria, the fading of slides,
and change of technicians, and also offers a more immediate
check on operator consistency. The fact that these differences
were not related to the number of readings shows that the
influence of familiarity using this system was negligible. (In
order to concentrate on this method, we have recently modified
the system. A large pool of different control slides are read in

Quality control in the andrology laboratory

sets of five on two occasions only. This is felt to reflect clinical
practice, whereby more than two semen analyses are rarely
performed per patient.) Despite the generally small average
difference between readings, the potential for large discrepancy
was shown (Figure 4a). This may depend on the nature of the
samples to some degree, such as those with large numbers of
borderline forms, or with high background staining due to
chromophilic seminal plasma, which may be expected to be
less amenable to repeatable analysis. As a consequence of this
demonstration of variability, all routine slides with a count of
<10% ideal forms are now re-read by a second technician
and the mean value reported. Data accumulated by routine
quality control allows inter-operator comparison under normal
working conditions and can help in assessing consistency in
applying criteria.

Calculation of the monthly mean is subject to the same kind
of criticism as that directed at the use of the daily mean in
clinical chemistry analyses, as being a relatively insensitive
method which ignores changes in the patient population over
time (Broughton, 1978; Statland and Westgard, 1991). It was,
however, found to be a useful indicator of long-term changes
in the assessment of morphology (Figure 4b). It allowed us to
monitor the effect of adopting the new WHO (1992) criteria,
and has been used to respond to queries from doctors about
the significance of reduced morphology scores. Although the
changes in the description of a normal spermatozoon are
relatively small, we feel that the classification of all borderline
forms as abnormal, as specified by the new criteria, represents
a major shift in emphasis towards the strict selection of only
ideal forms of normal cells. Our internal quality control was
used to attempt to control and standardize the degree of
strictness applied by technicians in the laboratory. A dis-
advantage of this method is that relatively large numbers of
data are required, although smaller laboratories could use
longer time-periods for batching results.

In conclusion, it is possible to integrate routine procedures
into the andrology laboratory which actively control the quality
of patient results. A variety of control materials are available
for use on a long-term basis. Valuable information is obtained
from an on-going quality control programme that can be
utilized in the interpretation of patient results by users of the
laboratory. Together with effective technician training, these
methods allow the andrology laboratory to assure both control
over its analyses and the quality of its results.
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The World Health Organization (WHO, 1992) has sug-
gested new criteria for scoring sperm morphology. This
study compares the clinical value of the new criteria, i.e.
classification of a man as fertile or infertile, to those
previously established by the WHO (1987). Papanicolaou-
stained semen smears from 166 men attending our infertility
clinic, whose fertility status was known, were scored using
both methods. Using logistic discriminant analysis for
compositional data, no difference between these two sets
of criteria with respect to predicting pregnancy outcome
was observed. The categorization of the abnormalities
(head, midpiece, tail) provides no extra clarification. The
WHO (1992) cut-off point of 30% for normal forms is not
appropriate, as approximately half of the men in the fertile
group had a normal sperm morphology below this limit.
In conclusion, the present WHO (1992) classification of
sperm morphology is of no additional clinical value. Studies
on sperm morphology should concentrate on obtaining
biological data on, and measurements of, spermatozoa
which are functionally active. Only then can the definition
of normal be achieved and clinically useful criteria be
adopted.

Key words: in-vivo conception/semen analysis/sperm morpho-
logy/WHO

Introduction

Recently, the assessment of sperm morphology at the light
microscope level has received considerable attention (see
Kruger et al, 1986; Menkveld et al., 1990; Liu and Baker,
1992). Data from several independent laboratories clearly show
that the assessment of sperm morphology using a modified
method of strict scoring is one of the most significant predictors
for sperm fertilizing ability in vitro (Kruger et al., 1986; Liu
and Baker, 1988, 1992; Menkveld et al., 1990; Kobayashi
et al., 1991). In these studies, a biological end-point has been
used to aid the definition of a normal spermatozoon, e.g.
examination of morphological characteristics of spermatozoa
recovered from cervical mucus and/or those binding to the
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zona pellucida. Inherent in these methods of strict scoring is
an emphasis on quality control procedures to reduce technician
error in reading the slides. Previously, inter- and intra-techni-
cian variability was a significant problem when scoring sperm
morphology (see Dunphy er al., 1989).

In keeping with the move to a more strict definition of
sperm morphology, the World Health Organization (WHO)
has redefined what they consider to be a normal spermatozoon
and subsequently set an ‘empirical reference value of 30%
normal forms and above as normal’ (WHO, 1992). However,
the definition of a normal spermatozoon as described by the
WHO (1992) is different from that used by other authors (see
Kruger et al., 1986; Liu and Baker, 1988, 1992; Menkveld
et al., 1990). In contrast to the more strict scoring methods of
sperm morphology adopted by Kruger and Liu, there appears
to be no biological or clinical basis for the derivation of a
normal spermatozoon given in the WHO (1992) laboratory
manual. In addition, there are no clinical data to suggest that
the WHO (1992) definition of normal and cut-off point at 30%
are of clinical value, or that they are an improvement upon
the previous definition (WHO, 1987). It is important to
emphasize that the WHO Laboratory Manual for the Examina-
tion of Human Semen and Sperm—Cervical Mucus Interaction
is used as a standard textbook throughout the world for
laboratories performing basic semen assessments; therefore,
the collection of biological data and the derivation of normal
values are critical exercises.

The aim of this study was to determine if the adoption of
the WHO (1992) criteria was of any value for predicting
pregnancy in vivo, and to compare this to the previous standard
set by the WHO (1987). Using the WHO (1992) criteria for
sperm morphology, we re-analysed our Papanicolaou-stained
semen smears from 166 men attending our infertility clinic
whose fertility status was known. Values for semen morphology
using the WHO (1987) method of scoring were already known.
The details describing the original semen characteristics of
these groups of men and their relation to fertility have
been published previously (Barratt et al., 1993; Tomlinson
et al., 1993).

Materials and methods

Experimental design

Sperm morphology smears from men whose partners had
achieved a treatment-independent conception (n = 42) and
those who had not (n = 124) were re-evaluated using the new
criteria described by the WHO (1992) for the examination of
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sperm morphology. These smears had previously been scored
using criteria described by the WHO (1987). By determining
which method of scoring sperm morphology (WHO 1987
versus 1992) provided the most prognostic information we
aimed to ascertain which method was the most suitable for
routine clinical laboratory practice.

Patients

Sperm morphology smears were examined from subjects
referred for the investigation of subfertility between April
1990 and January 1992. Couples were investigated according
to the WHO protocol for the management of the infertile
couple (WHO, 1993). Couples with a clinical diagnosis of
sexual dysfunction in either partner or ejaculatory dysfunction
in the male partner were excluded from this study as the
relative contribution of semen variables in these couples would
have been impossible to estimate. Men with azoospermia were
excluded from the analysis. In order to assess the predictive
value of the semen variables, the influence of the female
partner on fertility needs to be minimized (Barratt et al.,
1992a,b). Therefore, in this study we only used data from men
where the female partner had the following characteristics:
normal in terms of history and examination, a regular menstrual
cycle, was ovulatory (mid-luteal serum progesterone >18
nmol/l) and the outcome of the hysterosalpingogram was
normal. All patients had normal plasma prolactin and thyroid
function tests. The median follow-up time was 13 months (5—
22 months). In all, 166 couples were included in the study. If
the subject indicated that a spontaneous conception had
occurred and the pregnancy had not been managed at the
Jessop Hospital for Women, Sheffield, UK, confirmation of
the pregnancy was sought. If the subject indicated that a
spontaneous abortion had occurred, then this was only accepted
as a conception if evidence was available from histology,
ultrasound examination visualization of a fetus or gestational
sac by a reliable witness or an elevated serum B-human
chorionic gonadotrophin (BHCG) (Barratt er al., 1993). The
median female age was 31 years (range 20—44) and the median
male age was 30 years (range 21-54). Eighty-eight per cent
of the women had primary infertility, 12% had secondary
infertility.

Semen characteristics

Sperm morphology was determined using brightfield illumina-
tion at X 1000 magnification, after preparing air-dried Papanico-
laou-stained smears (see Barratt et al., 1988, 1992a,b, 1993).
Care was taken to obtain an even distribution of spermatozoa
for examination. All slides were read blind by an experienced
highly trained technician who produced consistent and reliable
results. At least 200 spermatozoa were examined. Assessment
of morphology was carried out using the criteria of the WHO
(1987) and then the same slides were re-examined using the
WHO (1992) criteria.

Criteria of the WHO (1987)

A normal spermatozoon was defined as described by the WHO
(1987), i.e. an oval head shape with regular outline and
acrosomal cap covering more than one-third of the head
surface. The head length was 3-5 pm and width ranged
between 2 and 3 um; the width was between one-half and
two-thirds of the length. The midpiece was slender, less than
one-third of the width of the head, straight and regular in
outline and ~7-8 pm long. The tail was slender, uncoiled and
regular in outline and at least 45 pm in length. Spermatozoa
were classified into % normal, % head defects (amorphous,
small, large pyriform, tapering), % midpiece defects (including
cytoplasmic droplets) and % tail defects (Table I). Two counts
were performed on each occasion and if the difference was
>10% (e.g. 30 and 34% normal forms), then a repeat count
was performed and the mean value calculated. At least 200
spermatozoa were examined in an attempt to reduce technical
variation. In contrast to the WHO (1987), our morphological
assessment was multiparametric, i.. tallying each defect separ-
ately (see Jouannet er al., 1988). We used this system because
previous data in our laboratory had indicated that the priority
system (when multiple defects were present priority was given
to defects of the sperm head over the midpiece and to defects
of the midpiece over those of the tail) had little predictive
value (Barratt et al., 1992a). The percentage of normal sperma-
tozoa was not affected by the multiparametric method of
scoring. The coefficient of variation (CV) of scoring four
morphology smears 10 times is presented in Table II.

Table 1. Normal sperm criteria—comparison between WHO (1987) and (1992) methods

WHO (1987)

WHO (1992)

Head shape Regular oval shaped

Normal frequency 50%

Acrosome >1/3 of head surface

Head size 3-5 um long: 2-3 pm wide

Length/width ratio 1.5-2.0

Vacuoles No details

Midpiece Slender, <1/3 width of head.
straight and regular, aligned
with longitudinal axis of head:
7-8 um

Tail Slender, uncoiled, regular at
least 45 pm

Cytoplasmic droplets No details

Oval: borderline forms

abnormal: pinheads not counted

30%

well defined, 40-70% head area
4.0-5.5 pm long; 2.5-3.5 pm wide
1.5-1.75

<20% of head area

No dimensions; no description of
normal midpiece (defects only given,
e.g. insertion of tail >90% to head long
axis is abnormal)

No dimensions; no description of
normal tail (defects only given)
<1/3 normal head
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Criteria of the WHO (1992)

Sperm morphology was examined as described by the third
edition of the WHO manual (1992). Sperm morphology was
split into normal, head, neck or midpiece defects and tail
defects. Morphological assessment was parametric for each
spermatozoon, tallying each defect separately. The numerical
values of normal spermatozoa described by the WHO (1992)
are different from the 1987 description (see Table I for
summary). For the WHO (1992) method, the length of the
head should be 4.0-5.5 um and the width 2.5-3.5 pm, and
the length-to-width ratio should be 1.5-1.75, with a well-
defined acrosomal region covering 40-70% of head, no neck,
midpiece or tail defects and no cytoplasmic droplets more
than one-third the size of a normal sperm head. Using this
classification scheme, all borderline forms were considered
abnormal. Head defects included large, small, tapering,
amorphous, pyriform, vacuolated or double heads or any
combination of these. Neck or midpiece defects included
absent tail, non-inserted or bent tail, distended irregular or
bent midpiece or abnormally thin midpiece. Tail defects
included short, multiple hairpin, broken, irregular width or
coiled tails or tails with terminal droplets or any combination
of these. An abnormal cytoplasmic droplet was taken as greater

Table II. Results of 10 repeated morphology evaluations performed by one
observer on four separate semen samples of the percentage normal forms
using WHO (1987) and (1992) criteria

Semen sample

1 2 3 4
WHO (1987)
Mean 22 22 50 63
SD 2.5 2.8 5.5 5
Range 19-26 20-26 39-58 59-72
Ccv 11.6 12.7 11.0 8.0
WHO (1992)
Mean 14 28 25 32
SD 1.3 2.7 2.0 5.4
Range 13-17 25-33 22-29 24-44
(6\Y 89 9.5 79 16.7

SD = standard deviation; CV = coefficient of variation.

2

3

Figure 1. Representation of a three-part composition p: (xy, x3, x3)
in a triangle.

WHO sperm morphology criteria, 1987 and 1992

than one-third the area of the normal sperm head. A minimum
of 200 spermatozoa was counted. A stage micrometer was
used to aid interpretation. The coefficient of variation (CV) of
scoring four morphology smears 10 times is presented in
Table II.

Measurements of sperm motion and concentration

Briefly, all semen samples were obtained by masturbation after
a period of 48-72 h of sexual abstinence from men attending
the University Research Clinic at the Jessop Hospital for
Women, Sheffield, UK. Sperm concentration and motion char-
acteristics were measured using a Hamilton—Thorn Analyser
(2030 version 7; HTM Hamilton—-Thorn Research Inc., Beverly,
MA, USA). The details of the analysis for these patients has
been described previously (Barratt er al, 1993; Tomlinson
et al., 1993). Appropriate quality control procedures were
implemented to obtain accurate results; for example the play-
back and Alt 22 graph facilities were used to check correct
cell identification. In addition, manual concentrations, using
an improved Neubauer chamber, were performed periodically
for validation purposes. In this analysis only samples with
>5X10% motile spermatozoa/ml semen were analysed. Men
with antisperm antibodies (>20% binding) were excluded.

Statistical analysis

In order to compare the 1987 and the 1992 WHO sperm
morphology classification with respect to predicting pregnancy
outcome, we utilized logistic discriminant analysis for composi-
tional data implemented by the GLIM (1986) and CODA
(Aitchison, 1986a) statistical packages.

Some semen variables, e.g. sperm morphology and sperm
motility, are in the form of proportions in the whole semen,
and the sum of them is equal to a constant value, namely 100.
Because of this unit-sum constraint, crude statistical analyses
are often not valid for analysing such data (Pearson, 1897).

Aitchison (1986b) has introduced a very simple and straight-
forward strategy for analysing data in the form of proportions
of a whole. He suggests converting the compositions by
the additive log ratio transformation and reformulating the
underlying problem in terms of these log ratio compositions
and making use, wherever possible, of standard statistical
procedures. Therefore, in this study, the composition (% ideal,
% abnormal) is transformed into the variable

% ideal )

o [ 2
% abnormal

and then logistic discriminant analysis is applied for this
variable.

Ternary diagrams are used for visual display of the variation
of three-part compositions. Each ternary diagram is a reference
triangle corresponding to the vector (), X2, X3) Where X, X2,
X3 = 0 and x; + ¥, + x3 = 100. There is a unique point in
each triangle with perpendicular values X, X2, %3 (€8 X1 =
% of ideal forms, x, = % of head defects, x5 = % of other
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abnormalities). Therefore, each point (such as p) in the triangle
shows a three-part composition. Figure 1 is an illustration of

a ternary diagram.

Results

The coefficient of variation using both methods of scoring
sperm morphology was within acceptable limits when utilizing

our strict quality control procedures (see Table II).

Table III shows the semen variables, excluding morpholo-
gical characteristics, of the fertile (men whose partners achieved
a conception) and infertile (men whose partners did not achieve
a conception within the study period) groups. Many variables
were noticeably higher in the fertile group compared to the
infertile group. These results have been discussed previously

(Barratt et al., 1993).

Table III. Semen characteristics of men whose partners had normal menstrual
history, normal hysterosalpingogram and were ovulatory. Values are median

(range)
Characteristics Fertile? Infertile?
(n = 42) (n=124)
Volume (ml) 4 (1-8) 3(0.5-7)
Sperm concentration (X 10%ml) 51 (11-241) 24 (10-337)
Rapid progressive motility (%) 28 (0-76) 13 (0-71)
Moderate progressive motility (%) 9 (242) 7 (0-50)
Slow motility (%) 7 (0.25) 4 (0-42)
Static (%) 54 (10-87) 71 (10-98)
Progressive motility (%) 38 (9-86) 22 (0-86)
Concentration of rapid 11.7 (0-102) 3.1 (0-72)
progressive spermatozoa (X 10%ml)
Concentration of progressively 17.5 (9-149) 4.4 (0-104)
motile spermatozoa (X 10%/ml)
Total number of spermatozoa (X 109) 168 (30-70) 64 (0-134)
Total number of progressively 59.7 (3.6-382) 13 (0417)
motile spermatozoa (X 10%)
VAP (um/s) 45 (23-72) 39 (0-60)
VCL (pm/s 57 (28-81) 48 (0-91)
VSL (um/s) 37 (19-99) 34 (0-99)
ALH (um) 3 (2-5) 3 (0-9)

4Fertile is defined as pregnancy achieved within the period of study.
PInfertile is defined as no pregnancy within the period of study.

VAP = average path velocity; VCL = curvilinear velocity; VSL = straight
line velocity; ALH = amplitude of lateral head displacement.

Table IV. Morphological characteristics of 166 men whose partners had
normal menstrual history, normal hysterosalpingogram and were ovulatory. A
comparison between WHO (1987) and (1992) methods. Values are median

(range)

Morphology (%)

Fertile Infertile

(n =42) (n =124)
WHO (1987)
Normal 41 (11-88) 30 (0-75)
Head 40 (2-82) 46 (1-93)
Midpiece 16 (1-39) 19 (0-60)
Tail 10 (0-82) 14 (0-69)
WHO (1992)
Normal 30 (7-58) 20 (0-62)
Head 62 (33-93) 68 (0-99)
Midpiece 31 (14-48) 39 (0-77)
Tail 11 (1-28) 14 (0-54)
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Table IV shows the morphological characteristics of the
study group using the two WHO methods of classification.
The percentage of normal forms was higher in the fertile group
using both methods.

Figure 2 shows the variation of the morphology classification
[% ideal, % head defects, % other defects (tail and midpiece)]
obtained using the WHO (1987) criteria in the fertile and
infertile groups. The corresponding display for measurements
detailed by the WHO (1992) is Figure 3. These figures clearly
show that the variation was considerably reduced using the
WHO (1992) criteria. In addition, there was considerable
overlap between the fertile and the infertile group for each
composition. For other morphology classifications, i.e. (%
ideal, % midpiece, % other defects) and (% ideal, % tail
defects, % other defects), similar analyses were performed and
similar results arose (data are not shown).

To examine whether morphology composition was a good
discriminator for defining infertility we attempted to build a
logistic regression model. The composition (% normal, %
abnormal) for sperm morphology was the explanatory variable.

Ideal
A

A1
s S0
o

Head Octher defect

Figure 2. Representation of morphology classification (ideal, head
defects, other defects) using WHO (1987) criteria. @ = fertile;
O = infertile.

Figure 3. Representation of morphology classification (ideal, head
defects, other defects) using WHO (1992) criteria. @ = fertile;
O = infertile.



Two logistic models (WHO 1987 and 1992) were fitted using
the iterative Newton—Raphson method. Estimated coefficients
for the parameters of each model are shown in Table V. The
Wald’s statistic [ﬁ/se(B)] has been calculated in the last column
of Table V. In relation to the hypothesis that the individual
coefficient is zero, this statistic will follow the standard normal
distribution (Hosmere and Lemeshow, 1989). Therefore, using
an appropriate level of significance at 0.05, we conclude that
the coefficients are significant for both models, demonstrating
that there is a positive relationship between percentage normal
forms and pregnancy. To quantify this correlation, goodness-
of-fit tests were used to assess the model (Hosmere and
Lemeshow, 1989). A fitted logistic model can be summarized

Table V. Estimated coefficient for logistic regression model using morphology
composttion (% ideal, % abnormal)

WHO sperm morphology criteria, 1987 and 1992

in a classification table (Table VI). The estimated probabilities
of pregnancy outcome were used to predict group membership,
i.e. Table VI cross-classifies the observed fertility outcome,
with a dichotomous variable. To obtain this dichotomous
variable a cut-off point is defined. If the estimated logistic
probability exceeds that cut-off point, then we let the dichotom-
ous variable be equal to 1 (classified as fertile); it is equal to
0 (classified as infertile) otherwise. Here, 0.25 was chosen as
a cut-off point because in our data set we had 42 fertile and
124 infertile men, and therefore the probability of being fertile
can be estimated as 42/166 = 0.25. Table VI shows the results
of the fitted logistic model, through classification, for WHO
(1987) and WHO (1992) respectively. There was a very poor
classification. The overall rates of correct classification were
0.57 and 0.58 for the WHO (1987) and (1992) criteria
respectively.

Logistic regression analysis shows that morphology is not
a good predictor of pregnancy outcome. In addition, there was

Parameter Coefficient ~ Standard Wald’s - o F . .
estimate error statistic® no improved predictive power to determine those patients who
WHO (1987) would achieve a conception or not using the WHO (1992)
1 ~0.7409 021111 —3.5097 method compared with the WHO (1987) method.
For the above classification our covariate was the two-part
% ideal composition (% ideal, % abnormal). To test the effectiveness
v = log 0.6130 0.2373 2.5832 . . s
% abnormal of each of the three defects on classification (head, midpiece
and tail), different logistic models were obtained for each of
WHO (1992) the three defect compositi L ximum likelihoods of
1 ~02973 02887 —0.8566 mposiiions.. LOg ma Jrkelthoods ¢
the models are shown in Table VII. The log ratio test statistic
% ideal has been calculated in the last column. Comparing this statistic
v = log 0.6130 0.2373 2.5832 . . 2 . e . .
% abnormal against upper percentage points of the Y%, distribution, it

coefficient estimate

2Wald’s statistic =
standard error

Table VI. Classification based on fitted logistic model for WHO (1987) and
(1992) criteria. The figures in brackets denote the percentages of correct
classification

Classified as fertile Classified as infertile

WHO (1987)

Observed as fertile 29 (69%) 13

demonstrates that using % abnormal and % ideal is justified
and that further categorization of the abnormalities provides
little extra clarification.

Figure 3 demonstrates that the limit of normality for the
WHO (1992) of 30% normal forms is not useful in discriminat-
ing fertile and infertile men as, in the fertile group, approxi-
mately half the points are under and half are over this limit.
Interestingly, only one man whose partner conceived had a
normal morphology of <10% compared to 30% in the infertile
group (Figure 3).

Discussion

Observed as infertile 58 66 (53%)

WHO (1992) To our knowledge this is the first study to compare the two
Observed as ferile 28 (66%) 15 WHO methods of examining sperm morphology using data
Observed as infertile 55 68 (55%) 0 g P P gy g

from in-vivo conceptions as a biological endpoint. This study

Table VII. Maximized log likelihoods and values of test statistics for investigating the discriminatory power of morphology compositions

Code Composition Log Log ratio statistic
likelihood 2 log(c, -d)

WHO (1987)

€ ideal, head, not head —86.85527 6.0475

Cy ideal, midpiece, not mid —89.1756 1.4068

c3 ideal, tail, not tail —89.6929 0.3682

d ideal, abnormal —89.879

WHO (1992)

cy Ideal, head, not head —87.45242 -2.196

Ly ideal, midpiece, not mid —86.05633 2.57254

c3 ideal, tail, not tail —87.91721 1.1492

d ideal, abnormal —87.3426
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clearly showed that, even though there was less variation when
the criteria of the WHO (1992) method for morphology scoring
were adopted, there was no change in the predictive power to
determine which patients would achieve a conception. Thus,
we conclude that sperm morphology determination using the
new WHOQO method is of no greater clinical value than the
previous method.

In this study we used appropriate quality control procedures
when examining sperm morphology: (i) one trained observer
was used to examine the morphology smears, (ii) each slide
scored was examined twice and if the percentage difference
was >10% a repeat examination was performed, (iii) we
established our variation using both methods (Tables I and II).
In addition, in order to assess the potential benefit of the new
definition by the WHO (1992), we examined the same semen
smears which were examined using the WHO (1987) method
of scoring, thus the known variation which exists between
semen samples was reduced. In our study we evaluated
the new definition using the biological endpoint of in-vivo
pregnancy, which has been successfully used in our laboratory
and by others to determine the clinical value of semen
parameters (Jouannet et al., 1988; Barratt et al., 1992a,b, 1993).

It is interesting that the main finding of this study suggests
that the new definition of normal was of:no additional clinical
benefit. The primary reason for this lack of improvement is
the arbitrary definition of normality adopted by the WHO
(1992). It would appear prudent when defining normal (func-
tional) spermatozoa that a biological assay is used as an
endpoint. This has been described by several authors, e.g.
penetration into cervical mucus (Kruger er al, 1986) and
binding to the human zona (see Liu and Baker, 1992). In such
cases subsequent clinical data have justified the determination
of normal. The new WHO (1992) method was not based on
biological data so it is no surprise that there is no improvement
in clinical value.

It is important to recognize that the WHO clearly recom-
mends that each laboratory recruits fertile men to help establish
their own limits. However, it would appear that only a few
laboratories actually perform this analysis, as these men are
very difficult to recruit (Barratt er al., 1988). In view of this,
the WHO should provide guidelines for morphology scoring
that are based on biological data.

Data now suggest that the dimensions of normal spermatozoa
can be determined by examining them on the zona, or those
which have successfully penetrated cervical mucus. Quantitat-
ive methods to measure sperm morphology can now be
developed using this information as a starting point. Some
quantitative systems exist but, at present, are in their infancy
and they may only be applicable for specialized laboratories
(Schrader er al., 1990; Wang et al., 1991; Kruger et al., 1993).
These systems, or adaptations, must become available to non-
specialized laboratories so that a potential improvement in
clinical value can be addressed.

In this and other studies we have consistently demonstrated
that morphology scoring at the light microscope level has only
a weak association with in-vivo conception. In contrast, in
several previous studies we have demonstrated that the meas-
urement of sperm motion by eye and by computerized analysis
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is of clinical value (Barratt et al., 1992a, 1993; Tomlinson
et al., 1993). In view of this, we would suggest that studies
on sperm morphology should concentrate on obtaining biolo-
gical data on, and measurements of, spermatozoa which are
functionally active; only then can the definition of normal be
achieved. If an inexpensive computer system can be developed
which is shown to be of noticeable clinical value compared to
traditional methods, this would be a major advance. However,
in the meantime, measurements of sperm motion would appear
the most clinically useful estimates in determining the fertiliz-
ing potential of a semen sample.
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BACKGROUND: The magjority of men find the production of a semen sample an embarrassing and stressful experience.
Consequently, the availability of an over-the-counter home sperm test, which would reiably and accurately allow the patient
to obtain an assessment of fertility potential at their convenience, would be amajor benefit. Our aobjective wasto develop and
evaluate a home sperm test that provides a visual estimate of the concentration of progressively motile sperm in a
semen sample. METHODS: Threeparticular challengesaredescribed (i) developing a visualization system; (i) optimization
of the detection limit; and (iii) controlling variation due to changesin ambient temperature. The accuracy of the device was
tested againgt two reference methods: computer-asssted sperm analysis (CASA) and a hyaluronate migration test (HMT).
RESULTS: In 129 semen samples, where both reference methodsagreed (positive or negative), theaccur acy of the devicewas
95%. The observed likdihood ratio of 8.8 indicated that a sample showing ared linein the device was over eight times more
likely to have a positive (normal) result in CASA and HMT than a sample without ared line. CONCLUSIONS:; The final
device provides a visual estimate of the concentration of progressively motile sperm in a semen sample using a test that is
completed within approximately 1 h of production of the sampleand can be used by the man in the comfort of hisown home.

Key words: cervical mucus’home sperm device/hyaluronic acid/sperm function test/sperm penetration test

Introduction an assay that would provide an assessment of the functional

Semen analysisisthe cornerstone of infertility investigationinthe ~ Capacity of the sperm as asmall proportion of men with normal
male. On the basis of the resuit, the couple are provided with ~ Semen parameters (e.g. >10 x 10° progressively motile sperm/
prognostic and diagnostic information to assist in their manage- Ml semen) have dysfunctional sperm (Schats et al., 1984;
ment. Many men find the production of a semen sample an ~ Mortimer et al., 1986; Barratt et al., 1989).
embarrassing and stressful experience. In addition, thereis often a Sperm penetration into human cervical mucus in vitro is
significant waiting time for an initia appointment and an addi- known to provide important predictive information about sperm
tional delay before the results are available. All these factors ~ function (Barratt et al., 1989, Eggert-Kruse et al., 1989,
heighten the anxiety associated with infertility investigations. Abu-Heija et al., 1996; Eggert-Kruse et al., 1996). Hyaluronic
Consequently, the development of an over-the-counter home  @cid hasbeen used extensively asahuman cervical mucus sub-
sperm test has been aprimary objective in andrology for anumber stitute and penetration of sperm into it is highly correlated with
of years. An effective home sperm test would allow the patientto ~ Semen characteristics (Mortimer et al., 1990; Neuwinger & al.,
obtain an assessment of fertility potential at their convenience. 1991; Tang et al., 1999) and sperm function testing (Aitken et al.,
The concentration of progressively motile sperm is one of ~ 1992). For example, Aitken and colleagues compared sperm
the most predictive parameters for estimating natural fertility penetration into hyaluronic acid with quantitative motility and
in both subfertile (Ayala et al., 1996; Tomlinson et al., 1999)  the zonafree hamster penetration assay (Aitken et al., 1992).
and normal couples (Larsen et al., 2000; Zinaman et al., 2000). Seventy five per cent of the variation in quantitative matility and
For example, Larsen and colleagues examined 358 normal cou- 65% of the variation in the zona-free hamster penetration assay
ples planning to conceive with no previous history of subfertil-  could be accounted for by penetration into hyaluronic acid and,
ity. The concentration of motile sperm (curvilinear velocity ~ importantly, patients with zero oocyte peneration could be iden-
>25 um/s) was the most predictive parameter for in vivo con-  tified. In addition, Tang and colleagues demonstrated that
ception and, not surprisingly, differences in the concentration ~ @ntisperm antibodies significantly impair sperm penetration into
of motile sperm in the low range of the scale made the largest hyaluronic acid (Tang et al., 1999). In summary, penetration into
difference with regard to fertility (Larsen et al., 2000). Our ~ hyaluronic &cid is regarded as a simple and objective means of
objective was to develop asimple and reliable test for thecon- ~ Measuring the functional competence of sperm and was chosen
centration of progressively motile cells. In addition, wewanted @ the basis of our assay.
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Figure 1. Hometest device for progressively motile sperm.

In this study we describe brief details of the scientific princi-
ples employed in the development of the assay based on the
separation of progressively motile sperm and detection using a
lateral flow nitrocellulose strip, and the performance of the
final device on 150 semen samples.

Materials and methods

Development of the device was amultidisciplinary collaborative project
managed by Genosis Ltd with contributions from The Birmingham
Women's Hospital (UK), The University of Birmingham (UK), Pearson
Matthews Design (UK), British BioCell International Ltd (Wales) and
Plextek Ltd (UK). Thefinal device that was eval uated—the home sperm
test (trade name Fertell; Figure 1)—was provided by Genosis Ltd (UK).

Principles of the assay

The device can be regarded as performing two distinct operations
(Figure 2). Thefirst operation involves separation of progressively motile
sperm from liquefied semen by adirect swim-up through hyaluronic acid.
During this step, the temperature of the hyaluronic acid buffer is main-
tained at 37 + 3°C by a thermogtatically controlled heating collar. In the
second operation and detection step, the sperm fraction of the swim-up is
reacted with a monoclond antibody conjugated with colloidal gold and
the labelled sperm then collect at the interface of a nitrocellulose latera
flow gtrip, while the free, unreacted, conjugate is washed clear. The
appearance of the clear red line (test result) due to the colloidal gold label
on the antibody-bound sperm is indicative of a concentration of progres-
sively motile sperm in the semen sample of 10 x 10%ml or greater. To
ensure that the device is functioning properly, at various stages, feedback
is provided to the consumer by means of a smple light emitting diode
(LED). The LED is contralled by amicroprocessor integral to the device.

Development of the assay

Three specific challenges were encountered in the development pro-
cess. visualization of sperm, optimization of the detection limit, and
robustness to variation in ambient temperature.

Visualization of sperm

A major challenge of any home test system is the visua detection of
sperm without the use of any specialized equipment, thus allowing the
man to obtain resultsin the comfort of his own home. The device uses a
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Figure2. (A) Schematic drawing of the test device with 600 ul at
the bottom sealed off by a swim-up chamber with mesh at the top of
the semen volume. The figure shows the situation after the lid has
been put in place following 30 min of liquefaction. (B) The swim-up
process is initiated by the depression of a button which releases a
hyaluronate (hyauronic acid) solution (blue) on top of the mesh at
the semen surface. (C) During the half-hour swim-up phase, the
swim-up chamber is heated with a heating collar (red line) to 37°C.
(D) After the swim-up phase, progressively motile sperm in the
hyaluronic acid solution are released into capillary channel, labelled
with anti-CD59 colloidal gold conjugate (red sperm) and trapped on
the nitrocellulose strip, where a visible line is formed if sufficient
numbers of progressively motile sperm have migrated into the
hyaluronic acid solution.

lateral-flow nitrocellulose strip using anti-CD59 antibody conjugated to
colloidal gold to generate avisible red line when sperm are present.
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Following the separation of progressively motile cellsin hyaluronic
acid, an aliquot is moved by capillary action under an absorbent poly-
ester pad impregnated with anti-CD59 antibody labelled with colloi-
dal gold (see below). Wetting of this pad rel eases the conjugate, which
reacts with the sperm in the capillary channel. As the reaction pro-
ceeds, the fluid is carried onto the surface of alateral-flow nitrocellu-
lose membrane at the end of the capillary channel. The labelled sperm
become trapped at the interface of this membrane while the free,
labelled antibody is washed clear and drawn along the nitrocellulose
by an absorbent wick in fluid contact with the nitrocellulose. The
appearance of aclear red test lineisformed on the surface of the nitro-
cellulose in the presence of a defined concentration of sperm.

Anti-CD59 antibody, which detects a 18-20 kDa GPI-linked glyco-
protein thought to play arolein protecting cells (sperm) from attack by
complement (Rooney et al., 1993), was used to label the sperm. Anti-
CD59 hinds to spermatids in the human testis (Simpson and Holmes,
1994), to both acrosome-intact and reacted sperm (D’ Cruz and Hass,
1992; Fenichel et al., 1994; Simpson and Holmes, 1994) and, follow-
ing mild detergent treatment, to internal structures. Preliminary experi-
ments showed that anti-CD59 bound to practically all sperm (>95%)
and no noticeabl e difference was observed between men from different
ethnic groups (data not shown). CD59 is also present on white blood
cells, immature and dead sperm and in seminal plasma (Rooney et al.,
1993). Separation of progressively motile sperm, which was an integral
part of the assay, therefore allowed the detection of only progressively
moatile cells on the nitrocellulose strips, avoiding potentialy erroneous
results, e.g. from non-progressively motile cells or seminal plasma(i.e.
azoospermic men).

Optimization of detection limit

It was important to maximize the number of progressively motile sperm
recovered (yield) in order to optimize the detection limit. To increase
sperm yield, an inverted conical swim-up chamber was used with an
internal space filler. This maximizes the interface between hyaluronic
acid and semen (i.e. collisions of sperm in semen with hyauronic acid)
and, by reducing the volume of hyaluronic acid, increases the concen-
tration of sperm. Preliminary experiments tested aspirating sperm from
severa different heights (0.65, 1 and 2 cm) above the semen-hyaluronic
acid interface. A height of 0.65 cm wasfinally used as this provided the
most effective differentiation between normal and abnormal (definition
from WHO, 1999) semen samples (Ivic et al., 2002).

Robustness to variation in ambient temperature

Temperature control is a particularly significant challenge as progres-
sive sperm motility is highly dependent on temperature (Milligan et al.,
1978; Ford et al.,1992) and the home test environment by definition
introduces significant variation in ambient temperature. To address
this, athermostatically controlled heating coil was devised that covered
the outer surfaces of the swim-up chamber. The temperature at the
height where the sperm are automatically aspirated is maintained at
37 £ 3°C. Conduction of heat warmed the liquefied semen sample to
30 £ 2°C when ambient temperature was >20°C. At any ambient room
temperature between 18° and 30°C, the swim-up chamber would equil-
ibrate to 37 = 3°C within 5 min.

The assay was designed to provide a reflection of the concentra-
tion of progressively motile sperm in semen as this is the primary
diagnostic and prognostic semen parameter (see Introduction). A
reference value (cutoff point) of 10 x 10° progressively motile
sperm/ml semen, which reflected two of the three primary WHO
criteria of normality (20 x 10° sperm/ml and 50% progressive motility:
WHO, 1999), was chosen.

Development of a home sperm device

Study population

The results of the present study incorporate testing of the final device
in 150 men selected from research donors (n = 132), subfertile males
(n=7) and post-vasectomy donors (n = 11). The subfertile males had
an abnormal semen analysis, with a concentration of <10 x 10° pro-
gressively motile sperm per ml of semen. The clinical diagnosis of
subfertility was based on unsuccessful attempts of the couple to achieve
apregnancy within 12 months of unprotected sexual intercourse, but no
data on the medical status of the female was known. Semen samples
were obtained from research donors and from patients attending the
andrology laboratory at the Birmingham Women’s Hospital, Birming-
ham, UK [Human Fertilisation and Embryology Authority (HFEA) cen-
tre 0119], as part of fertility investigations. Consent for the use of semen
samples were taken in accordance with the HFEA Code of Practice.
Local ethica approval from South Birmingham Research Ethics Com-
mittee (0472) was obtained. During the development period, prior to
testing the final device reported here, we analysed over 3000 semen
specimens. Semen samples were obtained from Caucasian, Asian and
black African men and men of Middle Eastern origin.

In order to achieve the desired distribution of specimens with high and
low concentrations of progressively motile sperm, respectively, the
research donors were screened in a previous semen analysis and post-
vasectomy subjects were included in order to increase the proportion of
negative (concentration of progressively motile sperm below the test cut-
off) subjects. It was intended that a target minimum of 25% of the sub-
jects should have progressively motile sperm concentrations below the
test cutoff. In the final andysis of the results, only data for samples with
concordant reference method results (see below) were included.

Reference methods

The concentration of progressively motile sperm, obtained by computer-
assisted sperm anadysis (CASA) (Hamilton Thorne, Beverley, MA,
USA), and amodified Kremer test [hyaluronate migration test (HMT)]
was performed on each semen sample. Due to the expected variability
in the reference methods, not least the HMT due to the relatively low
numbers of cells assessed for samples close to the calculated cutoff, the
results from the device were compared with those for samples where
the reference methods were concordant [i.e. both showing low values
(negative) or both showing high values (positive)].

Quantitative motility

CASA. Quantitative sperm motility was assessed using a Hamilton-
Thorne 1IVOS, version 10.9. The CASA equipment was operated
using the standard setup (37°C working temperature; cell depth
20 um; 30 frames acquired at 60 Hz; starting analysis at least 3 mm
from opening of chamber; magnification calibrated with micrometer
scale on microscope dlide; average path velocity low cutoff 5.0 um/s
and high cutoff 25.0 um/s). High-concentration samples could not be
quantified by the instrument when the system warned that the concen-
tration of progressively matile cells was too high for accurate assess-
ment. This typicaly occurred for samples with progressively motile
concentrations exceeding 60-70 x 10%ml. Therefore, all the samples
with a very high concentration of progressively motile sperm were
verified by observation on the TV display and classified as positive.
All analyses were performed at 37°C. Preheated (37°C) MicroCell 20
um fixed-depth chambers were filled with 3 ul well-mixed semen. At
least five fields with 200 motile sperm (defined by standard settings of
the CASA equipment) were assessed. The IVOS software cal culated
the concentration of progressively motile sperm. Concentrations of
progressive and motile sperm were recorded together with donor code
and time of analysis. A concentration of progressively motile sperm of
10 x 10%ml or above was designated as a positive result.
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Hyaluronate Migration Test. Microdide capillaries (0.4 x 4.0 mm
internal diameter; VitroCom, Mountain Lakes, NJ, USA) were filled
with the same hyaluronate solution (hyaluronic acid) as used in the final
device, sealed a one end with Cristaseal (Hawksey, Scientific laboratory
supplies, Nottingham) and heated to 37°C in a humid chamber with air
containing 5% CO,. Migration tests were performed in duplicate: two
capsules (BEEM Capsules, Agar Scientific, Stanstead, Essex) werefilled
with 50 uL semen and one capillary was placed verticaly into each cap-
sule o that the hyaluronic acid was in direct contact with the semen.
Capsules with capillaries were then placed in an incubator (37°C, 5%
CO,) for 1 h, after which the capillaries were removed from the capsules
and placed on graded microscope dides and assessed immediately.
Assessment was done at x200 total magnification using phase-contrast
microscopy and a calibrated reticulum in the ocular (lvic et al., 2002).
The number of sperm per mm? was assessed at 20 mm from the lower
end of the capillary. The sperm in four microscopic fields were counted
and the average number of sperm per mm? was calculated. To decrease
the uncertainty of the results near the calculated cutoff point (61 sperm/
mn?), eight fields in total were assessed when the number of sperm in
any of the initial four fields was less than 21. A concentration of 61
sperm/mn? or above was designated as a positive result.

Semen collection and processing

Semen samples were produced in a room adjacent to the laboratory
and collected in a specimen pot of the type used in diagnostic androl-
ogy and the therapeutic assisted reproductive procedures (60 ml
Biotite Container, A1l LWS5465; Alpha Laboratories, Eastleigh,
Hampshire UK,). In order to mimic the home environment, the sam-
ples were allowed to liquefy at ambient temperature (20°C) and then
carefully mixed before two 3 pl droplets were sequentially withdrawn
for CASA assessment, followed by two 50 pl aiquots for the HMT.
The remaining semen was transferred to the test device. From this
point the handling of the test device followed the instructions of the
device.

Statistical analysis

Contingency tables were analysed with the Fisher exact test. All
caculations were performed using GraphPad Prism version 4.02
for Windows (GraphPad Software, San Diego, CA, USA; www.
graphpad.com).

Results

Of the 150 subjects enrolled, five were excluded due to insuffi-
cient volume and a further two due to technical problems. For
the comparison with the combined reference method (CASA
and HMT), 14 subjects were excluded because the results of
the two reference tests were not concordant, i.e. not valid. The
device gave a positive, red test line in 95 of the 129 valid
experiments and no test line in the remaining 34. Of the 95
positive results, 91 (95.8%) also showed positive results with
the reference tests and of the 34 negative device results, 32
(94.1%) were negative in the reference tests. Thus, the device
gave results with high sensitivity and specificity (Tablel). The
observed likelihood ratio of 8.8 indicated that a sample render-
ing ared line in the device was over eight times more likely to
have a positive (normal) result in CASA and HMT than a
sample without ared line.

The accuracy of the device in relation to the reference
methods was very high (accuracy 95.3%; Fisher’'s exact test,
P < 0.0001).
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Tablel. Results of the device in comparison with concordant reference
methods [computer-assisted sperm analysis (CASA) and hyaluronate
migration test (HMT)] in a selected population of men (n = 129)

95% confidence interval

Accuracy 95.3% 90.2-98.3
Sensitivity 97.8 92.5-99.7
Specificity 88.9 73.9-96.9
Likelihood ratio 8.8

Samples with reference results close to the cutoff were excluded (see text) to
decrease random influence due to uncertainty in reference methods.

Discussion

The objective of this work was to develop and evaluate the
effectiveness of an over-the-counter home sperm test. In this
study, which analysed 129 semen samples with valid reference
method results, the overall accuracy was 95%. To our know-
ledge thisis the first time that such adevice, providing a visual
signal representing the concentration of progressively motile
cellsin the semen, has been devel oped and evaluated.

Semen analysis is known to have many sources of variation.
For the investigation of the analytical reliability of anew diagnos-
tic device it is essentia to use appropriate reference methods. To
avoid errors due to uncertainty in results from the reference meth-
ods, measures must be taken to reduce their imprecision. Here we
optimized the numbers of cells assessed in the reference methods
(Kvigt and Bjdrndahl, 2002) and we excluded samples where the
reference methods gave contradictory results. Using such mea
sures, we estimate that we have eliminated, as far as possible,
errors in the reference methods. Therefore, in the present study
(n=129) the reliability of the device could be rigoroudy tested.

A key aspect of this study was the establishment of a
robust and effective visualization system. We used a novel
rapid test system utilizing a nitrocellulose strip and a conju-
gate (anti-CD59 antibody conjugated to immunogold) dried
down on a polyester pad. Numerous modifications to this sys-
tem were evaluated in order to allow (i) the automatic transfer
of fluid onto the nitrocellulose strip, (ii) the correct releasing
system for the anti-CD59 conjugate, and (iii) effective fluid
flow within the device. As CD59 is also present on other cells
in semen as well as free in seminal plasma [possibly associ-
ated with proteosomes (Rooney et al., 1993)], it was essential
to separate progressively motile sperm from other cells and
seminal plasma in order to avoid erroneous results. Separa-
tion of the sperm based on their motility, i.e. penetration
through hyaluronic acid, ensured the effective separation of
progressively motile sperm. Hyaluronic acid was chosen as
the sperm separation media as it is widely used in andrology
and is regarded as an effective alternative to human cervical
mucus and an objective means of measuring the functional
competence of sperm (Aitken et al., 1992). Our initial experi-
ments used several different media for potential sperm
separation. Some of these gave very good separation of
sperm, e.g. methyl cellulose 4000 c.p.i. (concentration 10 mg/ml)
(Ivic et al., 2002) but were unsuitable for use in arapid home
sperm test. Hyaluronate was an effective method to separate
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progressively motile sperm and allowed rapid visualization of
the strip test results.

Infertility is a couple problem and as advancing age has a
significant negative impact on future fecundity it is essential
that couples attempting conception have rapid and reliable
information about their potential fertility at the earliest oppor-
tunity. This device has a significant number of advantages.
Firstly, as a home test it allows the man to examine his poten-
tial fertility rapidly and in the comfort and privacy of his own
home. Secondly, it provides the man with a potential warning
sign (concentration of progressively motile sperm in semen
less than 10 x 10%ml) so that he can seek detailed investiga-
tions and potential treatment at the earliest opportunity.
Thirdly, it alows the patients to take an active part in their
management and potentially allows them to make a more
informed choice about the use of putative self-administered
drug therapy, e.g. antioxidant treatment (Lenzi et al., 2004).
However, although our results are very encouraging and in
home trials (unpublished data) patients have found the device
easy to use, this device should only be used as a screening test
and should not be seen as an aternative to a detailed, high-
quality, comprehensive semen assessment.

Insummary, thefinal device providesan accurate, rapid and ess-
ily visualized estimate of the concentration of progressvely motile
sperm in asemen sample that can be used by aman in the comfort
of hisown home.
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Abstract

Although sperm dysfunction is the single most common cause of infertility, we have poor methods of diagnosis and surprisingly no
effective treatment (excluding assisted reproductive technology). In this review, we challenge the usefulness of a basic semen analysis
and argue that a new paradigm is required immediately. We discuss the use of at-home screening to potentially improve the diagnosis
of the male and to streamline the management of the sub-fertile couple. Additionally, we outline the recent progress in the field, for
example, in proteomics, which will allow the development of new biomarkers of sperm function. This new knowledge will transform
our understanding of the spermatozoon as a machine and is likely to lead to non-ART treatments for men with sperm dysfunction.
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Introduction

This review starts with the premise that there is a clear
need to dramatically improve our understanding of the
cellular and molecular basis of sperm function. This
knowledge is fundamental for two key developments in
male fertility: firstly, to provide the basis for effective
diagnostic tools and, secondly, to facilitate the study of
the physiology of abnormal/dysfunctional cells, which is
central for developing rational, non-ART therapy. We
initially discuss the developments in male fertility testing
with particular reference to the potential role of at-home
testing in the sub-fertile patient’s pathway. Secondly, we
discuss advances in potential markers involved in key
physiological processes, such as capacitation and sperm
proteomics, which are likely to transform our under-
standing of the normal functional cell and lead to
improvements in diagnosis and developments of rational
therapy.

Epidemiological data show that 1:7 couples are classed
as sub-fertile (Hull et al. 1985, Templeton et al. 1990).
Sperm dysfunction is the single most common cause of
infertility and affects approximately 1:15 men (HFEA 2005,
www.hfea.gov.uk). Studies using semen assessment as the

© 2007 Society for Reproduction and Fertility
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criteria for sub-fertility (sperm concentration <20X1 0%ml)
show that 1:5 18-year-olds are classed as sub-fertile
(Andersen et al. 2000). This is a high proportion of the
population compared with other prevalent diseases such as
diabetes (2.8% of the population; Wild et al. 2004). Thus,
male sub-fertility is a very significant global problem and,
what is most worrying is that the recent reports suggest that
its prevalence is increasing (Sharpe & Irvine 2004).

Improving and evaluating the diagnosis of male fertility,
in particular, sperm dysfunction

There is an urgent requirement to develop new and
robust tests of sperm function to accurately diagnose
male infertility. The value of traditional semen par-
ameters (concentration, motility and morphology) in the
diagnosis and prognosis of male infertility has been
debated for 60 years and, perhaps not surprisingly, the
debate intensifies (see Bjorndahl & Barratt 2005 for
detailed discussion). There are clear issues over con-
cordance with standardized procedures (Holt 2005,
Pacey 2006) with differences undoubtedly leading to
uncritical reporting of results and thus precipitous
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decline in usefulness of the tests. A stark warning
presents itself: if the professionals cannot successfully
turn around the current low performance in the majority
of Andrology laboratories, semen analysis will become
undervalued and a redundant procedure. Unquestion-
ably, even with appropriate quality assurance, traditional
semen parameters can only provide a limited degree of
prognostic and diagnostic information for the infertile
couple (Tomlinson et al. 1999), primarily at the lower
ranges of the spectrum (Comhaire 2000). The insanity
that surrounds perceived absolute values, e.g. 5%
‘normal’ forms is just that — insanity. Continual
discussion and generation of putative cut-off values
will lead to further irrelevant and misleading
information.

It is, therefore, necessary to develop simple, robust
and effective tests of sperm function. Yet, despite the
plethora of potential assays available, results have been
very disappointing (Muller 2000, Aitken 2006). Recent
data suggest that only three potential tests of sperm
function have sufficient data to support their routine use:
penetration into cervical mucus (or e.g. hyaluronate; lvic
et al. 2002), measurement of reactive oxygen species
production/lipid peroxidation (Ford 2004, Williams &
Ford 2005) and estimate of sperm chromatin/DNA
damage (Seli & Sakkas 2005); however, promising initial
data for the latter is now being questioned (see Bungum
et al. 2004, Gandini et al. 2004, Erenpreiss et al. 2006,
Makhlouf & Niederberger 2006).

After decades of research, the primary reason for the
paucity of effective and robust estimate of sperm function
is our limited basic understanding of the functioning of
the spermatozoon (Ford 2001, Conner et al. 2007).
Additionally, there has been inappropriate and uncritical
use of the current tools (Barratt 1995, Tomlinson et al.
1999, Conner et al. 2007). However, there are a number
of new developments which promise to transform our
diagnostic and treatment pathways (for examples see
Aitken 2006, Jimenez-Gonzalez et al. 2006, Publicover
etal. 2007). Two of these are 1) development of at-home
testing and 2) biomarkers for sperm function.

A new paradigm in male fertility diagnosis: the
development of at-home testing

Many men find the production of a semen sample for
infertility investigations an embarrassing, difficult and
stressful experience. To add to this, there can be a
significant waiting time for an initial appointment at the
hospital and an additional time delay before the results
are available. All these factors heighten the anxiety
associated with infertility investigations, often delaying
investigations and subsequent treatment and conse-
quently reducing the chances of success (HFEA 2005,
www.hfea.gov.uk). The development of an over-the-
counter home sperm test, which would allow the patient
to obtain an assessment of fertility potential at their own
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convenience in the comfort of their home, has a number
of benefits including potentially increasing the number
of men who are tested and speeding up the diagnosis.

Several putative tests are available but the primary
questions regarding home sperm testing are accuracy
and reliability. In our [aboratories, we have concentrated
on developing a test (Fertell; Bjorndahl et al. 2006) based
on assessing the concentration of progressively motile
sperm, which is one of the most predictive parameters for
estimating natural fertility in both sub-fertile (review
Tomlinson et al. 1999) and normal couples (Larsen et al.
2000, Zinaman et al. 2000; Fig. 1). In addition, we
wanted an assay that would provide an assessment of the
functional capacity of the sperm as a small proportion of
men with normal semen parameters (e.g. > 10 million
progressively motile sperm/ml semen) have dysfunc-
tional sperm (see Barratt et al. 1989). Briefly, we
mimicked penetration into human cervical mucus
in vitro using hyaluronic acid, a known cervical mucus
substitute for sperm function studies (Aitken et al. 1992).
Our analysis show that the test is accurate (~95%) and
patients find it easy to use (see Bjorndahl et al. 2006 for
details).

Currently, we do not know what proportion of men
with normal semen parameters but defective cells (so
called hidden male factor patients — see Barratt &
Publicover 2001) would be detected by our assay.
However, as the number of these men is small, it is not
a pivotal issue. What is a critical factor is where (and
how) such home testing fits in the diagnostic pathway.
Providing home testing is accurate then it should have a
well-defined place in the screening of sub-fertile
couples. The evaluation of diagnostic tests is now
subject to renewed critical examination (Gluud &
Gluud 2005). Diagnostic tests can be used as replace-
ment, triage or add-on with their usefulness being
dependent on a large number of factors (Bossuyt et al.
2006). Home sperm testing has not been evaluated in
this critical manner and thus we are uncertain where in
the pathways it fits best. Our analysis suggests it as a first-
line initial investigation. Based on our preliminary data
of ~95% accuracy, the likelihood is that men who test
positive (red line — thus > 10 million progressively motile
sperm/ml semen) will not require a semen assessment
unless specific, rare circumstances suggest otherwise.
The couples (if the female is normal) may be encouraged
to try longer (Steures et al. 2006). Men with a red line
would certainly be suitable for intrauterine insemination
and possible in vitro fertilization (IVF), but not intracy-
toplasmic sperm injection (ICSI). This paradigm would
have a significant cost saving (~28% men in our tertiary
referral centre would be positive) as no initial screening
semen analysis would be required. Men who were
negative (no red line) would urgently require a high-
quality comprehensive semen assessment (WHO 1999).
This diagnostic pathway requires validation to determine
if home testing can be used to improve the pathway of
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Figure 1 Diagrammatic representation of the
home sperm test. Progressively motile sperm
swim from semen (yellow) into hyaluronate
(HA) solution (blue) via a mesh (red dotted
line). Sperm are then released into capillary

channel, labelled with anti-CD 59 colloidal
gold conjugate (red sperm) and trapped on the

Fane LR

| nitrocellulose strip where a visible line is

T\
o Volo'ele
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infertility investigations and provide cost-effective
analysis (Fig. 2).

Home fertility testing for the man is now a reality and
combined with the plethora of tests available for women:
urinary luteinizing hormone (Barratt et al. 1989,
Robinson et al. 1992), follicle-stimulating hormone
dipsticks (www.fertell.co.uk) and complex urinary
monitors; there is the potential, as yet untested, to
revolutionize the diagnostic and treatment pathways for
the sub-fertile couple.

Biomarkers for sperm function
Events associated with sperm capacitation

After deposition in the female tract, mammalian sperm
undergo a number of functional and structural changes
termed ‘capacitation’, which render the cells competent
to fertilize. Capacitation can also be induced in vitro by
incubation, usually for some hours, in suitable medium.
The most widely accepted functional definition of in vitro
capacitation is acquisition of ability to undergo acro-
some reaction in response to a biological agonist, such
as zona pellucida or progesterone. Studies on sperm
incubated under capacitating conditions have revealed
numerous biochemical and physiological changes that
accompany the process including an efflux of plasma
membrane cholesterol, an increase in the activity of
adenylate cyclase (both soluble and membrane loca-
lized), elevated levels of cAMP and protein kinase
A (PKA) activity, a rise in intracellular pH, hyper-
polarization of membrane potential and increased serine/
threonine and tyrosine phosphorylation of some proteins
(Tash & Means 1983, Leclerc et al. 1996, Cross 1998,
Osheroff et al. 1999, Lefievre et al. 2002, Visconti et al.
2002, O’Flaherty et al. 2004, Fraser et al. 2005, Moseley
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formed if sufficient numbers of progressively
motile sperm have migrated into the HA
solution. Red solid line around the green
capsule is the heater to keep the cells at 37°C.
A red line is visible if >10 million motile
cells/ml of semen are present in the ejaculate
(Adapted from Bjorndahl et al. 2006).

et al. 2005). These observations provide useful indicators
of the occurrence of capacitation in spermatozoa in vitro,
but it is still far from clear how the various events relate
to each other or whether all of them must occur for the
acquisition of fertilization competence to occur. It is
likely that sperm possess the ability to regulate the
signalling pathways involved in capacitation, thus
minimizing over-capacitation and premature acrosome
reaction (Visconti et al. 2002, Ecroyd et al. 2004, De
Jonge 2005, Fraser et al. 2005), but it is not clear to what
extent the changes that have been observed in
capacitating cells are reversible and whether they are
capacitation endpoints or part of the capacitation
process (such that reversal does not prevent subsequent
induction of acrosome reaction).

We have recently demonstrated that upon transfer of
cells from non-capacitating to capacitating media (CM),
PKA activity, serine/threonine phosphorylation and
[Ca’ *];-signalling ‘switch’ between minimum and
maximum rapidly (as fast as detectable; Fig. 3; Bed-
u-Addo et al. 2005, Moseley et al. 2005). In contrast, the
occurrence of tyrosine phosphorylation of tail proteins
requires up to 3 h to reach its maximum. Progesterone-
induced acrosome reaction also rises much more slowly,
possibly because of the latency of tyrosine phosphoryl-
ation of head proteins (Fig. 3; Bedu-Addo et al. 2005).
We have also shown that different CM vary strikingly in
their efficacy as IVF fertilization media was shown to
accelerate sperm capacitation where both tyrosine
phosphorylation and acrosome reaction reached a
maximum after only 90 min (Moseley et al. 2005). This
effect did not seem to be associated with enhanced
activation of PKA or increased levels of serine/threonine
phosphorylation suggesting factor(s) acting through
signalling pathways other than the well-characterized
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Figure 2 A new paradigm for sperm testing. The first step is a simple screening test (Fertell or similar), designed to distinguish men who are probably
fertile from those where further investigation is indicated. If the man’s semen passes the test and his partner is normal they can continue trying to
conceive. The minority that experience prolonged infertility should be offered ART but in future improved tests that lead to other effective treatment.
If the semen fails the screening test then the result will need to be confirmed in the laboratory, perhaps by a standard semen analysis supplemented by
a sperm function test. If the screening test proves to be incorrect (i.e. the man has a large number of motile cells), the couple can continue trying. In
some cases, men may have severe defects e.g. severe oligozoospermia, globozoospermia, in which case immediate referral for ICSI will usually be
the best option. However, most men who reach this stage are likely to have low but adequate sperm numbers with impaired sperm function.
Proteomics and other novel research tools will allow development of a battery of tests to diagnose the underlying cause of poor sperm function and to
direct them to appropriate therapy (see section — Biomarkers of sperm function in text). It may be possible to treat the man, but it may be easier to
develop ways to treat sperm in vitro to increase success rates in lUl. Only if appropriate therapy remains unsuccessful after a reasonable period
(probably 6-12 cycles depending on age and other factors), would the couple be referred for IVF/ICSI.

activation of soluble adenylyl cyclase/cAMP/PKA
(Moseley et al. 2005). Moreover, we have also
demonstrated that, in human spermatozoa, pro-
gesterone-induced [Ca®™]; signalling, protein serine/
threonine phosphorylation, protein tyrosine phosphoryl-
ation and progesterone-induced acrosome reaction are
all reversibly regulated by the external environment
(Fig. 3; Bedu-Addo et al. 2005). Human spermatozoa are
therefore capable of repeated and reversible cycles of
many of the events that occur in response to capacitating
conditions and have a high degree of plasticity and
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adaptability in their responses to events which signal
ovulation.

Tyrosine phosphorylation of sperm proteins is a well-
established and widely-used marker for cells undergoing
capacitation (Visconti et al. 1995a, 1995b, Leclerc et al.
1996, Osheroff etal. 1999). In our recent experiments, we
showed that when spermatozoa were incubated in CM for
6 h and then resuspended in CM without bicarbonate or
CM without albumin for an additional hour, the cells lost
their ability to undergo acrosome reaction (Bedu-Addo
et al. 2005). However, the absence of either albumin or
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Figure 3 Proposed sequence of events during induction and reversal of capacitation in vitro. Under capacitating conditions, PKA activity (pink line),
serine/threonine phosphorylation (green line) and [Ca2+]i—signa]|ing (blue line) ‘switch’” between minimum and maximum in minutes. In contrast,
acquisition of competence to undergo progesterone induced AR (red line) and the occurrence of tyrosine phosphorylation (yellow line) of tail
proteins requires up to 3 h to reach maximum. PKA levels drop over the subsequent 5 min before reaching a plateau at 30 min. Tyrosine
phosphorylation (yellow line) and progesterone-induced acrosome reaction (AR, red line) rises more slowly, taking up to 3 h to reach a maximum.
Upon return to NCM, serine/threonine tyrosine phosphorylation reverses slowly (approximately 3 h), but the progesterone-induced [Ca”*]; signal
falls to minimal levels within minutes. Progesterone-induced AR also falls to levels similar to those seen in uncapacitated cells in less than an hour of
re-suspension. The kinetics of this change are shown to follow those of the [Ca®*]; response such that AR is dependent on the development of
tyrosine phosphorylation during capacitation and on the decay of the [Ca® *]; signal during decapacitation. (Adapted from Bedu-Addo et al. 2005,

see also Bedu-Addo et al. 2007).

bicarbonate did not prevent protein tyrosine phosphoryl-
ation in these cells. Levels of tyrosine phosphorylation
were comparable to the ones observed in CM medium
(Bedu-Addo et al. 2005). These results support the use of
sperm protein tyrosine phosphorylation as a marker of
cells undergoing capacitation (Visconti et al. 1995a,
1995b, Leclerc et al. 1996, Osheroff et al. 1999), but
suggest that tyrosine phosphorylation is not a diagnostic
marker of capacitated cells.

There is little doubt that failure of capacitation is a
cause of infertility in a subset of patients. However, the
complexity of the process involved is such that it is not
yet possible to identify a reliable marker of capacitated
(competent to fertilize) sperm. The complexity of
‘capacitation’ may even be such that no single reliable
marker exists.

Calcium oscillations in sperm — a new signalling system?

We have recently reviewed and discussed at length the
exciting developments in calcium (Ca®*) signalling in
the spermatozoon (Harper & Publicover 2005, Jimenez-
Gonzalez etal. 2006, Publicover etal. 2007). We believe
that sperm intracellular calcium ([Ca®*1;) oscillations are
functionally significant, modulating flagellar activity in a
way that promotes functional sperm motility changes
(Harper & Publicover 2005). Intriguingly, the ability of
cells to generate these complex [Ca®"]; signals does not
seem to be noticeably related to capacitation. Perhaps,
this should not be surprising. The prime marker of
capacitation is acrosome reaction, and the Ca®* store

www.reproduction-online.org

mobilization that occurs during oscillations raises
[Ca®*]; in the neck and midpiece regions of the sperm
and affects the flagellum but does not induce acrosome
reaction (Harper et al. 2004, Bedu-Addo et al. 2007).
Similarly, hyperactivation, though often associated with
capacitation, can be induced separately and occurs by a
separate, Ca” " -dependent, signalling pathway (Marquez
& Suarez 2004). Our recent findings suggest that two
factors, prior filling of the Ca® " store in the sperm neck
region and nitrosylation of sperm proteins, predispose the
sperm to generate [Ca”"]; oscillations and consequent
effects on flagellar activity. Thus, the ability of the sperm to
generate complex Ca®* signals is apparently regulated,
but by mechanisms separate to those that underlie
classical ‘capacitation’. Identification of features that
are diagnostic of this regulation may provide a new way to
identify sperm that are capable of generating complex
patterns of flagellar activity and provide the first step to
being able to manipulate these patterns using specific
drugs.

The sperm proteome: the potential for new biomarkers of
male fertility and a transformation in our understanding
of the spermatozoon as a machine

The comprehensive and systematic identification and
quantification of proteins expressed in cells and tissues
are providing important and fascinating insights into the
dynamics of cell function (Chu et al. 2006, Rifai et al.
2006). Yet, although spermatozoa are ideal to study from
a proteomic perspective, until very recently, there have
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been relatively few studies examining the proteome of
the spermatozoa (Ainsworth 2005, Conner et al. 2007).
By virtue of the rudimentary technology available, initial
human sperm proteomic studies were relatively crude.
Many studies used antisperm antibody sera in an attempt
to detect potential novel (and functional) sperm targets
for male contraception. Unfortunately this rational
approach met with limited success (Naaby-Hansen
et al. 1997, Shetty et al. 1999, Shibahara et al. 2002;
review in Conner et al. 2007). Perhaps surprisingly,
recent studies employing more sophisticated proteomic
profiling have similarly failed to identify interesting
targets (Bhande & Naz 2007). It is likely that we need to
redefine the nature of immunological infertility before
this strategy will yield meaningful results. The more
recent experiments have followed four main themes: (1)
identification of proteins associated with specific events
in sperm function, (2) examination of specific structures
and associated signalling complexes, (3) whole pro-
teome investigation and (4) comparison with normal
versus abnormal (fertile versus sub-fertile).

Identification of proteins associated with specific events
in sperm function. Ithas been 12 years since the discovery
of tyrosine phosphorylation as a putative marker of
capacitation (Visconti et al. 1995a, 1995b; see above),
but the role of these proteins and their sequence of
activation is still very sketchy with the exception of only a
small number of candidate proteins (see Naz & Rajesh
2004). Until recently, we were a long way from obtaining
even a minimal ‘picture’ of events. However, several
recent proteomic studies have provided a wealth of
information which has the capacity to transform our
potential understanding of protein changes associated with
capacitation. For example, examining the phosphopro-
teome of human sperm during capacitation has provided
some interesting novel targets. In addition to A-kinase-
anchoring proteins (AKAPs; AKAP3 and AKAP4) and
calcium-binding tyrosine-phosphorylation regulated
protein, several other interesting proteins: heat shock
protein 70 and 90a. suggested as being involved in sperm
egg interaction and valosin-containing protein (VCP/p97) a
member of the ATPases associated with various cellular
activities were detected (Ficarro et al. 2003). Interestingly,
tyrosine phosphorylation of VCP/p97 regulates its sub-
cellular localization and its localization changes from the
neck to the head after capacitation (Ficarro et al. 2003).
Several other groups of proteins such as enzymes,
structural proteins and channels were also identified.
Moreover, with the pivotal role of tyrosine phosphorylation
in sperm capacitation it is important to identify the kinases
involved. Lalancette et al. (2006) used an affinity
chromatography approach combined with proteomic
analysis on the cytosolic fraction of bovine sperm to enrich
tyrosine kinase activity. Tyrosine kinases from three
families were identified: Src (Lyn), Csk and Tec (bmx,
Btx). In addition, other important proteins involved in
different cellular events associated with sperm, such as
capacitation and acrosome reaction were also identified
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(a total of 126 proteins). These proteins include: actin
polymerization, chaperones, proteases, proteases
inhibitors, metabolism, vesicle transport/membrane
fusion, signal transduction, sperm-egg interaction and
structural proteins. Surprisingly, a number of sperm RNA
binding/transport proteins were also identified. In view of
the recent suggestions of the potential role of RNA in early
embryo developed, these could be an important surrepti-
tious finding (Miller et al. 2005).

Stein et al. (2006) performed a selected proteomic
analysis of mouse sperm of the regions that are likely to
be involved in mediating sperm-egg interactions. Sub-
cellular fractionation included enrichment of acrosomal
contents and plasma membrane. In the acrosomal
contents, 166 proteins were identified and, as expected,
two of the largest groups were enzymes and their
inhibitors and secretory proteins. Twenty-five percent
of the proteins were novel. Two hundred twenty-nine
proteins were identified from the vesicle fraction and
171 from biotinylation fraction. Interestingly, a signi-
ficant number of the biotinylated proteins were ion
channels, most of which had unknown function.

Examination of specific structures and associated
signalling complexes. Nomura & Vacquier (2006)
performed immunoprecipitation experiments for soluble
adenylate cyclase (sAC) to determine the proteins
associated with sAC in the sea urchin flagellum. Ten
proteins were tightly associated with sAC including
guanylyl cyclase and cGMP specific phosphodiesterase
(PDE5A). This approach provides a critical starting point
demonstrating the potential role in protein phosphoryl-
ation and ion channel activities in sperm motility.
There are a number of studies examining the
proteomic composition of the 9+2 arrangement of the
cilium. For example, Pazour et al. (2005) performed a
proteomic analysis of Chlamydomonas reinhardtii fla-
gella documenting the basic building blocks (for updates
go to http://labs.umassmed.edu/chlamyfp/index.php). As
the 9+2 structure is relatively conserved throughout
evolution, you would expect a similar proteome across
species. Yet, although there is remarkable conservation
across the phyla, detailed proteomic studies on, for
example, the flagella of trypanosomes show surprising
diversity among the 300 or so proteins forming the
axoneme (Broadhead et al. 2006). Interestingly,
comparing the proteomes of Trypanosoma brucei with
C. reinhardltii classified only 49 proteins to be common.
249 proteins were present but not in C. reinhardtii and
203 proteins present in C. reinhardtiibut not in T. brucei.
Further studies are required to determine the role of
‘organism specific elaborations’. Sperm proteomic
techniques are still refining the composition of the
axonemal structures, e.g. outer dynein arms (Hozumi
et al. 2006). Such studies, used in comparisons across
species, are likely to provide a detailed understanding of
the basic molecular motor apparatus. For example,
comparisons between mutants of Chlamydomonas can
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provide a powerful analysis of the defects present in the
sperm of sub-fertile men and identify potential
interactions of novel signalling complexes (see Zhang
et al. 2004). Detailed imaging of the flagella motion
(Ohmuro & Ishijima 2006) will allow a clear under-
standing of how the dynamics of the signalling
complexes affect waveform. In addition to the studies
on the axoneme, there is also data on the sperm
accessory structures (fibrous sheath, outer dense fibres).
For example, Cao et al. (2006) identified 50 proteins
associated with these structures dramatically enhancing
our knowledge of localization of both expected and
unexpected complexes. This study confirmed that the
fibrous sheath is a dynamic structure having a funda-
mental role in signalling, metabolism and oxidative
stress. A proteomic study of the human fibrous sheath
identified a unique ADP/ATP carrier protein and seven
glycolytic enzymes previously unreported in the human
fibrous sheath confirming that the fibrous sheath is a
complex structure intimately involved in energy trans-
duction (Kim et al. 2007). Such studies will lead to a new
understanding of sperm metabolism and open exciting
avenues for research potentially addressing ‘old’ ques-
tions such as the role of glucose in sperm energy
metabolism (Ford 2006).

Whole proteome investigation. So far, there are only two
studies addressing the complete human sperm proteome
(Johnston et al. 2005, Martinez-Heredia et al. 2006).
Using a two-dimensional gel analysis followed by mass
spectrometry, Martinez-Heredia et al. (2006) identified
98 different proteins. A significant number was associ-
ated with proteosome turnover providing further evi-
dence for the existence of the proteosome in human
sperm function (Sutovsky et al. 2004). Interestingly, the
second most abundant group of proteins were those
involved with transcription, protein synthesis and turn-
over and protein transport/folding. As the spermatozoon
is supposed to be transcriptionally and translationally
silent, this may reflect a role for sperm RNA in the egg
(see above and Lalancette et al. 2006, Martinez-Heredia
et al. 2006). Alternatively, the dogma that the sperm are
translationally dormant may need to be reassessed in the
light of recent preliminary evidence that they can both
synthesize and turnover proteins (Gur & Breitbart 2006).

Johnston et al. (2005) adopted a direct one-dimen-
sional SDS-PAGE approach with liquid chromatography
tandem mass spectrometry performed on the various
protein bands from detergent soluble and insoluble
fractions of human spermatozoa. They identified 1760
proteins with high confidence — representing 76% of the
proteins predicted to be in sperm. This represents the
most comprehensive sperm proteome to date. Interest-
ingly, the greatest number of proteins characterized was
either novel proteins or proteins for which no ontology
was available providing a wealth of new information. Of
particular interest was the significant number of tissue-
specific proteins as these could potentially be used as
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targets for male contraception. It is likely that a number
of studies reporting/refining the whole-sperm proteome
will become available in the next 12 months allowing a
comprehensive first draft of the mature cell to be
available. In addition to studies on the sperm proteome,
a number of authors have examined the protein profile of
seminal plasma. In the most comprehensive study to
date, Pilch & Mann (2006) identified 923 proteins with
high confidence. Not surprisingly, the most abundant
proteins were those associated with involvement in clot
formation, metabolism and protection of the sperm cell.
Potentially, this dataset could be used for biomarker
discovery for testicular cancer, prostate cancer and for
male infertility. Once a subset of protein markers is
available, it may be feasible to perform protein chip
diagnoses as used for cancer (Ciordia et al. 2006).

Comparison with normal versus abnormal (fertile versus
sub-fertile). In our laboratory, we have been using
proteomic strategies to identify defects in sperm function
responsible for fertilization (Lefievre et al. 2003, Pixton
et al. 2004, reviewed Conner et al. 2007). Specifically,
we are interested in identifying differences in sperm
protein expression between control (fertile) men and
patients with spermatozoa that failed to fertilize oocytes
in vitro. Our initial studies showed, surprisingly,
relatively little intra- and inter-donor variation and we
have categorized one man (Pixton et al. 2004) where we
identified 20 differences from the control that we are
confident would represent true differences. Examination
of five more men has found several consistent differences
in protein expression levels (Conner et al. 2007) but
further studies are required to determine if these
differences relate to sperm function and where in the
pathways these defects are manifested. Interestingly,
with the clear need to identify (and improve) the fertility
potential of animals in the agricultural industry, there is a
concentration of effort to identify factors responsible for
high fertility. For example, a study in bulls showed a
significant effect of seminal plasma proteins on the
function of the sperm, i.e. seminal plasma from high
fertility bulls can act to improve the fertilizing potential
of low-fertility bulls (Henault et al. 1995). Detailed
proteomic studies of accessory gland fluids have shown
consistent differences in high-/low-fertility groups,
where four interesting proteins were identified: bovine
seminal plasma 30 kDa (sperm capacitation), osteopon-
tin (sperm-oolema interaction), phospholipase A2 (acro-
some reaction) and spermadhesin Z13 (sperm motility)
as contributing to the higher fertility (Moura et al. 2006,
2007a, 2007b). Examination of fertility in bulls is a very
powerful approach as it allows in vitro studies to be
complemented with data in vivo. Such complementary
experiments cannot be performed in humans. The
identification of proteins in the accessory glands of
bulls contributing to fertility will allow a detailed
understanding of how the sperm cell is modified by
extrinsic factors.
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How can all this detailed information be used to
improve diagnosis and treatment of male infertility?

There has been a dramatic increase in our knowledge of
the protein composition of the spermatozoon, its
structures and the surrounding fluids (epididymal,
vesicular, prostate) contributing to its function. Addition-
ally, we have preliminary insight into the signalling
complexes involved in key physiological processes, e.g.
capacitation and the regulation of sperm motility. The
difficulty is that this knowledge represents only but a
starting point, somewhat analogous to knowing all the
genes in the human genome but uncertain of their role
and interactions. Detailed physiological experiments are
required to fully understand the biological function of
these proteins (and complexes) in the mature cell and its
interaction with its functional environment — the female
tract and human egg. The data generated by proteomic
analysis is leading to a dramatic increase in our
understanding (and by its nature re-evaluation) of
sperm cell function. As the current methods to assess
sperm function are inadequate, a key objective will be to
develop more effective biomarkers as has been done in
other diseases (reviewed in Rifai et al. 2006). For
example, if we can successfully adopt redox proteomics
to sperm then we may be better able to identify men who
will benefit from antioxidant therapy. If we apply critical
validation methods to evaluate these new biomarkers,
we can expect a dramatic change in the way we
diagnose male fertility.

In addition, knowledge of the cell proteome (com-
bined with metabolomics) will allow us, for the first time,
to be able to develop rational therapies for sperm
dysfunction. Remarkably, although, male infertility is
an important health issue, there are no drug treatments to
enhance sperm function that have been shown to be
effective in randomized controlled trials (Kamischke &
Nieschlag 2002, cf. Greco et al. 2005). The only
treatment option for the sub-fertile man is IVF/ICSI.
ART is very expensive, invasive, has limited success, a
number of side effects, is not widely available, and poses
significant concerns about the long-term health of
children (Maher 2005; review Hansen et al. 2005).
This means that, put simply, as a result of our ignorance
of the causes of sperm dysfunction, we are currently
subjecting an increasing proportion of women to
inappropriate invasive therapy in order to treat their
partners. Hopefully, in the near future, perhaps using
high throughput screening tools, we will be able to
exploit our new knowledge base to develop and test new
drug regimes for the enhancement of sperm function and
avoid unnecessary ART treatment.
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Human gamete interaction is of fundamental biological im-
portance, yet the molecular interactions between spermatozoa
and the zona pellucida are poorly understood. Surprisingly, the
role of the polypeptide backbone of zona pellucida glycoprotein
3 (ZP3), the putative ligand for spermatozoa activation, has been
largely overlooked. Purified recombinant human ZP3 was ex-
pressed in Escherichia coli as a C-terminal fusion to the dimeric
glutathione S-transferase (GST) from Schistosoma japonicum

and was shown to induce acrosomal exocytosis in live, capacitated
human spermatozoa. The level of exocytosis is comparable with
that obtained using purified, glycosylated, recombinant human
ZP3 [van Duin, M., Polman, J. E. M., DeBreet, I. T. M., Van
Ginneken, K., Bunschoten, H., Grootenhuis, A., Brindle, J. and
Aitken, R.J. (1994). Biol Reprod. 51, 607-617]. These data
imply that the polypeptide chain of human ZP3 contributes to
recognition of spermatozoa during acrosomal exocytosis in vitro.

INTRODUCTION

Fertilization is the most important cell adhesion event in the life
time of any living organism that reproduces by sexual means.
Furthermore, in a diverse range of organisms (from echinoderms
to mammals), the recognition of carbohydrate epitopes by
complementary protein receptors has been proposed to be a
critical factor in gamete interaction [1-3].

At the molecular level, the survival of an organism can depend
upon the success of interactions between proteins and carbo-
hydrates. For example, lectin-containing adhesion molecules
termed selectins, resident on both vascular endothelium and
leucocytes, are vital for the phenomenon of leucocyte rolling and
extravasation into damaged tissue during the inflammatory
response [4]. Conversely, protein—carbohydrate interactions may
also bring an untimely end to the organism’s existence. Examples
of this include the binding of some viral particles (influenza) and
bacterial toxins (cholera toxin from Vibrio cholerae and pertussis
toxin from Bordetella pertussis) to the plasma membrane of
eukaryotic cells that is mediated by protein—carbohydrate inter-
actions (microbial recognition of target-cell glycoconjugates has
been reviewed in [S]). However, protein—protein interactions also
provide fundamental triggers for a great number of inter- and
intra-cellular signalling processes, perhaps the best characterized
example being that of the growth hormone-growth hormone
receptor complex [6].

A comprehensive understanding of the molecular mechanism
of human gamete interaction is a pre-requisite for the de-
velopment of novel methods of contraception aimed at blocking
fertilization. In mammals such as mice and pigs, it is generally
accepted that carbohydrate epitopes displayed by zona pellucida
glycoprotein 3 (ZP3) play a pivotal role in spermatozoa—ZP3
interaction [2,7]. However, although both native human zona
pellucida and purified, glycosylated recombinant human ZP3
(thuZP3) secreted by Chinese Hamster Ovary (CHO) cells have
been shown to stimulate acrosomal exocytosis in human sperma-
tozoa [8—11], it has yet to be firmly established whether the ability

to initiate this exocytotic event resides in the carbohydrate
moieties of the ZP3 glycoprotein alone, the polypeptide backbone
of ZP3 or elements of both. One method to examine the role of
the protein backbone in gamete interaction has been to de-
glycosylate zona proteins either enzymatically or chemically
[2,7]. Although both approaches successfully remove carbo-
hydrate from the polypeptide, there are a number of limitations
in such experiments. For example, enzymatic removal of carbo-
hydrate can often be incomplete [12] and moreover chemical
deglycosylation employs harsh conditions which may modify the
polypeptide backbone itself [2]. Recombinant proteins expressed
in Escherichia coli are free from carbohydrate modifications and
therefore provide a homogenous molecular population for the
experimental analysis of ZP3 interacting with spermatozoa.

MATERIALS AND METHODS
General reagents

The reagents used for the following procedures were of the
highest standard commercially available and were obtained from
Sigma (Poole, Dorset, U.K.), Fisher (Loughborough, Leics.,
U.K.)and BDH (Lutterworth, Leics., U.K.). Restriction enzymes
were from New England Biolabs (Beverly, MA, U.S.A.) or MBI
Fermentas (Vilnius, Lithuania). Glutathione—agarose affinity
chromatography resins, polyclonal rabbit-anti-S. japonicum GST
antiserum and FITC-labelled goat anti-mouse IgG antiserum
were purchased from Sigma. Hybond-ECL®™ nitrocellulose
membranes, horseradish peroxidase conjugated to donkey-anti-
rabbit immunoglobulins and ECL Western blotting detection
reagents were supplied by Amersham International (Slough,
Bucks., U.K.). E. coli culture media were supplied by Oxoid and
Difco Laboratories. Mouse monoclonal antibody ab 18.6 was a
kind gift from Professor Harry Moore (University of Sheffield,
U.K.). Rabbit anti-porcine ZP3 antiserum was a kind gift of
Professor A. G. Sacco (University of Michigan, U.S.A.); this
antiserum had been raised against purified porcine ZP3 and had

Abbreviations used: IPTG, isopropyl-f4-b-thiogalactopyranoside; ODgy, optical density at 595 nm; rhuZP3, recombinant human ZP3; GST-HuZP3,
glutathione S-transferase-recombinant human ZP3 fusion protein; TTB, Towbin Transfer Buffer.
" Present address: Department of Biochemistry, Wellcome Trust Building, University of Dundee, Dundee, DD1 4HN, Scotland.

2 To whom correspondence should be addressed.
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Figure 1.
human ZP3

pHuZP3-GEX, the plasmid used for expression of recombinant

Expression of GST-HuZP3 is under the control of the IPTG-inducible ac promoter. Positions in
base pairs (position 1 is 118 bp upstream from the start of the fac sequence) of unique
restriction sites are given.

been shown to cross-react strongly with both intact human zonae
pellucidae [13] and purified recombinant human ZP3 [14].
The Hamilton-Thorne motility analyser (HTM model 2030;
Hamilton—-Thorn Research Inc, Danvers, MA, U.S.A.) was used
to assess spermatozoa motility before and after the following
experimental procedures (see Clements et al. [15] for HTM set up
and quality control measures).

Expression and purification of GST-HuZP3 in E. coli

The cDNA encoding the full length human ZP3 [16] was a
generous gift from Professor Jurrien Dean (NIDDK). The
Polymerase Chain Reaction (PCR) was employed to engineer
convenient restriction sites at the 5" and 3" ends of ZP3 open
reading frame to facilitate insertion of the PCR product into the
expression vector PGEX-K G [17] forming the expression plasmid
pHuZP3-GEX. Oligonucleotide primers were synthesized on an
Applied Biosystems 392 DNA synthesizer (Perkin—Elmer,
Warrington, Cheshire, U.K.). Primer sequences were as follows:

HuZP3.1:
5-CGCGAATTCGGATGGAGCTGAGCTATTA-3’
(EcoRI site bold-italicized).

HuZP3.2:
5-GCGCCAAGCTTTTATTCGGAAGCAGAC-3
(HindlII site bold-italicized).

PCR reactions were carried out for 30 cycles of: 94 °C for 45 s;
52°C for 2min and 72 °C for 2.5 min on a Techne PHC-2
thermal cycler. The PCR products were digested with 10 U of
both EcoRI and HindIll, purified from an agarose gel using
GeneClean (Anachem, Luton, U.K.) and were ligated into
pGEX-KG (cut with the same enzymes) using 40 U of T4 DNA
ligase at 16 °C overnight. pHuZP3-GEX is shown schematically
in Figure 1.

pHuZP3-GEX was used to transform E. coli DH5S«MCR
(Genotype: F~ endAl supE44 thi-IA~ recAl gyrA96 relAl deoR
A(lacZYA-argF)U169 ¢p80dlacZM15 mcrA Almrr hsdRMS
merBC) [18,19].

Single colonies of E. coli DH5a«MCR harbouring pHuZP3-
GEX were then used to inoculate 5 ml M9 medium which was
then incubated overnight at 37 °C. M9 minimal medium was

prepared as follows: M9 salt solution: 49 mM Na,HPO,, 22 mM
KH,PO,, 8.5 mM NaCl and 7.57 mM (NH,),SO,. The pH of the
salt solution was adjusted to 7.35 with 10 M NaOH and then
autoclaved. Stock solutions of MgSO, (1.0 M) and CaCl, (0.5 M)
were autoclaved separately and were used at working concen-
trations of 1 mM and 0.5 mM, respectively. Thiamine (vitamin
B,) was prepared as a stock solution of 10 mg/ml, filter sterilized
through a 0.22 m sterile acrodisc filter (Gelman Sciences) and
then used at a working concentration of 0.05 mg/ml. D-Glucose
was used as the carbon source at a working concentration of
1.5% (w/v). Ampicillin at a final concentration of 200 xg/ml
was added to all cultures. All solutions were made up using MQ
water. The following day an overnight 5 ml culture was used to
inoculate 50 ml of M9 medium. This culture was again grown
overnight at 37 °C, then subsequently used to inoculate 1 1 of M9
medium. This culture was allowed to attain an OD,,; of 0.35
before induction of glutathione S-transferase-recombinant hu-
man ZP3 fusion protein (GST-HuZP3) expression was initiated
by addition of isopropyl-p-D-thiogalactopyranoside (IPTG) to a
final concentration of 0.5 mM. The cells were then grown for a
further 3.5h at 37 °C. Control cultures of non-transformed
E. coli DH5aMCR were grown in parallel. IPTG was also added
to these cultures at the same stage of growth.

Cells were harvested by centrifugation at 17000 g for 10 min at
4 °C in a Beckman J2-HS centrifuge (JA-10 rotor), spent medium
was aspirated and the cell pellet re-suspended in 6 ml phosphate
buffered saline (PBS pH 7.4; 136 mM NaCl, 2.68 mM KCl,
1.76 mM KH,PO, and 10.14 mM Na,HPO,). A cocktail of pro-
tease inhibitors was then added (final concentrations given in
parentheses) to this cell suspension; these included leupeptin
(100 M), PMSF (200 xM) and EDTA (1 mM). The cell sus-
pension was then lysed by sonication and Triton X-100 was added
at a final concentration of 19, (v/v). The mixture was then
gently vortexed and incubated for a further 25 min on ice.
Soluble and insoluble fractions were then separated by centri-
fugation at 12100 g for 10 min at 4 °C in a Beckman J2-HS
centrifuge (JA-20 rotor). The soluble fraction was then applied to
a glutathione—agarose affinity matrix to purify GST-HuZP3 as
detailed in [20].

SDS/PAGE and Western analysis

The purity of GST-HuZP3 eluted from the affinity matrix was
determined by 109%, SDS/PAGE [18] and the identity of the
protein determined by Western analysis. The gels used a dis-
continuous buffer system with a 59, stacking gel and 109,
resolving gel. Protein samples (usually 5 xl) from crude cell
lysates (both transformed and non-transformed) were diluted
1:6 with SDS loading buffer (prepared to a final volume of
24.0 ml: 3.0 ml1 500 mM Tris pH 6.8, 2.4 ml glycerol. 4.8 m110 9%,
(w/v) SDS, 1.2ml p-mercaptoethanol, 600 1 0.059% (w/v)
bromophenol blue and 12.0 ml MQ water). Column samples
were diluted with SDS loading buffer to obtain equivalent
protein concentrations and were then boiled for 10 min, briefly
centrifuged (in a benchtop micocentrifuge) to collect condensed
water and then between 10 and 40 ul were electrophoresed at
100 V (40 mA) until the dye front had migrated from the resolving
gel. Gels were then either stained immediately in Coomassie blue
(450 ml methanol/distilled water (1:1 (v/v)), 50 ml glacial acetic
acid and 1.25 g Coomassie brilliant blue R250) or electroblotted
on to Hybond-ECL® nitrocellulose as described below. Proteins
were subsequently visualized after destaining the gel overnight in
destain (30:10: 60 methanol: glacial acetic acid : water). Gels were
calibrated with high molecular mass standards obtained from
Sigma.
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The amount of purified recombinant protein recovered after
each induction was determined using a Bio-Rad Protein Assay
kit. The protocol was based on the method of Bradford [21] and
was supplied by the manufacturer. A standard curve was prepared
using BSA as the standard. The yield of GST-HuZP3 was
~ 120 pug/1 of culture medium.

For Western analysis both the gels and nitro-cellulose mem-
branes were first equilibrated in Towbin Transfer Buffer (TTB;
25 mM Tris pH 7.4, 192 mM glycine and 20 %, (v/v) methanol)
for 15 min. Proteins were then transferred to nitro-cellulose
membrane (Hybond-ECL™ ; Amersham International, U.K.) for
30 min at 9 V (constant current) using a Trans Blot SD™ Semi-
Dry Transfer Cell (Bio-rad). Once the gel had been blotted, the
membrane was washed (all subsequent washes and incubations
were carried out at room temperature) for 15 min in Tris Buffered
Saline (TBS; 20 mM Tris pH 7.4 and 500 mM NaCl) and then
blocked in 109, blocking buffer (TTBSM; TBS containing
0.05% (v/v) Tween-20 and 109, (w/v) low fat dried milk
powder (Boots pharmaceuticals)) for two 30 min sessions. Excess
TTBSM was removed from the membrane with thorough wash-
ing in TTBS (TTBSM without the milk powder) for a total time
of 35 min (15 min plus 4 x 5 min).

The membrane was then probed for the presence of GST-
HuZP3 with either a rabbit antiserum raised against porcine ZP3
(1:1000 dilution in TTBS for 1h) or rabbit anti-Schistosoma
japonicum GST antiserum (1:1000 dilution in TTBS for 1 h)
(hereafter these antisera are referred to as the ‘primary ab’).
Excess primary ab was then removed by washing in TTBS as
described above. The membrane was probed for the presence of
rabbit immunoglobulins with a 1:2000 dilution of secondary ab
(a horseradish peroxidase-linked donkey antiserum raised
against rabbit IgG) in TTBS for 45 min. Excess secondary ab was
then removed by washing in TTBS as described above. The
membrane was then quickly rinsed in TBS and then developed
according to the ECL detection protocol described by the
manufacturer (Amersham).

Preparation of spermatozoa

Human semen samples were obtained from healthy, fertile donors
attending the University Clinic at the Jessop Hospital for Women,
Sheffield, U.K. Motile spermatozoa were isolated using a
direct swim-up technique into Earle’s balanced salt solution
(EBSS; Gibco-BRL Paisley, Scotland) supplemented with 3.5 9
(w/v) human serum albumin (HSA) as described in [14]. The
motility and concentration of the spermatozoa in the swim-up
sample and throughout the experiments described in this paper
were examined on a Hamilton-Thorne motility analyser. The
percentage of motile spermatozoa in the swim-up sample was
94 +2 (mean + S.E.M.). The spermatozoa were then capacitated
in vitro for 3 h at 37 °C in a humidified atmosphere of 59, CO,
and 959, air. After this time, spermatozoa were centrifuged at
500 g for 6 min at room temperature in a MSE Mistral 2000
centrifuge. Spent medium was discarded and the pellet then re-
suspended in fresh EBSS supplemented with 0.3 9%, (w/v) HSA
and the spermatozoa concentration adjusted to 10 x 10°/ml.
These spermatozoa were then used to assess the biological
activity of GST-HuZP3.

Induction of acrosomal exocytosis in human spermatozoa by GST-
HuzZP3

Separate 200 1 aliquots of spermatozoa (prepared as detailed
above) were challenged with either EBSS (supplemented with
0.39% (w/v) HSA), or 10 uM A23187 (a bivalent Ca** ionophore

which was prepared fresh each day as follows: A frozen stock
solution of 10 mM A23187 in dimethyl sulphoxide (DMSO) was
diluted to 1 mM with EBSS. The latter would then be diluted to
a final concentration of 10 #M upon addition to the spermatozoa-
containing medium), or GST-HuZP3 (5ng/ul; final concen-
tration; the amount of ZP3 resident in a human zona pellucida
has been estimated at ~ 5ng/zona [11]) or GST-M.Mspl
(5 ng/ul; final concentration) for 3h and 18h at 37°C in a
humidified atmosphere of 5%, CO, and 959, air. Affinity-
purified GST-M. Mspl (prepared as detailed for GST-HuZP3 but
using the M. Mispl expression vector pPGEX-M. Mispl . supplied
by Dr. Paul Hurd [22]; data not shown) was an ideal control
fusion protein for use in the following experiments to determine
the level of non-specific acrosomal exocytosis induced by a non-
physiological agonist (GST-M.Mspl is of similar molecular mass
to GST-HuZP3; ~ 72 kDa). Spermatozoa were also challenged
with heat-denatured (samples incubated at 100 °C for 15 min)
GST-HuZP3 and GST-M.Mspl to investigate whether the ter-
tiary structure of GST-HuZP3 was necessary for induction of
acrosomal exocytosis in human spermatozoa.

Viability and acrosomal status of spermatozoa

Viability and acrosomal status of spermatozoa was evaluated
simultaneously using the hypo-osmotic swelling (HOS) test and
indirect immunofluorescence using a mouse anti-hamster primary
monoclonal antiserum (mab 18.6). This was essentially as detailed
in reference [23], with the sole modification being that mab 18.6
was used neat in the present study and not as a 1:4 dilution. The
HOS test facilitates discrimination between live and moribund
spermatozoa on the basis that live cells have swollen, coiled tails,
dead spermatozoa have straight tails [23]. Mab 18.6 is an
antiserum that specifically binds both to an antigen within the
inner face of the outer acrosomal membrane and acrosomal
content. In fixed spermatozoa one observes a decrease in
fluorescence intensity over the spermatozoon acrosome due to
the loss of the antigen-mab 18.6 complex as acrosomal exocytosis
proceeds [24]. Using a fluorescence microscope (Laborlux S,
Leitz) at x 1000 magnification spermatozoa were scored as
follows: (1) viable, acrosome-intact (uniform fluorescence over
the acrosome region with coiled tails); (2) viable acrosome-
reacted (fluorescence over the equatorial segment or no
fluorescence with coiled tails); (3) non-viable, acrosome-intact
(uniform fluorescence over the acrosome region with straight
tails); (4) non-viable acrosome-reacted (fluorescence over the
equatorial segment or no fluorescence with straight tails).

Viable spermatozoa exhibiting patchy fluorescence were scored
as partially acrosome-reacted but were discounted from the data
analysis in this study. At least 100 spermatozoa were scored for
each agonist and all experiments were done blind with the slides
being coded to avoid any bias in data interpretation. The
percentages of motile spermatozoa at the end of the 3 and 18 h
incubation periods were 92+2 and 76+9 (mean+S.E.M.),
respectively.

Statistical analysis

Results from at least seven experiments using different fertile
donors are presented as mean percentage of live acrosome-
reacted spermatozoa + S.E.M. To calculate the significance of any
differences observed between the means of each spermatozoa/
agonist sample at each time point, paired ¢ tests were performed
after the data had firstly been transformed using the following
equation: log(x+0.5)/(500—x) to normalize percentage data
(such as the acrosome reaction data) [23]. In this equation x
represents the mean percentage of live, acrosome-reacted sperma-
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tozoa observed with a given agonist after a set time course. A
result was considered significant when P < 0.05.

RESULTS
Expression and purification of GST-HuZP3

Figure 2A shows an SDS gel analysis of expression and purifi-
cation of GST-HuZP3 in E. coli DH5«MCR grown in M9
medium. A protein corresponding to the M, of GST-HuZP3
(72000) can clearly be seen in lane 8 following purification on
glutathione-agarose. In addition, a second band of ~ 26 kDa co-
purifies with this species. This band was identified as S. japonicum
GST by protein sequence analysis. The results of this sequence
analysis are given in Table 1. The sequence obtained is identical
to the N-terminal sequence of S. japonicum GST (M-S-P-I-L-G-
Y-W-K).

To verify that the molecular species observed in lane 8 (Figure
2A) was GST-HuZP3, Western analysis was performed as
described in materials and methods. Figure 2B illustrates the
Western blot probed with polyclonal anti-GST antiserum as the
primary ab. Two bands show strong cross-reactivity with this
antibody in lane 8. The high molecular weight band is GST-
HuZP3, while the stronger reacting, lower molecular weight
species corresponds to GST. Figure 2C shows an identical
Western blot probed with anti-porcine ZP3 antiserum. A cross-
reacting species corresponding to GST-HuZP3 is observed in
lane 8 which is not present in the control fractions, see lanes 2
and 3. No cross-reactivity was observed against GST with this
antiserum. It can be clearly seen that the vast majority of GST-
HuZP3 expressed in E. coli partitions into the insoluble phase as
judged by the presence of a prominent band of ~ 72 kDa in lane
5 (the induced, insoluble fraction from E. coli DHS«MCR
harbouring pHuZP3-GEX) and not the control insoluble fraction
(lane 3). The inherent insolubility of human ZP3 has proved to
be a major obstacle in purifying milligram quantities of this
protein. A single band of ~ 60 kDa is present in lanes 2—6 of
Figure 2C. This is an E. coli protein that cross-reacts with this
anti-porcine antibody. The identity of this protein was not
determined in the present study.

It is clear that there is strong cross reactivity between both the
rabbit anti-porcine ZP3 and rabbit anti-S. japonicum GST

Table 1 N-terminal amino acid composition of the 26 kDa band as
determined by automated Edman degradation

Two bands have been sequenced (labelled major and minor). The sequence of the former is
in strong agreement with the database N-terminal sequence for the first nine amino acid
residues of S. japonicum GST (M-S-P-I-L-G-Y-W-K). The latter is thought to represent an N-
terminally truncated GST polypeptide since it lacks both the Met and Ser residues present at
positions 1 and 2 in the major band sequence. N.A., not available; ? = identity of residue not
determined at all or (when with identity letter) not determined unambiguously.

Major band Minor band
Amino Amount Amino Amount

Residue acid (pmol) Residue acid (pmol)
1 M 3.07 1 ? N.A.

2 S 1.82 2 P? 1.04
3 P 2.19 3 | 0.75
4 | 1.87 4 L 1.18

5 L 2.30 5 G 2.75
6 G 3.87 6 Y 1.06
7 Y 1.95 7 ? N.A.

8 W? 0.57 8 K 0.66

GET-HufP3

=72 kD

E

GET-HuZP
=72 kDa

GST 26 kDn

Figure 2. Analysis of expression of and purification of ZP3 by SDS/PAGE
and Western blotting

A. Lane 1, Molecular mass markers; lane 2, induced, soluble extract from non-transformed E£.
coli DHSMCR;; lane 3, as (2) but the insoluble fraction; lane 4, induced, soluble extract from
E. coli DHSMCR harbouring pHUZP3-GEX; lane 5, as (4) but the insoluble fraction; lane 6, flow-
through from glutathione—agarose column; lane 7, column wash in 50 mM Tris/HCI pH 8.0;
lane 8, specific elution from glutathione—agarose affinity column using 50 mM Tris/HCI per
10 mM reduced glutathione pH 8.0. Identical gels to that presented in A were electroblotted
and the blots probed for the presence of GST-HuZP3 with either a rabbit anti-S. japonicum GST
antiserum (1:1000 dilution in TTBS; B) or a rabbit anti-porcine ZP3 antiserum (1:1000 dilution
in TTBS; C) as detailed in materials and methods. The upper arrow on the right of each figure
indicates the position of GST-HuZP3 (~ 72 kDa); the lower arrow on the right of A and B
indicates the position of recombinant S. japonicum GST (~ 26 kDa). The molecular mass
standards are indicated where visible.

antisera and a number of lower molecular weight species which
may derive from GST-HuZP3 (Figure 2B and 2C, lanes 4 and 5).
The evidence for this is that these cross reacting species are
exclusive to lanes containing the insoluble fractions from strains
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Table 2 Ability of GST-HuZP3 to induce acrosomal exocytosis in alive,
capacitated human spermatozoa

Spermatozoa were capacitated for 3 h and then incubated for a further 3 h with EBSS, 10 uM
A23187, 5 ng/ul GST-HUZP3 or 5 ng/ul GST-M.Mspl as described in materials and methods.
Values given are means+ S.E.M. 7= number of semen samples from fertile donors; one
ejaculate from each donor. No significant difference was observed in the level of acrosomal
exocytosis in spermatozoa challenged with GST-HuZP3 compared to EBSS and GST-M.Mspl
(P> 0.05).

% live acrosome-

Agonist n reacted

EBSS 10 8.94+2.29
10 uM A23187 10 58.3+4.72
5 ng/ul GST-HuzZP3 10 11.84+2.4
5 ng/ul GST-M.Mspl 10 7.0+1.15

Table 3 Ability of GST-HuZP3 to induce acrosomal exocytosis in live,
capacitated human spermatozoa

Spermatozoa were capacitated for 3 h and then incubated for a further 18 h with EBSS, 10 xM
A23187, 5 ng/ul GST-HUZP3 or 5 ng/ul GST-M.Msp! as described in materials and methods.
Values given are means +S.E.M. n = number of semen samples from fertile donors; one
ejaculate from each donor. Significantly greater levels of acrosomal exocytosis were observed
in spermatozoa challenged with GST-HuZP3 compared to EBSS (*P < 0.001) and GST-
M.Mspl (** P < 0.01).

% live acrosome-

Agonist n reacted

EBSS 10 16.5+4"

10 M A23187 10 65.1+4.4

5 ng/ul GST-HuZP3 10 58.3+4% **
5 ng/pl GST-M.Mspl 10 30.6+7.74"

harbouring the pHuZP3-GEX plasmid (but not strains that had
not been transformed).

Induction of acrosomal exocytosis in human spermatozoa by GST-
HuzP3

No significant difference in the level of acrosomal exocytosis was
observed between spermatozoa challenged with EBSS, GST-
HuZP3 or GST-M.Mspl for three hours (Table 2; 8.9+2.29,
11.8+2.40 and 7.0+1.159,, respectively, P > 0.05; n = 10).
This suggests that the HuZP3 moiety of the GST fusion protein
was unable to initiate a physiological acrosome reaction above
control levels within this time course. Furthermore, acrosome
reactions induced with GST-HuZP3 were significantly less than
those induced using the ionophore A23187 (Table 2; 11.84+-2.40
vs. 58.3+4.729,; P < 0.01; n = 10). Studies using either purified
recombinant glycosylated human ZP3 or purified non-glyco-
sylated human ZP3 indicate that prolonged periods of incubation
with ZP3 are necessary to induce significant levels of acrosomal
exocytosis [11,14]. In order to determine if longer incubation
times with the GST-HuZP3 were necessary to induce maximal
stimulation (similar to levels obtained using the ionophore)
spermatozoa were incubated for 18 h with GST-HuZP3 (5 ng/ul;
final concentration); the amounts and nature of control agonists
were as for the 3 h incubation. Spermatozoa incubated with
GST-HuZP3 for 18 h were seen to have undergone significantly
higher levels of acrosomal exocytosis to those observed for both
the EBSS control (Table 3; 58.3+4.0vs. 16.54+3.229%,; P < 0.01;

Table 4 Ability of boiled GST-HuZP3 to induce acrosomal exocytosis in
live, capacitated human spermatozoa

Spermatozoa were capacitated for 3 h and then incubated for a further 18 h with 5 ng/l GST-
HuZP3, 5 ng/u! boiled GST-HuzZP3, 5 ng/ul GST-M.Mspl or 5 ng/gl boiled GST-M.Mspl as
described in materials and methods. Values given are means 4 S.E.M. 7 = number of semen
samples from fertile donors; one ejaculate from each donor. A significantly reduced level of
acrosomal exocytosis was observed in spermatozoa challenged with boiled GST-HuzZP3
compared to non-boiled GST-HuZP3 (* P < 0.05). No significant difference in the number of
acrosome reactions was recorded in live, capacitated human spermatozoa challenged with
boiled GST-HuZP3, boiled GST-M.Msp! or non-boiled GST-M.Mspl (P > 0.05).

% live acrosome-

Agonist n reacted

5 ng/ul GST-HuzZP3 7 60.14+5.68
5 ng/ul boiled GST-HuZP3 7 34.5747.69*
5 ng/ul GST-M.Mspl 7 39.74+7.74
5 ng/ul boiled GST-M.Mspl 7 32.434-8.06

n=10) and the GST-M.Mspl control (Table 3; 58.3+4.0
vs.30.6+7.749,; P < 0.01;n = 10). Together these data strongly
suggest that the polypeptide backbone of the HuZP3 moiety in
the GST-HuZP3 fusion protein is biologically active and able to
elicit acrosomal exocytosis in live, capacitated human sperma-
tozoa.

The response of live, capacitated spermatozoa challenged with
GST-HuZP3 for 18 h could be reduced to control levels (i.e. that
observed for either heat inactivated GST-HuZP3, heat inacti-
vated GST-M.Mspl or GST-M.Mspl) if this fusion protein was
heat-denatured (Table 4; 34.57+7.69 9, for boiled GST-HuZP3,
32.43+8.06 9, for boiled GST-M.Mspl, 39.7+7.74 9%, for GST-
M. Mspl and 60.14+5.68 9%, for GST-HuZP3, P < 0.05; n =17).

DISCUSSION
Expression of GST-HuZP3 in M9 minimal medium

This study demonstrates that for the first time that human
ZP3 can be expressed and purified from E. coli. A number
of low molecular weight fragments which may derive from
GST-HuZP3 are seen only in the lysate of E. coli DH5aMCR
harbouring pHuZP3-GEX. The presence of multiple gene
products from pHuZP3-GEX could arise for three reasons: (a)
multiple initiations of translation on the mRNA, (b) partial
proteolysis of the GST-HuZP3 and (c) contributions from both
(a) and (b) [25].

The generation of multiple gene products associated with
expression of heterologous genes in E. coli has been previously
documented [25,26]. The reason(s) for this phenomenon are
unclear but it is thought that the small sections of the nucleotide
sequence within the mRNA of a given eukaryotic protein
resemble those sequences utilized by prokaryotes when initiating
synthesis of nascent polypeptides [25]. Such a sequence is the
purine-rich Shine-Delgarno (SD) sequence (which is found within
the ribosome binding site (RBS)) located approx. 5-13 nucleo-
tides upstream of the initiating methionine codon [27]. This
stretch of nucleotides is complementary to the 3" end of the 16S
rRNA that makes up the ribosomes within a prokaryotic cell.
Examination of the HuZP3 cDNA reveals that a SD sequence
(5’-AGGAGG-3’) occurs at two locations throughout the HuZP3
mRNA (positions 1108-1113; 5-AGGAGGCCACUCUGA UG-
3" and 1968-1973: 5-AGGAGGCAGCCUCAUGUCAUG-3").
Both stretches of nucleotides are complementary to the 3" end of
the 16S rRNA (3'-AUUCCUCCACCA-5") and are located 8 and
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12 nucleotides upstream of a methionine codon respectively.
Attachment to one or both of these sequences by the ribosome
could result in the initiation of translation at incorrect sites. This
would give rise to truncated proteins of molecular masses of
~ 41 and ~ 9.3 kDa respectively. Products around the size of the
former are observed in Figure 2B and 2C. However, molecular
species of other sizes are also present suggesting that partial
proteolytic degradation of GST-HuZP3 cannot be completely
discounted as reasons for the presence of multiple gene products
from pHuZP3-GEX.

Non-specific proteolysis of the GST-HuZP3 fusion protein
probably also accounts for the observed co-purification of free
GST. Non-specific cleavage at the fusion joint between GST and
the y chain of the high affinity IgE receptor (FceRIy) has been
documented even in the presence of a broad range of protease
inhibitors [28], suggesting that a non-specific bacterial protease is
cleaving GST-HuZP3 at the fusion joint. Attempts to express
GST-HuZP3 in protease deficient strains of E. coli are presently
underway.

Biological activity of GST-HuZP3 in vitro

In a number of non-human mammals such as mice and pigs, it
is generally held that glycosylation of ZP3 is required for
successful gamete interaction to occur [2,7]. However, contrasting
data concerning the role of carbohydrate in spermatozoa-ZP3
(or ZP3«) binding in both mice and pigs have been presented. For
example, it has been documented that carbohydrates associated
with mouse ZP3 or pig ZP3« mediate spermatozoa-zona binding
in these mammals in vitro [2,7] yet fertilization in both mice and
pigs can be blocked by specific monoclonal antisera directed
against synthetic peptides based on the native ZP3 primary
amino acid sequences. However, although such observations
indicate a central role for the polypeptide backbone of ZP3 in the
binding of spermatozoa to the zona in these species [29,30], one
should exercise caution with such interpretations. The inhibitory
activity of such antibodies could arise through non-specific steric
hindrance of the target epitopes due to the large molecular size
of the immunoglobulins. However, such complications, which
have been reported previously during investigations into sperma-
tozoa-zona binding in the mouse, can be circumvented by using
Fab fragments as opposed to intact antibodies [31].

Similar data regarding the role of ZP3-associated carbohydrate
in human gamete interaction are scarce. However, it has recently
been documented that anti-peptide antibodies generated against
ZP3 fail to cross-react with ZP3 from certain oocytes that failed
to fertilize at IVF [32], suggesting a more significant role for the
ZP3 polypeptide backbone in human fertilization.

The data presented above demonstrate that GST-HuZP3
stimulates significantly higher levels of acrosomal exocytosis in
live human spermatozoa compared to a series of non-specific
controls. However, this level of stimulation could only be attained
after the spermatozoa had been challenged with GST-HuZP3 for
a period of 18 h. A mumber of authors have commented that
native, intact human zona pellucida can stimulate acrosomal
exocytosis within 1-2 h in > 459, of a given population of live
human spermatozoa [8,9]. Furthermore, recombinant mouse
ZP3 (used at a final concentration of 5ng/ul) can initiate
acrosomal exocytosis in 51 9%, of mouse spermatozoa after only
20 min [33]. These data are in contrast to those observations
made in the present study in that maximal acrosomal exocytosis
was attained after spermatozoa had been incubated with GST-
HuZP3 for a period of 18 h. However, our data are entirely
consistent with those observed for spermatozoa incubated for
18 h with non-glycosylated rhuZP3 produced using an in vitro

transcription and translation system [14]. Furthermore, the level
of acrosomal exocytosis observed with our non-glycosylated
GST-HuZP3 is considerably higher than studies using purified
glycosylated rhuZP3 even though such studies used final concen-
trations of ZP3 of 15-20 ng/ul [11].

It is possible that the HuZP3 moiety of the GST-HuZP3 fusion
protein has not adopted its native tertiary structure after ex-
pression in E. coli, thereby reducing its specific activity. The
cytoplasm of E. coli does not favour the formation of di-sulphide
bonds [34]; human ZP3 contains 15 Cys residues, two of which
are located in the signal sequence [15]. Fourteen of the 15 Cys
residues found in the human ZP3 polypeptide are conserved in
ZP3 primary sequences from a number of mammals, suggesting
they may be involved in maintaining the structure of ZP3 [35]. At
the present time, it is not clear if any of these Cys residues
participate in either inter- and/or intra-molecular di-sulphide
bridge formation, both of which could potentially act to stabilize
and maintain the tertiary structure of ZP3 in the intact zona.
These interactions may be missing in the recombinant protein.

The spermatozoa used in this study may not have been
capacitated sufficiently and as such were refractory to the effects
of the GST-HuZP3 fusion protein. However, the method of
capacitation employed in this study has been used on previous
occasions and shown not to preclude the reactivity of sperma-
tozoa toward rhuZP3 agonists [14,36].

S. japonicum GST is a homodimer [37], and the fusion proteins
produced by the pGEX series of vectors are heterodimeric [38].
Thus, GST-HuZP3 is also probably dimeric. The presentation of
a dimeric ZP3 molecule to the spermatozoa may partly mimic
that occurring in vivo and may offer an explanation for the
observation why this form of non-glycosylated HuZP3 can
induce acrosomal exocytosis in human spermatozoa but only
after 18 h. If the distance between the two juxtaposed HuZP3
moieties within the fusion protein are not in the correct spatial
context, then one assumes it would be difficult for the second
HuZP3 moiety to bind the spermatozoon in such a way so as to
initiate possible receptor aggregation [6,39-42] and subsequently
induce both rapid and maximal acrosomal exocytosis. This
explanation for the time-lag seems unlikely in view of the fact
that purified, non-glycosylated monomeric rhuZP3 is capable of
stimulating acrosomal exocytosis in ~ 539, of capacitated
human spermatozoa after a period of 18 h [14], implying that the
state of the non-glycosylated HuZP3 polypeptide (monomeric or
dimeric) is not a major determinant of whether the recombinant
protein will stimulate the acrosome reaction.

The question of whether or not other components of the zona
matrix are required either (a) directly or (b) indirectly to stimulate
acrosomal exocytosis is not clear. Regarding (a), it is presently
thought that in a number of mammals such as humans, mice and
hamsters, only ZP3 possesses acrosomal exocytosis-inducing
activity, not ZP1 or ZP2 [3,8]. However, it is possible that these
other major zona components (namely ZP1 and ZP2) indirectly
contribute to the bioactivity of ZP3 by maintaining the latter in
a specific, three-dimensional conformation that facilitates in-
duction of maximal exocytosis. This hypothesis has yet to be
addressed experimentally. To our knowledge, minor zona-asso-
ciated glycoproteins such as hyaluronic acid, have yet to be
ascribed a role in human spermatozoa-zona interactions. This is
in contrast to recent data, presented in reference [43], that
demonstrates hyaluronic acid enhances the zona pellucida-
induced acrosome reaction of cynomolgus macaque spermatozoa
[43].

However, it is clear that authentic glycosylation of the HuZP3
polypeptide is required for this protein to possess full biological
activity. As stated above, previously it has been shown that
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glycosylated rhuZP3 purified from CHO cells could only initiate
maximal acrosomal exocytosis in human spermatozoa after a
period of ~ 20 h [11]. Glycosylation therefore appears to in-
fluence the kinetics but not the outcome of the ZP3-induced
acrosome reaction.

In other glycoproteins, the presence of carbohydrate has a
number of roles in protein function ranging from ensuring the
correct folding of the a-subunit of the nicotinic acetylcholine
receptor from Torpedo californica [44] to the secretion and
dimerization of human interferon-y [45]. More recently, Wang et
al. [46] have suggested that a general function of protein
glycosylation is firstly to stabilize the glycoprotein structure and
secondly to ensure the glycoprotein adopts its native tertiary
structure during its transit through the endoplasmic reticulum
(ER) and Golgi body of the cell.

Non-specific induction of acrosomal exocytosis

Why a non-specific fusion protein such as GST-M. Mspl was able
to elicit acrosomal exocytosis was not determined. It is unlikely
that the size of GST-M.Mspl was sufficient to stimulate these
cells to exocytose since one would have then expected to observe
a comparable number of acrosome reactions in spermatozoa
challenged with EBSS containing 0.3 9%, (w/v) HSA (molecular
mass = 66 kDa); this was not seen. One can also rule out the
possibility that the GST moiety of both fusion proteins was
responsible for initiating acrosomal exocytosis. This is because
one would expect to observe similar levels of exocytosis in
spermatozoa challenged with either GST-HuZP3 or GST-
M. Mspl; again this was not seen. Presently it is believed that the
ability of GST-M.Mspl to initiate acrosomal exocytosis reflects
the inherent poor agonist specificity of the acrosome reaction
assay. A number of other, non-physiological agonists can elicit
the acrosomal exocytosis in spermatozoa, e.g. corticosteroid-
binding protein [47], Epidermal Growth Factor [48] and immuno-
globulins [49].

As detailed above, non-glycosylated HuZP3 has been shown
to be capable of stimulating acrosomal exocytosis in live human
spermatozoa after 18 h. This time course is similar to that
reported for purified glycosylated rhuZP3 [11]. A detailed kinetic
analysis of ZP3-induced acrosomal exocytosis is now required to
clarify whether this is the case. Moreover, it would be interesting
to compare the rates of acrosomal exocytosis induced by both
CHO- and E. coli-derived ZP3 side by side. Until the nature of
the carbohydrate in human ZP3 is established, bacterial-ex-
pressed ZP3 remains the best defined inducer of the acrosome
reaction for the study of this process in humans.
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The human zona binding test is the most predictive test of sperm function yet the availability of human zona
severely restricts its clinical use. The primary aim of this study was to use a commercially available in-vitro
transcription and translation system to produce immobilized recombinant human ZP3 (rhuZP3) on agarose
beads. The biological activity of this preparation was examined using sperm binding and the acrosome
reaction. Significantly higher levels of sperm binding to rhuZP3 beads {n = 12, P <0.05) compared with
controls were observed and there was a significant induction (n = 12, P <0.01) in the acrosome reaction after
overnight incubation at 37°C in 5% CO; in air. In conclusion, the in-vitro transcription and translation system
can produce sufficient quantities of purified immobilized biologically active rhuZP3. These preliminary
experiments will enable further refinements to be made so that a solid-phase sperm function test based on

rhuZP3 coated beads is likely to be developed in the near future.
Key words: acrosome reaction/spermatozoa/zona/zona binding/ZP3

Introduction

The human zona binding test, which is widely regarded as the
most predictive test of sperm function (Liu and Baker, 1992,
1996), has been successfully used as a clinical sperm function
test in in-vitro fertilization (IVF) (Liu and Baker, 1992;
Ochninger et al., 1992), to diagnose sperm defects in men
with unexplained infertility (MacKenna et al, 1993) and
recently, to identify improvements in sperm function in men
given antioxidant therapy (Kessopoulou et al, 1995). In
addition to predicting the success or failure of sperm function
using the zona binding assay, Liu and Baker (1994, 1996)
have shown that failure of spermatozoa to bind to the zona
pellucida and/or failure of these spermatozoa to acrosome
react, are significant causes of sperm dysfunction. However,
despite its numerous advantages, the zona binding test is not
widely used because of the difficulty in obtaining sufficient
numbers of human zona. In theory the paucity of material can
be overcome by the production of recombinant human zona
proteins (providing the recombinant proteins are biologically
active). Bearing in mind the advantages of the zona binding
test, a welcome advance in the study of male infertility would
be the development of a simple, inexpensive and widely
available sperm function test using recombinant zona proteins.

Data from the mouse and pig demonstrate that the first stage
of sperm—zona interaction is the binding of spermatozoa to

Preliminary data presented at the American Andrology Society
(Raleigh Durham, NC, USA, 1995) and The International
Symposium of the Human Acrosome Reaction in Collioure, 1995

© European Society for Human Reproduction and Embryology

ZP3 (see Wassarman, 1992). As a consequence, the production
of recombinant ZP3 has been a major objective for several
research groups. Large quantities of mouse recombinant ZP3
have been produced in vitro (Kinloch et al., 1991; Beebe et al.,
1992). This recombinant product is biologically active, i.e.
possesses sperm receptor activity, and induces the acrosome
reaction. Biologically active human recombinant ZP3 produced
by Chinese hamster ovary (CHO) cells was first reported by
Barratt et al. (1993). However, purification of biologically
active material that provides consistent results has presented
significant problems in both our own and in other laboratories
(Van Duin et al., 1994; Barratt and Hornby, 1995; Chapman
and Barratt, 1996). As a consequence, alternative expression
systems have been sought. One widely used expression system,
particularly for rapidly producing and purifying small quantities
of protein, is in-vitro transcription and translation. This system
is commonly used in mutagenesis experiments examining the
interactions between proteins (Boyd er al., 1994; Paroush
etal., 1994; Snyder et al., 1994; King et al., 1995). Preliminary
results from our laboratory show that this system allows the
rapid (within 8 h) production of purified ZP3. In addition,
limited proteolytic digestion experiments suggest that the
recombinant ZP3 protein has a similar folding pattern to that
of mouse native ZP3 (Whitmarsh et al, 1994), and cross-
linking experiments show that the ZP3 protein can bind to at
least four sperm glycoproteins (Kiani et al., 1994).

The primary aim of the study was to use the in-vitro
transcription and translation system to produce immobilized
rhuZP3 (on beads) and to examine the biological activity of
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Figure 1. Plasmids used for the synthesis of human ZP3 in vitro. (a) The cDNA sequence encoding human ZP3 was amplified from a
recombinant plasmid encoding the cDNA provided by Prof.J.Dean (NIH) using the following primers: 5'-CGCGGGATCCGGAGC-

TGAGCTATAGGCTCTTC-3' and 5'-CGCGGCT CGAGTTCGGAAGCAGACACAGGGTGG-3'. The product of the polymerase chain
reaction (PCR) was digested with a combination of BamHI and Xhol and the product ligated into the corresponding sites in pET22b in

frame with the C-terminal His-tag. The recombinant plasmid is designat

ed pET22bZP3H. (b) The cDNA sequence encoding human ZP3

was amplified from a recombinant plasmid encoding the cDNA provided by Prof. J.Dean (NIH) using the following primers: 5'-CGCG-
GGATCCGGAGCTGAGCTATAGGCTCTTC-3’ and 5'-GCGCCAAGCTTTTATTCGGAAGCAGAC-3'. The product of the PCR reaction

was digested with a combination of BamHI and HindIll and the produ

ct ligated into the corresponding sites in pET14b in frame with the

N-terminal His-tag. The recombinant plasmid pET14bZP3H was used as a template for a second PCR reaction using the primers: 5'-
CGCGGGAAGCTTGCCACCATGGGCAGCAGCCATCATC-3' and 5'-GCGCT CTAGAATTTATTCGGAAGCAGACACAGG-3'. The

product of the PCR reaction was digested with a combination of Hin

dIlI and Xbal and the product ligated into the corresponding sites in

pCDNAI. The recombinant plasmid pCDNA1ZP3 was then digested with a combination of BamHI and Sall, the ends filled in using the

reaction catalysed by the Klenow fragment of DNA polymerase I and the product ligated to produce the

plasmid pCDNA1ZP3ANH. (c) The

¢DNA sequence encoding human ZP3 was amplified from pET22bZP3H using the following primers: 5'-CGCCAAGCTTGCCACCAT-

GGAGCTGAGCTATAGG-3' and 5'-GCGCCT CTAGAATTTAGTGGTGGTGGTGGTGGTGC-3'. The product of the PCR reaction was
digested with a combination of HindIll and Xbal and the product ligated into the corresponding sites in pCDNA to produce the plasmid
pCDNA1ZP3H. The nucleotide sequence encoding the C-terminal His-tag was exchanged for that encoding a Strep-tag by first digesting

PCDNA1ZP3H with Xhol and Xbal followed by the inse

rtion of the following oligonucleotide duplex: 5'-CATGGGCCTCGAGAGCGCTT-

GGCGTCACCCGCAGTTCGGTGGGGATCCGTAAT-3" and S'"TAGATTACGGATCCCCACCGAACTGCGGGTGACGCCAAGCGCTCT-
CGAGGCC-3'. The final plasmid encoding ZP3 with a C-terminal Strep-tag is pPCDNA1ZP3S.

this preparation using sperm binding and the acrosome reaction
as markers of sperm function.

Materials and methods

General reagents

Unless otherwise stated, reagents were of the highest quality available
and were obtained from BDH (Lutterworth, Leicestershire, UK) or
Sigma (Poole, Dorset, UK). Restriction and modification enzymes
were from New England Biolabs (Beverly, MA, USA), MBI Fermentas
(Vilnius, Lithuania) or NBL Gene Sciences (Cramlington, UK).
Vent DNA polymerase was purchased from New England Biolabs.
Oligonucleotide primers were synthesized on an Applied Biosystems
392 DNA synthesizer (Perkin Elmer, Warrington, Cheshire, UK) and
the sequences (together with their specific application) are given in
Figure 1. The method used for in-vitro transcription and translation
of human ZP3 employed the TNT reticulocyte lysate, coupled
in-vitro transcription—translation kit from Promega (TNT Rabbit
Reticulocyte Lysate Coupled System; Promega, Southampton, UK).
All radiochemicals were supplied by Amersham (Amersham Ltd,
Slough, UK) and chromatography materials were from Sigma. All
materials were used according to the manufacturers’ instructions.
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Production of recombinant human ZP3

The starting point for this work was a recombinant plasmid
kindly provided by Professor Jurrien Dean (NIDDK, Maryland, USA).
The ¢DNA encoding the human homologue of the murine zona
pellucida protein (Chamberlin and Dean, 1990), rHuZP3, was provided
in the multi-purpose cloning vector pBS. The published sequence of
the cDNA clone (Chamberlin and Dean, 1990) was used to design
oligonucleotide primers for the polymerase chain reaction (PCR)
which was employed to engineer convenient restriction sites at the
5" and 3’ ends of the huZP3 open reading frame (ORF) to facilitate
the amplification of the coding sequence for insertion into appropriate
cloning vector(s) as described below (see Figure 1). All PCRs were
carried out for 30 cycles of: 94°C for 45 s; 52°C for 2 min; 72°C
for 2.5 min on a Techne PHC-2 thermal cycler (Techne, Cambridge,
UK). The PCR products were digested with suitable restriction
enzymes, purified from an agarose gel using GeneClean (Anachem,
Luton, UK) and ligated into the appropriate vector. Three cloning
vectors were used in the experiments described here, all contain a
T7 promoter sequence upstream of the ATG start codon of the hZP3
¢cDNA sequence, one was from InViogen, pCDNA1 (Leek, The
Netherlands) and the others, pET22b and pET14b from Novagen
(NBL Gene Science, Cramlington, UK). The sequence of the cDNA
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inserted into these vectors following PCR amplification was deter-
mined by automated analysis in the Krebs Institute macromolecular
sequencing and synthesis laboratory. In addition to amplifying the
coding sequence of human ZP3, the addition of a 24 bp sequence at
the 3 prime end of the ZP3 cDNA was appended, in order to generate
a C-terminal octapeptide sequence in the translated protein which
would act as a high affinity epitope for recognition by streptavidin
(see Schmidt and Skerra, 1993). The polypeptide expressed from
pET22bZP3 possesses a C-terminal hexahistidine tail, which was
used in conjunction with a nickel chelating resin to immobilize and/
or purify translated protein (see Hurd and Hornby, 1996). It was our
intention to evaluate each affinity ‘tag’ for purification purposes and
for assessment of biological activity.

In-vitro transcription and translation of human ZP3

The recombinant plasmid pET22bZP3H (formed by subcloning the
ZP3 coding sequence from pBS into pET22b) and pCDNA1ZP3S
(formed by subcloning the ZP3 coding sequence from pBS into
pCDNAL) were purified by CsCl centrifugation and were used to
programme a coupled in-vitro transcription/translation (TNT Rabbit
Reticulocyte Lysate Coupled System; Promega) according to the
manufacturer’s instructions. The details of the plasmids and products
are given in Figure 1. Briefly, the reaction components (as supplied
by the manufacturer) were removed from storage at —70°C, and
thawed on ice. They were assembled in an Eppendorf tube as follows;
25 pl TNT Rabbit Reticulocyte Lysate, 2 pl reaction buffer, 1 IU T7
RNA polymerase (stored at —20°C), 1 pl amino acid mixture (minus
methionine), 1 pl RNasin ribonuclease inhibitor, 1 pg plasmid, 4 pl
L-[methyl-3H]-methionine or [33S]-L-methionine (86 Ci/mole), and
15 pl nuclease-free water. This was incubated at 30°C for 2 h,
allowing transcription and translation to occur. Products from the
reaction were detected either by autoradiography following incorpora-
tion of [*3S]-methionine (Amersham International ple, Little Chalfont,
UK) into newly synthesized protein or following sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS—PAGE) by Western
blotting with anti-porcine ZP3 antiserum kindly supplied by Professor
A.Sacco (Wayne State University, Detroit, MA, USA), which cross-
reacts with human zona (Sacco et al., 1981).

Affinity chromatography and immobilization of ZP3
Following translation of ZP3 in vitro from pET22bZP3H the
reaction mixture was subjected to affinity chromatography on
amino diacetic acid insolubilized on epoxy activated Sepharose 6B
(Sigma) as described elsewhere (Whitmarsh and Homby, 1994).
When the template encoding the strep tag (pCDNAIZP3) was
used the product was purified with streptavidin—agarose as the
affinity matrix. Immobilized proteins were used as described below,
or were selectively eluted with either two column volumes (2X400 1)
of 1 M imidazole (in the case of the polypeptide with the hexahistidine
tail) or with biotin at a concentration of 1 mM (in the case of the
polypeptide with the strep tag).

Quantification of translated and immobilized rhuZP3

In order to quantify the amount of rhuZP3 produced in the in-vitro
transcription and translation system and to determine the level of
immobilization on the solid supports, scintillation counting was
employed (Philips Liquid Scintillation Counter, Series PW4700,
Beckmann International, High Wycombe, UK). Following in-vitro
translation, the labelled protein was separated from the lysate proteins
via SDS-PAGE. The band corresponding to the translated ZP3 was
excised from the gel and the level of methionine incorporated
(assuming all methionine residues were uniformly labelled) deter-
mined. From the level of incorporation of the [33S]-amino acid, the
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yield of polypeptide could be calculated. In addition, the efficiency
of ZP3 immobilization was determined by counting the incorporation
of [*°S]-labelled protein into the streptavidin or nickel chelate beads.

Preparation of immobilized ZP3

Streptavidin coated agarose beads (diameter 60-140 pm) were
obtained from Sigma. Aliquots of 5 pl were removed and washed in
phosphate-buffered saline (PBS; Gibco BRL Life Technologies,
Paisley, UK). This was done by adding 1 ml of PBS to the beads in
an Eppendorf tube and mixing thoroughly. After centrifugation at
600 g for 5 s, the supernatant (~1 ml) was carefully removed and
this washing procedure repeated twice more. The beads were then
ready for coating with protein. Various aliquots of the washed beads
were incubated with 100 pl of the TNT rabbit reticulocyte lysate
containing strep-tagged rhuZP3, or with 100 pl of biotin at a final
concentration of 100 pug/ml. (The latter concentration of biotin was
chosen to act as a control at a level that had no influence upon
spermatozoa motility.) After 1 h incubation, the beads were washed
exhaustively a further eight times to ensure removal of any unbound
protein. The beads were finally resuspended in 50 pl of PBS and
were stable for up to 2 weeks if stored at 4°C.

Western blotting

In order to confirm the identity of protein expressed in vitro, antibodies
raised against porcine ZP3 were used in Western blots. The porcine
ZP3 antiserum was kindly provided by Professor Sacco and is known
to cross-react well with human zona preparations. For Western
blot analysis, proteins were separated by SDS-PAGE. Gels were
equilibrated in transfer buffer (0.25 M Tris-Cl pH 8.3, 0.15 M
glycine, 20% methanol, 0.1% SDS) and proteins were transferred to
nitro-cellulose membrane (NC-Extra; Amersham) for 2 h at 400 mA
with cooling. Membranes were washed in transfer buffer and blocked
in blotto (2.5% dried milk powder, 0.3% Tween-20 in 1XPBS pH
7.4) overnight at 4°C with shaking. Primary antiserum was diluted
1:500 in blotto and incubated with the filters for 4-16 h at 4°C. After
several washes with blotto, the second antibody [alkaline phosphatase-
conjugated goat anti-rabbit immunoglobulin (Ig)G; Sigma] or horse
radish peroxidase-conjugated (Amersham) diluted 1:1000 in blotto,
was incubated with the filters for 1 h at room temperature with
shaking. After two 5 min washes in blotto and a 5 min wash in
PBS/0.3% Tween-20, the filters were equilibrated in alkaline
phosphatase buffer (100 mM Tris—HCI pH 9.5, 100 mM Na(Cl, 50 mM
MgCl,) for 2 min. Colour or ECL film was developed by incubation
with Nitro Blue Tetrazolium (NBT) and 0.3 mg/ml bichloro-
phenyl indolylphosphate (BCIP) as described by the manufacturers
(Boehringer Mannheim, Mannheim, Germany) at room temperature,
in the dark or by exposure to Amersham’s ECL film.

Preparation of the spermatozoa

Semen was obtained from fertile semen donors. The semen character-
istics of the donors were: sperm concentration =80X106/ml, =60%
ideal forms (World Health Organization, 1992), 65% progressive
sperm motility (>10 pm/s). Semen samples were obtained by
masturbation after a period of 48-72 h sexual abstinence. Specimens
were allowed to liquefy (~30 min) at 37°C and semen analysis was
performed, including analysis of sperm motility, using the Hamilton
Thorn Research Motility Analyser (HTM model 2030; Hamilton
Thorn Research, Danvers, MA, USA) (see Clements ef al. (1995) for
HTM set up and quality control measures). Spermatozoa were
separated using a direct swim-up technique: 0.5 ml of semen was
gently overlaid with 0.5 ml Earle’s balanced salt solution (EBSS;
Gibco) supplemented with human serum albumin (HSA; Sigma) and
incubated at 37°C in 5% CO; in air for 45 min. The upper half of
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Figure 2. In-vitro translation of recombinant ZP3. (a) Autoradiograph of [>3S]-labelled polypeptides produced following in-vitro translation
of plasmids pCDNA1ZP3S (lane 1) and pCDNAI1ZP3ANH (lane 2; arrow). (b) A Western blot of two in-vitro translation reactions. In lane
1 the additional species detected following translation from the template pPCDNA1ZP3S by anti-porcine ZP3 corresponds to a species of the
same molecular weight as the translated species in lane 1 of Figure 2a (ZP3 arrow). When in lane 2 the template is pPCDNA1 without the
ZP3 cDNA, no such species is detected. The arrows on the right hand side of the figure (Figure 2b) indicate rabbit reticulocyte proteins

which are detected using the rabbit anti-porcine ZP3 antiserum.

the supernatant was carefully aspirated and sperm motility analysed.
The motile sperm concentration was adjusted to ~15-20X 105/m} with
EBSS and 0.3% HSA. The sperm suspension was incubated (in 5%
CO3 in air at 37°C) for a further 3 h. These sperm preparations were
added to the beads as described below.

Spermatozoa binding assay

Sperm binding was assessed on one ejaculate from each of 12 fertile
semen donors. Aliquots of 50 pl of capacitated spermatozoa were
added to each of the three following groups: (i) 50 pl uncoated beads
(streptavidin); (ii) 50 pl thuZP3 coated beads; or (iii) 50 pl biotin
coated beads. These were incubated at 37°C, in humidified 5% CO,
in air. After 15 min samples were removed and sperm binding
analyses were performed. An examination of sperm motility was
also made. Preliminary experiments examining sperm concentration,
bead:spermatozoa ratio in the incubations and times of incubations
were performed to determine the best working system. A time point
of 15 min for assessment was chosen as convenient which showed
optimal levels of binding. Binding was not significantly increased
with longer incubation times.

Sperm binding analysis was examined by placing 5 pl of the
original mixed sample onto a microscope slide, covering with a
coverslip and observing using phase contrast microscopy at a final
magnification X400. A total of 100 beads were counted and the
number with spermatozoa attached recorded. For each sample, five
slides were prepared and read, therefore, a total of 500 beads were
observed and the percentage of beads with spermatozoa bound was
calculated. Spermatozoa were considered to be bound only if there
was significant tail movement while attached to the beads. Those
spermatozoa that appeared to be attached, but were motionless, or
weakly motile, were not recorded as bound. This ensured that only
active binding was recorded. In all cases the number of spermatozoa
exceeded the number of beads in the final mixture.

Acrosomal status

Aliquots of 50 pl of capacitated spermatozoa were added to each of
the four following groups; (i) 50 pl uncoated beads; (ii) 50 pl rhuZP3
coated beads; (iii) 50 pl biotin coated beads; or (iv) 50 pl of EBSS
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plus 0.3% HSA with no beads (control for the effect of beads on the
acrosome reaction). Samples were left for 3 h incubation and overnight
(18 h) at 37°C, in an atmosphere of humidified 5% CO, in air. One
ejaculate from five fertile donors (3 h capacitation) and one ejaculate
from 12 fertile donors [18 h capacitation] was used in these experi-
ments. Spermatozoa were not isolated from the beads to determine
acrosomal status. Acrosomal status was evaluated using the technique
described by Zhu er al. (1994) using primary monoclonal antibody
18.6 (Moore et al., 1987) and indirect immunofluorescence. Acrosomal
status was evaluated at X 1000 magnification. The HOS test was used
in conjunction with acrosomal status so that only live acrosome-
reacted spermatozoa were scored (Aitken er al, 1993). Two slides
were stained for each sample being analysed and for each slide two
sets of 100 cells were scored as either: (i) viable acrosome intact
(fluorescent green acrosome, curled tail); (ii) viable acrosome reacted
(no fluorescence, thin fluorescent band in the post-acrosomal region
or patchy fluorescence, all with a curled tail); (iii) non-viable acrosome
intact (fluorescent green acrosome, straight tail); or (iv) non-viable
acrosome reacted (no fluorescence, thin fluorescent band in the post-
acrosomal region or patchy fluorescence, all with a straight tail).
Results are expressed as percentage viable spermatozoa which are
acrosome-reacted.

Statistical analysis

Differences in sperm binding and percentage of acrosome-reacted
cells between rhuZP3 and any of the controls was calculated using
the Wilcoxon rank sum test. This non-parametric test was used as
not all the data were normally distributed.

Results

Production of recombinant human ZP3 (rhuZP3)

The rabbit reticulocyte lysate transcription/translation coupled
system produced thuZP3 as assessed by the appropriate syn-
thesis of a polypeptide of the predicted molecular weight, as
determined by fluorography and SDS-PAGE (Figure 2a) and
by Western blotting using an antibody specific for porcine ZP3
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Figure 3. Purification of the products of in vitro translation from the templates pET22bZP3H and pCDNA1ZP3S. (a) The translation
product from pET22bZP3H (lanel) was applied to 500 pl of metal chelate resin and ZP3H was eluted in two fractions following
equilibration with 1| M imidazole (lanes 2 and 3). (b) The translation product from pCDNA1ZP3S (lanel) was applied to 400 pl of
streptavidin agarose and ZP3S was eluted in a single fraction following equilibration with 1 mM biotin (lane 2).

(Figure 2b). The polypeptide gave very clear bands following
translation, suggesting that little if any glycosylation had taken
place during synthesis. Moreover, the products of the synthesis
could be readily purified by a rapid affinity step using either
metal chelate chromatography (see Figure 3a) in the case of
ZP3H or by streptavidin chromatography in the case of ZP3S
(see Figure 3b). In order to establish that the proteins produced
by the TNT system were derived from the input template a
control plasmid encoding amino acids 242-424 of human ZP3
was employed. All products were of the expected molecular
weight as judged by SDS-PAGE (see Figure 2a). The percent-
age incorporation of L-[methyl-3H]-methionine present in the
lysate mixture into rhuZP3 was used as a measure of transla-
tional efficiency. Using a plasmid encoding bacterial luciferase
as a control, the maximum incorporation of the labelled amino
acid into luciferase was found to be 5%. The levels observed
for rhuZP3 were slightly lower at 2-4%. The yield of ZP3
was estimated as ~100 ng per translation, practically all of
which was immobilized on the beads under the conditions
employed in these experiments.

In view of the deleterious effects of imidazole on sperm
motility, at the high concentrations necessary for purification
of the His-tagged protein ZP3H (data not shown), all of the
biological experiments incorporated the use of the strep-tagged
molecule, ZP3S.

Spermatozoa binding assay

The percentage of rhuZP3 coated beads bound by motile
spermatozoa was significantly greater (P <0.05) than either
uncoated (streptavidin) or biotin-coated beads (Table I). In
practically all cases (>95%) only one motile spermatozoon
bound to the rhuZP3 coated beads. Binding to the rhuZP3
beads was always confined to the head region of the sperm-
atozoa. Binding to both of the control groups of beads (uncoated
and biotin beads) was not confined to the head region and
sometimes more than one spermatozoa bound per bead.

Table I. Percentage of ZP3 coated, uncoated and biotin coated beads bound
by capacitated spermatozoa. Values given are medians with ranges in
parentheses

n Percentage of bound
beads
ZP3 beads 12 21* (13-33)
Uncoated beads 12 5(4-9)
Biotin beads 12 9 (6-12)

n = number of semen samples from fertile donors. One ejaculate from each
donor.
*P <0.05 difference between ZP3 coated beads and the other groups.

Table II. Percentage live acrosome reactions (AR) 1n fertile donor
spermatozoa capacitated for 3 h and then incubated for a further 3 h with
recombinant human ZP3 attached to the beads, biotin controls, uncoated
beads or no beads. Values given are medians with ranges in parentheses

Treatment n Percentage AR
ZP3 beads 5 7 (3-12)
Uncoated beads 5 7 (3-16)
Biotin beads 5 8 (2-18)
No beads 5 4 (1-12)

n = number of semen samples from fertile donors. One ejaculate from each
donor.

Assessment of the acrosome reaction

There was no significant induction of the acrosome reaction
in capacitated spermatozoa after a period of incubation of 3 h
with thuZP3 coated beads (median levels <9%, see Table II).
However, spermatozoa that were incubated with rhuZP3 coated
beads overnight (18 h) showed significant induction of the
acrosome reaction (P <0.01) compared with the other controls
(median 53% versus <20% for all the controls; see Table III).
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Table II1. Percentage live acrosome reactions (AR) in fertile donor
spermatozoa capacitated for 3 h and then incubated for a further 18 h with
recombinant human ZP3 attached to the beads, biotin controls, uncoated
beads or no beads. Values given are medians with ranges 1n parentheses

Treatment n Percentage AR
ZP3 beads 12 53 (35-63)*
Uncoated beads 12 18 (8—44)
Biotin beads 12 19 (19-34)
No beads 12 14 (8-24)

n = number of semen samples from fertile donors. One ejaculate from each
donor.
*P <0.01 significantly different to other treatments.

Discussion

This study shows that purified rhuZP3 was produced and
successfully immobilized to beads, using a commercially
available in-vitro transcription and translation kit. The addition
of either a poly histidine or strep-tag provides a means of
efficiently purifying the recombinant protein for structural and
functional analysis. RhuZP3 was determined to be biologically
active by the fact that: (i) the percentage of rhuZP3 coated
beads bound by capacitated spermatozoa was significantly
higher than controls (Table I); and (ii) significant levels of
acrosome reactions were induced when rhuZP3 coated beads
were incubated with capacitated spermatozoa for 18 h (Table
IIT). This provides a firm basis for the further development of
a sperm function test using rhuZP3 coated beads.

The production of recombinant human ZP3 by the in-vitro
transcription and translation system was assessed by SDS-
PAGE and subsequent Western blotting using an anti-porcine
ZP3 antiserum. The use of several different ZP3 templates
confirmed the origin of the translated protein. The glycoprotein
was ~50 kDa (see Figure 2a). This is higher than the predicted
molecular weight of the polypeptide chain (~46 kDa). In
theory, the rhuZP3 produced by in-vitro transcription and
translation should not be glycosylated as we did not incorporate
canine pancreatic microsomal membranes which promote gly-
cosylation. Preliminary analysis using a commercially available
glycosylation detection kit (Amersham Ltd) failed to detect
any glycosylation of the rhuZP3 (data not shown). These
differences in molecular weight are probably due to post
translational modifications, the nature of which are unknown.
Native ZP3 migrates on SDS-PAGE with a molecular weight
of 55-73 kDa (Bercegeay et al., 1995). Interestingly, several
other studies investigating the biological activity of recom-
binant zona proteins in the mouse, and the human, have
demonstrated noticeably lower molecular weights of the
recombinant produ¢t versus the native protein; however,
the recombinant product retains biological activity (Kinloch
et al., 1991; Beebe et al., 1992; Van Duin et al., 1994; Barratt
and Hornby, 1995).

In this study, thuZP3 was tagged with both a strep affinity
tag and poly histidine at the C-terminus allowing efficient
purification with the appropriate affinity matrix. This system
of tagging to purify recombinant proteins has been successfully
used in many other cell systems (see Schmidt and Skerra,
1993). Whilst His-tagged ZP3 could be purified efficiently
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following translation, the use of the strep tag has the advantage
of facile detection and biological compatibility. Although
production of purified protein was relatively low, ~100 ng
could be synthesized in each run. The concentration of rhuZP3
present on the beads was estimated, using scintillation counting,
to be ~2-8X 1073 ng per bead. In the present study we did not
determine the concentration of thuZP3 on each bead or evaluate
whether all the beads were coated in a homogeneous manner.
In comparison with the amount of ZP3 in the zona, estimated
to be 1-5 ng ZP3/zona in humans (see Van Duin et al., 1994),
the levels on the beads in this assay are lower. It is unclear at
present what concentration of ZP3 is required fo initiate
binding to the zona pellucida. Interestingly, Wassarman et al.
have recently shown, using transgenic mice, that a reduction
of >50% in the number of functional sperm receptors in ZP3
can be achieved without affecting fertility (Liu et al., 1995).
Equivalent data for the human are not available but future
studies using the ZP3 bead system are likely to be able to
address this issue.

Biological activity in these experiments was evaluated using
the percentage of rhuZP3 coated beads bound by capacitated
spermatozoa and induction of the acrosome reaction. These
two markers of sperm function are commonly used as assays
of biological activity. Significantly higher levels of binding of
spermatozoa to the rhuZP3 coated beads was observed com-
pared with controls [uncoated (streptavidin) and biotin-coated
beads; see Table I]. Interestingly, in practically all cases, motile
spermatozoa bound to the thuZP3 coated beads via the head
region. Spermatozoa bind to the zona pellucida via the head
region where complementary receptors for ZP3 are specifically
located (e.g. zona receptor kinase, Burks ef al., 1995; Moore,
1995). The similarity in binding between the zona and the
rhuZP3 beads strongly suggests that the latter are a valid tool
for studying gamete interaction. Although binding to the
rhuZP3 beads was significantly greater than the controls (P
<0.01, Table I) the median level of binding was low (20%).
These relatively low levels of binding could be due to several
factors: (i) the concentration of rhuZP3 may not have been
equal on all beads, hence some beads which did not bind
spermatozoa may not have a high enough concentration of
ZP3 (see above); (ii) when the rhuZP3 attaches to the beads
some of the ZP3 binding sites for spermatozoa may have been
masked. In the human, the region of the ZP3 molecule
important for sperm binding is not known, although in-vitro
experiments in mice have identified the importance of exon 7
for biological activity (Kinloch et al., 1995); (iit) ZP2 and
ZP1 may play a role in sperm attachment in the human;
however, at present their role is unknown. Further studies
using beads coated with rhuZP2 and rhuZP1 would clarify the
biological role of these proteins.

Vasquez et al. (1989) using mice, covalently linked native
mouse ZP3 to silica beads and examined the dynamics
of sperm binding. Using this system only very low levels of
binding (a maximum of 10% beads bound with spermatozoa)
was observed. In addition, in practically all cases only one
spermatozoon per bead was observed and binding to the beads
was via the head. These observations are consistent with the
result in our study, except that we achieved a higher degree
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of binding. Whether these features are particular to this type
of solid phase assay is, at this stage, unclear.

Induction of the acrosome reaction was not observed when
the rhuZP3 coated beads were incubated with capacitated
human spermatozoa for a short period of time (up to 3 h;
Table II). However, significant induction of the AR was
observed with longer incubations (see Table III). At present
we can only speculate about these differences. The rhuZP3
product, although able to initiate binding and an acrosome
reaction after long incubation times, may not have been
sufficiently close to the native molecule to induce a rapid
acrosome reaction. Experience using our rhuZP3 produced
from CHO cells (see Barratt and Hornby, 1995; Brewis et al.,
1996) suggests that high levels of acrosome reactions (50%)
can occur with relatively short incubation times (30 min);
however, other laboratories report that overnight capacitation
and/or long incubation periods with human rhuZP3 (produced
from CHO cells) are necessary to achieve a significant response
(for example, see Van Duin et al., 1994). Interestingly, the
levels of acrosome reactions are significantly lower when using
solubilized zona pellucida as an agonist compared with intact
zona pellucida (11 versus 32%, P <0.001; Liu and Baker,
1996). Thus, the preparation of the zona proteins, and/or the
nature of their presentation to spermatozoa (solubilized or
solid phase) may be important factors to consider in the
interpretation of acrosome reaction results. Further experiments
examining induction of the acrosome reaction with the in-vitro
transcription and translation thuZP3 are necessary, e.g. varying
the concentration of rhuZP3 and the capacitation conditions,
before we can conclude that the rhuZP3 is unable to induce
acrosome reactions after short incubation times (see Barratt
and Hornby, 1995). In addition, comparisons with the kinetics
of the acrosome reaction induced with solubilized human zona
would provide interesting data.

In the present study the rhuZP3 was probably not glycosyl-
ated, yet retained some biological activity. This is perhaps
surprising if we confine our thoughts to the mouse where
conventional wisdom emphasizes the importance of carbohyd-
rates in the binding of spermatozoa to the zona. The situation
in the human is however more complex where the protein
backbone also plays a significant role. For example, preliminary
results show that rhuZP3 produced in Escherichia coli (non-
glycosylated) stimulated a significant increase in phosphoryla-
tion of a 95 kDa membrane protein as assessed by the in-vitro
kinase assay and Western blotting using anti-phosphotyrosine
antibodies (Brewis et al., 1995). In addition, several studies
have demonstrated that antibodies against the polypeptide
backbone of zona proteins significantly reduce sperm binding
to the zona pellucida in humans (see Koyama et al., 1994).
Interestingly, Ochninger et al. (1996) using a specific peptide
antibody to human ZP3, showed that abnormalities in the
polypeptide backbone of the human zona pellucida are a
significant cause of failure to fertilize at IVF. Furthermore, in
pigs, peptide antiserum against the amino terminal of porcine
ZPB (ZP30) significantly blocks attachment of boar sperm to
the zona (Yurewicz et al., 1992), and monoclonal antibodies
to peptide sequences in porcine ZPC (formally known as
ZP3B) significantly block the attachment of boar sperm to the
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zona (Gupta et al., 1995). In contrast, antibodies against mouse
ZP3 do not block sperm binding to the mouse zona (see
Vasquez et al, 1989). We therefore think that the protein
backbone of ZP3 may have a more significant role to play in
sperm binding and subsequent acrosome reaction in the human
than the mouse. We are examining further the role of the
protein backbone in human gamete recognition (see Barratt
and Hornby, 1995)

Binding of rhuZP3 to beads was chosen as a basis for a
sperm function test because: (i) it allowed for easy purification
and visualization of sperm binding; (ii) no specialized equip-
ment was necessary; (iii) the test is somewhat analogous to
the zona binding assay; and (iv) other successful laboratory
andrology tests, e.g. immunobeads for antisperm antibodies,
use beads and thus technical staff are familiar with the
technology. These points will enhance the laboratory imple-
mentation of a recombinant human zona-sperm function test
when it is developed.

Numerous questions about the development of a recombinant
human zona assay remain. The region of binding of rhuZP3
to spermatozoa must be evaluated. Ideally, higher concentra-
tions of rhuZP3 need to be attached per bead and the uniformity
of attachment needs to be established. Perhaps a system more
analogous to the zona, i.e. fewer beads (e.g. 10 per assay)
which are saturated with recombinant zona proteins, should
be developed. As well as examining binding characteristics to
the thuZP3 beads, the acrosomal status of the spermatozoa
should be assessed. In addition, when an assay is closer to
being refined, comparisons with the zona binding assay using
clinical material (i.e. spermatozoa that have good and poor
zona binding) need to be performed.

The results in this study clearly demonstrate the value of
using recombinant proteins in comparison to native proteins.
For example, in each run of the in-vitro transcription and
translation system the equivalent of 200 zona were produced.
In addition to producing sufficient quantities of rhuZP3 the
in-vitro transcription and translation system allows rapid pro-
duction (within 8 h) and is thus particularly suitable for
performing mutagenesis experiments. Interestingly, in this
context, Kinloch er al. (1995) have performed exon swapping
and site directed mutagenesis experiments on recombinant
mouse ZP3 produced in embryonal carcinoma cells. These
studies suggested that exon 7 was important for sperm binding.
Using the in-vitro transcription and translation system it should
be possible to perform similar experiments in the human. The
availability of several forms of recombinant zona proteins, €.g.
produced in E.coli, bacculovirus and CHO cells, is likely to
allow critical investigations of the molecules involved in
human sperm—zona interaction (see recent examples in the
rabbit; Prasad et al., 1995, 1996; Yamasaki et al., 1995).

In conclusion, the in-vitro transcription and translation
system can produce sufficient quantities of purified immobil-
ized biologically active thuZP3. These preliminary experiments
will enable further refinements to be made so that a solid
phase sperm function test based on rhuZP3 coated beads is
likely to be developed in the near future. In addition, this
experimental system can be used to study the interaction
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between spermatozoa and human zona proteins in greater detail,
e.g. by generating ZP3 mutants (Chapman and Barratt, 1996).
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Abstract

The mammalian zona pellucida is a mixture of glycoproteins, believed to be encoded by three distinct genes, ZP1/ZPB,
ZP2IZPA, and ZP3/ZPC. We have now determined that the true human orthologue of the mouse ZpI gene is not ZPB, but
that there is a distinct human ZP/ gene. Comparison of the human ZP/ and murine Zpl genes indicates significant
conservation of nucleotide and amino acid sequences, of intron—exon size and organisation, and of regulatory sequences. In
addition, the mouse and human ZP/ genes are in a region of conserved synteny between human chromosome 11 and mouse

chromosome 19. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Oocyte; Zona pellucida; ZP1; ZP2; ZP3; ZPB

The mammalian oocyte is surrounded by a thick
glycoprotein coat, the zona pellucida, that serves to
mediate species-specific sperm binding, induction of
the acrosome reaction, and to prevent post-fertilisa-
tion polyspermy [1,2]. In addition, the zp protects the
developing embyro prior to implantation. The mur-
ine zp is composed of three distinct glycoproteins,
ZP1, ZP2 and ZP3 (also known as ZPB, ZPA and
ZPC, respectively [3]); the corresponding genes have
been cloned [1,2], and shown to be conserved in oth-
er mammalian species [3]. The amino acid sequences
of both ZP2 and ZP3 show significant conservation
across mammals (e.g. mouse vs human, ZP2/A 57%

Abbreviations: aa, amino acids; bp, base pairs; kb, kilo-
base(s); PAC, PI1 artificial chromosome; UTR, untranslated re-
gion; zp, zona pellucida

* Corresponding author. E-mail: dhughes@hgmp.mrc.ac.uk

identity, ZP3/C 67% identity); in contrast, mouse
and human ZP1/B are only 33% identical [1]. A mod-
el has been proposed, based on the mouse zp, in
which filaments of ZP2/ZP3 oligomers are cross-
linked by dimers of ZP1 [2]. ZP3 is proposed to be
the primary sperm receptor [1,2] and mice lacking a
functional Zp3 gene are infertile due to the absence
of a zp [4,5]; surprisingly replacement with a human
ZP3 gene does not lead to human sperm binding
activity, but instead restores mouse sperm binding
[6]. In addition, sperm binding activity in the pig
zp resides in a hetero-oligomer of ZP1/B and ZP3/
C [7], suggesting that the mouse might not be a good
model for mammalian sperm—egg interaction. Herein
we suggest a resolution for these apparent discrep-
ancies, with the observation that human ZPI and
ZPB are distinct genes.

A BLAST search of the dbEST database (http://
www.ncbi.nlm.nih.gov/BLAST/) was performed with

0167-4781/99/8% — see front matter © 1999 Elsevier Science B.V. All rights reserved.
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the mouse Zpl cDNA sequence (accession no.
U20448) and five human ESTs were identified that
displayed significant sequence similarity (> 80%), of
which two (accession nos. AA426398 and AI208352)
were from a human testis cDNA library, two from a
pooled library derived from foetal lung, testis and B-
cell cDNA libraries (accession nos. AA890119 and
Al698605) and a fifth from a kidney cDNA library
(accession no. AI766401). A BLAST search of the
Genbank database with the human ZP/ EST com-
posite sequence identified a single genomic sequence
entry with significant similarity (>90%, accession
no. AC004126). The intron—exon organisation of
the human ZPI gene was determined by comparison
with the mouse Zp/ sequence, the cDNA sequence
generated from the ESTs, and manual identification
of splice donor and acceptor sites (Table 1). As
shown previously for the mouse Zp/ gene [8], the
human ZPI gene consists of 12 exons, with short
5’- and 3’-UTRs. Comparison of the sizes of the
exons and introns of human ZPI, mouse Zpl [8]
and human ZPB [3] reveals a greater similarity be-
tween human and mouse ZP/ (Table 1).

The putative transcript encoded by the human
ZPI gene is ~2 kb, predicting a protein of 638
amino acids, comparable in size to the mouse (623
aa) and rat (617 aa) ZP1 peptides [8,9]; in contrast,
human ZPB encodes a peptide of 540 amino acids,
similar in size to other ZPB isolates [3]. Similarly, the
identity between the human ZP1 peptide and the
mouse and rat ZP1 peptides is 67 and 68%, respec-
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tively; human ZPB and mouse ZP1 have previously
been noted to be only 33% identical [1]. CLUS-
TALW  alignment  (http://biology.ncsa.uiuc.edu/
BW30/BW.cgi) of the human, mouse and rat ZP1
peptide sequences demonstrates the degree of conser-
vation (Fig. 1). Analysis of the promoter regions of
mammalian ZP genes has identified a TATAA box
at approximately —30 bp, and an E box at approx-
imately —200 bp that is sufficient and necessary for
oocyte specific expression, and to which a hetero-
dimer of E12 and FIG-o binds [8,10]. Examination
of the sequence upstream of the probable translation
initiation codon of human ZP] identified both a
TATAA box and a consensus E box at comparable
positions (Fig. 2). The human ZPI gene is on a PAC
from 11ql2.2, a region of conserved synteny with
mouse chromosome 19, to which mouse Zpl/ has
previously been localised [8,11]. Comparison of the
maps of human chromosome 11 and mouse chromo-
some 19 thus supports the assignment of this human
ZPIl as the orthologue of mouse Zpl (data not
shown).

The presence of human genes for both ZP/ and
Z PB suggests that there should be a revision of both
the gene nomenclature and the current model for zp
structure and function. It is possible the mammalian
zp contains four, not three proteins; the conservation
of regulatory sequences makes it likely that ZP1 is
expressed in the human oocyte. This may also serve
to clarify the current confusion over the identity of
human zona proteins [12]. The additional implication

Table 1

Exon and intron sizes of human ZPI, mouse Zp! [8] and human ZPB [3] genes

Exon ZPl Zpl ZPB Intron ZPl1 Zpl ZPB
1 >195 229 175 1 1386 950* 283
2 122 122 122 2 270 312 84
3 364 364 103 3 430 89 1150*
4 144 144 153 4 481 384 750%*
5 188 188 188 5 72 162 450%
6 98 98 98 6 1845 850* 1050%*
7 128 128 131 7 86 94 175
8 190 190 190 8 69 98 83
9 144 145 151 9 1157 1300* 3500*
10 81 82 79 10 114 97 1850%*
11 120 108 102 11 266 170 94
12 180 165 128

Size given in bp, and determined by sequencing apart from fragments designated .
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hzP1l
rzP1l
mZP1l

hzpl
rzZP1l
mZP1

hzp1l
rzP1l
mzZP1l

hzP1
rzp1l
mzZP1

hzP1
rzP1l
mZP1l

hzZP1
rzZP1
mZP1l

hzpl
rzpP1l
mzZP1l

hzZP1l
rzp1l
mzZP1

hzP1
rzP1l
mZP1l

hzpP1l
rzP1
mzZP1l

hzpP1l
rzP1
mZP1

MAGGSATTWGYPVALLLLVATLGLGRWLQPDPGLPGLRHSYDCGIKGMQLLVFPRPGQTL
—————— MAWGCFVVLLLLVAAP--LRLGQHLHLKPGFQYSYDCGVQGMQLLVFPRPNQTI
—————— MAWGCFVVLLLLAAAP--LRLGQRLHLEPGFEYSYDCGVRGMQLLVFPRPNQTV

REFKVVDEFGNRFDVNNCSICYHWVTSRPQEPAVFSADYRGCHVLEK-DGRFHLRVFMEAV
QFKVLDEFGNRFEVNNCSICYHWVISEAQKPAVFSADYKGCHVLEKQDGRFHLRVFIQAV
QFKVLDEFGNRFEVNNCSICYHWVTSEAQEHTVFSADYKGCHVLEK-DGRFHLRVFIQAV

LPNGRVDVAQDATLICPKPDPSRTLDSQLAPPAMFSVSIPQTLSFLPTSGHTSQGSGHAF
LPNGRVDTAQDVTLICPKPDHILTPESYLAPPTTPQPFIPHTFALHPISGHTLAGSGHTG
LPNGRVDIAQDVTLICPKPDHTVTPDPYLAPPTTPEPFTPHAFALHPIPDHTLAGSGHTG

PSPLDPGHSSVHPTPALPSPGPGPTLATLAQPHWGTLEHWDVNKRDYIGTHLSQEQCQVA
LTTLYP---ETHPTPAPPSSEPGPVGPTVPQSQWGTLGSWELTELDSIGTHLLQERCQVA
LTTLYPEQSFIHPTPAPPSLGPGPAGSTVPHSQWGTLEPWELTELDSVGTHLPQERCQVA

SGHLPCIVRRTSKEACQQAGCCYDNTREVPCYYGNTATVQCFRDGYFVLVVSQEMALTHR
SGHIPCMVKGSSEEACQQAGCCYDNTKEMPCYYGNTVTLQCFRSGYFTLVMSQETALTHG
SGHIPCMVNGSSKEACQQAGCCYDSTKEEPCYYGNTVTLQCFKSGYFTLVMSQETALTHG
Trefoil Domain
ITLANTHLAYAPTSCSPTQHTEAFVVFYFPLTHCGTTMQVAGDQLIYENWLVSGIHIQKG
VMLDNVHLAYAPNGCPPTQKTSAFVVFHVPLTLCGTAIQVVGKQLVYENQLVSNIEVQTG
VLLDNVHLAYAPNGCPPTQKTSAFVVFHVPLTLCGTAIQVVGEQLIYENQLVSDIDVQKG
ZP domain
PQGSITRDSTFQLHVRCVFNASDFLPIQASIFPPPSPAPMTQPGPLRLELRIAKDETFSS
PQGSITRDGVFRLHVRCIFNASDFLPIRASIFSPQPPAPVTRSGPLRLELRIATDKTFSS
POGSITRDSAFRLHVRCIFNASDFLPIQASIFSPQPPAPVTQSGPLRLELRIATDKTFESS

YYGEDDYPIVRLLREPVHVEVRLLOQRTDPNLVLLLHQCWGAPSANPFQQPQWPILSDGCP
YYQGSDYPLVRLLQEPVYIEVRLLOQRTDPGLALMLHQCWATPSASPFEQPQWPILSDGCP
YYQGSDYPLVRLLREPVYVEVRLLQRTDPSLVLLLHQCWATPTTSPFEQPQWPILSDGCP

FKGDSYRTQMVALD-GATPFQSHYQRFTVATFALLDSGSQRALRGLVYLFCSTSACHTSG
FKGDNYRTQMVAADRATLPFWSHYQRFTIATFTLLDSSSQNALRGQVYFFCSASACHPVG
FKGDNYRTQVVAADKEALPFWSHYQRFTITTFMLLDSSSQNALRGQVYFFCSASACHPLG

LETCSTACSTGTTRQRRSSGHRNDTARPQDIVSSPGPVGFEDSYGQEPTLGPTDSNGNSS
SETCSTTCDSEIARHRRSSGHHNSTIRALDIVSSPGAVGFEDAPKLE----PSGSTRNSG
SDTCSTTCDSGIARRRRSSGHHNITLRALDIVSSPGAVGFEDAAKLE----PSGSSRNSS
LRPLLWAVLLLPAVALVLGFGVFVGLSQTWAQKLWESNRQ
SRPLLWVLQLL-ALTLVLGDGVLVGLSWAWAWA--—-———-—
SR----MLLLLLAITLALAAGIFVGLIWAWAQKLWEGIRY

305

Fig. 1. CLUSTALW alignment of the human (h), mouse (m) and rat (r) ZP1 peptide sequences. Human ZP1 has a transmembrane
domain at the C-terminus, a putative signal cleavage site at amino acid 25, and highly conserved trefoil and zp domains (underlined).
The predicted M, of the protein is 70061 Da, but it is known that the ZP proteins are highly glycosylated [1]; there are 97 possible
O-glycosylation sites (S/T residues) and 4/6 of the N-glycoslation sites (N-X-S/T) in mouse ZP1 are conserved in human ZP1 (bold-

face). A potential furin cleavage site (R-X-R/K-R) is also conserved in all three ZP1 proteins (dotted underline).

is that it is likely that there are distinct genes for
ZPB and ZPI in other mammals, if not indeed in
other vertebrates. The identification of ZPB ortho-
logues in Xenopus [13], chick (accession no.
AB025428) and fish [14], would indicate the presence
of a Zpb gene in mice, in particular. The initial char-
acterisation of ZP3 as the primary sperm receptor
was performed with SDS-PAGE purified protein;
in other mammals, ZP3 and ZPB have been shown
to comigrate [7,12], and indeed minor (~ 5%) ZP3

contamination of ZPB results in fully functional pig
sperm receptors [7]. In addition, Rankin et al. [6]
have demonstrated that human ZP3 is not sufficient
to generate a zona pellucida capable of binding hu-
man sperm in transgenic mice, suggesting the in-
volvement of other factors. We therefore suggest
that the physiological receptor for sperm on the oo-
cyte may be a hetero-oligomer of ZP3 and ZPB, and
that this may function as such throughout verte-
brates.
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E box TATA box
mZpl agtccCAgeTGccaca (-218) - tATAA (-30) - ATG (+53)
hZPl agccaCAgcTGtgaga (-188) - cATAA (-30) - ATG (+31)

mZp2 ttactCAccTGgagcc (-216) - tATAA (-31) - ATG (+31)
hZP2 ttactCAccTGgagcc (-220) - tATAA (-30) - ATG (+27)
mZp3 ggaatCAcgTGgagtg (-181) - tATAA (-29) - ATG (+30)

hZP3 ggataCAcgTGggggg (-236) - tATAA (-30) - ATG (+13)
Fig. 2. Conservation of ZP gene regulatory sequences. Mouse
(m) and human (h) ZP1, ZP2 and ZP3 upstream sequences
were compared and critical motifs identified ([8,15,16], this
study). The E box (boldface), TATA box and translation initia-
tion codons are indicated; the transcription initiation site (nu-
cleotide position 0) was either determined for the mouse genes
[8] or inferred for the human genes ([15,16], this study). Nucleo-
tide positions of the motifs are indicated in parentheses and
conserved nucleotides are indicated in upper case.
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BACKGROUND: The zona pellucida (ZP) is an extracellular glycoprotein matrix which surrounds all mammalian
oocytes. Recent data have shown the presence of four human zona genes (ZP1, ZP2, ZP3 and ZPB). The aim of the
study was to determine if all four ZP proteins are expressed and present in the human. METHODS: ¢cDNA derived
from human oocytes were used to amplify by PCR the four ZP genes. In addition, isolated native human ZP were
heat-solubilized, trypsin-digested and subjected to tandem mass spectrometry (MS/MS). RESULTS: All four genes
were expressed and the respective proteins present in the human ZP. Moreover, a bioinformatics approach showed
that the mouse ZPB gene, although present, is likely to encode a non-functional protein. CONCLUSIONS: Four ZP
genes are expressed in human oocytes (ZP1, ZP2, ZP3 and ZPB) and preliminary data show that the four corres-
ponding ZP proteins are present in the human ZP. Therefore, this is a fundamental difference with the mouse

model

Key words: human/mouse ZPB/oocyte/proteomics/zona pellucida

Introduction

Fertilization is a complex process which, to be successful,
requires several steps. Critical early events include the binding
of sperm to the zona pellucida (ZP) and subsequent induction
of the acrosome reaction. The ZP is a matrix composed of
glycoproteins which surrounds all mammalian oocytes and
mediates several important roles such as binding sperm in a
species-specific manner, inducing the acrosome reaction,
preventing polyspermy and protecting the embryo prior to
implantation. Experiments, primarily in the mouse, have led to
the conclusion that the ZP is composed of three proteins (ZP1,
ZP2 and ZP3). The murine ZP is the accepted model for ZP
structure in higher vertebrates and is composed of repeating
units of ZP2-ZP3 heterodimers arranged in filaments cross-
linked by ZP1 dimers (Greve and Wassarman, 1985).
Experiments in the mouse, using sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE)-purified
zona proteins showed that ZP3 was the primary sperm ligand
(Bleil and Wassarman, 1980a, 1983) and ZP2 was the
secondary ligand binding to acrosome-reacted sperm and

*Part of this work has been presented at ESHRE 2003 held in Madrid
[L.Lefievre et al. (2003), Hum. Reprod., 18 (Suppl. 1), 0-266: 91].

triggering events that are important for the prevention of
polyspermy (Bleil and Wassarman, 1980b; Bleil et al., 1981).
ZP1 is proposed to contribute to the structural integrity of the
ZP matrix (Greve and Wassarman, 1985; Green, 1997,
Wassarman, 1999).

Cloning of the ZP genes from a number of species has
resulted in the introduction of an alternative nomenclature of
ZPA (ZP2), ZPB (ZP1) and ZPC (ZP3) based on gene size
(Harris et al., 1994). However, it has now become apparent that
human ZP1 and ZPB genes are, in fact, paralogues (Hughes
and Barratt, 1999), and thus the human genome contains four
ZP genes and not three. This is consistent with the identifica-
tion of both ZP1 and ZPB genes in chicken (Bausek er al.,
2000) and rat (accession number AF456325), and with recent
molecular phylogenetic analysis of vertebrate ZP genes
(Conner and Hughes, 2003; Spargo and Hope, 2003). These
recent findings show a greater complexity in the number of
zona genes across vertebrates than previously anticipated
(Conner and Hughes, 2003; Lefievre et al., 2003). In this
context it is surprising that the presence of the mouse ZPB gene
has not been reported.

Current models for the structure of mammalian zona
pellucida are based upon the existence of three ZP proteins
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Table I. PCR primers used to amplify ZP1, ZP2, ZP3, ZPB and
housekeeping genes B-actin and HPRT

Gene  Primer sequences 5-32 References

ZP1 F1 GAAGCCTGTCAGCAGGCTGG
R1 GCTGTCCCGCGTGATGGAAC
zp2 F1 GCCTCCCAGGACCCATTCTC
R1 CAGGTAGCAGATGGAGCCTA
ZP3 F1 GAGGCAGCCTCATGTCATG
R1 AGGCAAAGCCCACTGCTC
ZP3 F1 CTGCTGCTCTGCAGGTACCATG
R1 TTTATTCGGAAGCAGACAGAGG
B-actin - F1 CGGATGTCCACGTCACACTT
R1 GTTGCTATCCAGGCTGTGCT
F1 AATTATGGACAGGACTGAACGTC
R1 GGCGATGTCAATAGGACTCCAGATG
R2 CGTGGGGTCCTTTTCACCAGCAAG

Ponte et al. (1984)

HPRT Gibbs et al. (1989)

aF1 = first round forward primers.
R1 and R2 = first and second round reverse primers; HPRT = hypoxanthine
phosphoribosyl transferase.

(Wassarman, 1999). If all four ZP genes are transcribed and
translated in the human oocyte, a re-evaluation would be
required, both of the structure of the ZP and, potentially, of the
mechanisms of sperm—-zona interaction. Thus, the aim of the
present study was to investigate the ZP gene expression in the
human oocyte and the protein composition of the human ZP.

Materials and methods

mRNA purification and preparation of amplified oocyte cDNA in
the human

Amplified cDNA preparations were prepared from human oocytes
(four oocytes per sample). The oocytes were lysed in 3 pl of ice-cold
lysis buffer (0.8% Igepal, Sigma, UK; 1 IU/ul RNase inhibitor, Gibco
BRL, UK; and 5 mmol/l dithiothreitol, Gibco BRL, UK) and the
released mRNA molecules bound to oligo-(dT)-linked magnetic beads
(Dynabeads; Dynal UK). Synthesis of cDNA on the mRNA bound to
the beads, and PCR amplification of the cDNA, were carried out using
the SMART™ cDNA library construction kit (Clontech, UK). Further
details of the methods are given in Holding et al. (2000).

PCR amplification of specific gene sequences in amplified cDNA
preparations

Expression of four zona pellucida genes (ZP1, ZP2, ZP3 and ZPB), in
the cDNA preparations derived from human oocytes was detected by
PCR with the primers given in Table I. Primers for detection of the
ubiquitously expressed genes B-actin and hypoxanthine phosphor-
ibosyl transferase (HPRT) as control genes are also given in Table I.
PCR amplification was carried out in total volume of 25 pl of reaction
mixture, containing 1 pl of cDNA (concentrations were adjusted by
ethidium bromide staining of diluted aliquots compared with standard
DNA), 200 umol/l each of dNTP (Pharmacia), 1 ug each of primers,
1XPCR buffer (Perkin Elmer), using 1.25 IU of AmpliTaq DNA
polymerase (Perkin Elmer). With the exception of ZP3, the parameters
for the PCR for the zona pellucida genes were one cycle of 95°C for 5
min, followed by 30 cycles of 95°C for 1 min, 57°C for 1 min and
72°C for 1 min. For the detection of expression of the ZP3 gene, the
PCR cycling parameters were one cycle of 95°C for 5 min, followed
by 30 cycles of 95°C for 1 min, 55°C for 1 min and 72°C for 1 min.
PCR cycles for the detection of the housekeeping genes were as
follows: B-actin, 35 cycles of 95°C for 1 min, 62°C for 1 min and 72°C
for 1 min and HPRT, 35 cycles of 95°C for 1 min, 60°C for 1 min and

Human zona pellucida is composed of four glycoproteins

72°C for 1 min. For the hemi-nested PCR for the expression of HPRT,
1 ul of the first round product was then transferred to 24 pl of reaction
mixture for second round amplification, using the same conditions
except for the substitution of the appropriate second round primers
(Table I).

Gel electrophoresis

Ten microlitres of PCR product were mixed with 2 pl of loading buffer
and electrophoresed for 90 min at 120 V on a 1 or 2% agarose gel and
visualized under UV light.

Isolation of human ZP

Metaphase II human oocytes which failed to fertilize after ICSI were
donated by patients attending the Assisted Conception Unit,
Birmingham Women’s Hospital (HFEA centre number 0119). All
patients provided informed consent and the research was approved by
the local research ethics committee (LREC 0554). Human ZP were
mechanically isolated from oocytes. Briefly, several slits were made in
the ZP using 10 um subzonal insemination (SUZI) micropipettes
(Conception Technologies, USA). The oocytes were then flushed out
from one of the slits by rapidly introducing medium into the
perivitelline space from behind the oocyte. The ZP were then washed
five times with 50 mmol/l NH,HCO;, pH 7.2.

Solubilization of human ZP

Five isolated human ZP were solubilized in 300 pul of 50 mmol/l
NH4HCO3;, pH 7.2, for 1 h at 70°C. The sample was subsequently
concentrated on a 10 kDa cut-off filter, transferred to a siliconized
enzyme-linked immunosorbent assay plate and air-dried at 56°C. The
dry spot was resuspended in trypsin solution (trypsin solution: 20 pg
of trypsin was resuspended in 20 pl of 50 mmol/l acetic acid and then
diluted to a final concentration of 12.5 ng/ul with 25 mmol/l
NH4HCOs;; sequencing grade modified trypsin, V5111, Promega UK
Ltd) and incubated overnight at 37°C. The trypsin-digested human ZP
were then resuspended in 6 pl of 1% formic acid and subjected to
tandem mass spectrometry (MS/MS).

Mass spectrometry

Direct MS/MS analysis was used to identify the human ZP proteins.
This allows direct identification of individual proteins from complex
mixtures in very small samples. Lefievre et al. (2003) previously
identified the presence of tryptic peptides corresponding to the three
known pig ZP proteins (ZP2, ZPB and ZP3) using only 10 isolated
porcine ZP.

Tryptic peptides obtained from five isolated human ZP were
subjected to MS/MS on a nanoESI Q-Tof mass spectrometer (Q-Tof
Ultima GLOBAL; Micromass UK Ltd) following separation of
peptides using capillary liquid chromatography (Waters Ltd, UK) with
a 15 cm C18 PepMap column (75 pm i.d.X15 cm; Cat. No. 160396,
Dionex Ltd, UK). Following MS/MS the raw data were processed
using MassLynx 3.5 (Micromass). The resulting tryptic peptide de
novo sequences data were then compared with non-identical protein
sequence databases using MASCOT software (Matrix Science Ltd,
UK). Finally, a BLAST search of the GenBank database was
performed for each of the peptides obtained to confirm that the
proteins identified by MASCOT was the unique match in the non-
redundant protein database for a particular peptide sequence.

Mouse ZPB gene analysis

We adopted a bioinformatics approach to identify the mouse
orthologue of the rat and human ZPB gene using available sequence
data. A BLAST search of the non-redundant database with the rat ZPB
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Figure 1. Analysis of expression by PCR, of human ZP genes ZP1,
ZP2, 7ZP3, ZPB, and housekeeping genes B-actin and HPRT in
amplified cDNA preparations from four samples of human oocytes.
Sizes of expected PCR products are given to the right of the Figure
in base pairs (bp). Blank (-): omitting DNA sample to the PCR
reaction.

sequence (NM_172330) was used to identify murine genomic
sequence with significant sequence similarity.

Results
ZP gene expression in human oocytes

To determine whether all four ZP genes were expressed, we
amplified by PCR cDNA derived from four different samples
of four human oocytes. PCR was performed with primers for
human ZP1, ZP2, ZP3 and ZPB (Table I) on cDNA prepar-
ations from human oocytes. Figure 1 shows that, as expected,
all four ZP genes are expressed in the human oocyte. This is the
first demonstration that the ZP1 (Hughes and Barratt, 1999) and
ZPB genes (Harris et al., 1994) are expressed in the human
oocyte. Previously only expression of ZP2 and ZP3 had been
demonstrated by PCR and serial analysis of gene expression
(SAGE) of human oocytes (Neilson ef al., 2000).

Human zona proteomics

In the present study we have used five human oocytes to
investigate the number of distinct glycoproteins in the human
ZP. The ZP were mechanically isolated from the oocytes, heat-
solubilized, trypsin-digested and analysed using direct MS/MS.
Results obtained from peptide sequencing and comparison with
non-redundant protein sequence databases confirmed the
presence of peptides from all four ZP proteins (ZP1, ZP2,
7ZP3 and ZPB) (Figure 2). Several tryptic peptide sequences
were obtained for ZP2, ZP3 and ZPB (Figure 2), and one for
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Human ZP1

1 MAGGSATTWGYPVALLLLVATLGLGRWLQPDPGLPGLRHSYDCGIKGMQL
51 LVFPRPGQTLRFKVVDEFGNRFDVNNCSICYHWVTSRPQEPAVEFSADYRG
101 CHVLEKDGRFHLRVFMEAVLPNGRVDVAQDATLICPKPDPSRTLDSQLAP
151 PAMFSVSIPQTLSFLPTSGHTSQGSGHAFPSPLDPGHSSVHPTPALPSPG
201 PGPTLATLAQPHWGTLEHWDVNKRDYIGTHLSQEQCQVASGHLPCIVRRT
251 SKEACQQAGCCYDNTREVPCYYGNTATVQCFRDGYFVLVVSQEMALTHRI
301 TLANIHLAYAPTSCSPTQHTEAFVVFYFPLTHCGTTMQVAGDQLIYENWL
351 VSGIHIQKGPQGSITRDSTFQLHVRCVENASDFLPIQASTIFPPPSPAPMT
401 QPGPLRLELRIAKDETFSSYYGEDDYPIVRLLREPVHVEVRLLORTDPNL
451 VLLLHQCWGAPSANPFQQPOWPILSDGCPFKGDSYRTQOMVALDGATPEFQS
501 HYQRFTVATFALLDSGSQRALRGLVYLEFCSTSACHTSGLETCSTACSTGT
551 TRQRRSSGHRNDTARPQDIVSSPGPVGFEDSYGQEPTLGPTDSNGNSSLR
601 PLLWAVLLLPAVALVLGFGVFVGLSQTWAQKLWESNRQ

Human ZP2

1 MACRQRGGSWSPSGWFNAGWSTYRSISLFFALVTSGNSIDVSQLVNPAFP
51 GTVTCDEREITVEFPSSPGTKKWHASVVDPLGLDMPNCTYILDPEKLTLR
101 ATYDNCTRRVHGGHQMTIRVMNNSAALRHGAVMYQFFCPAMQVEETQGLS
151 ASTICQOKDFMSFSLPRVFSGLADDSKGTKVOMGWSIEVGDGARAKTLTLP
201 EAMKEGFSLLIDNHRMTFHVPENATGVTHYVQGNSHLYMVSLKLTFISPG
251 QKVIFSSQAICAPDPVTCNATHMTLTIPEFPGKLKSVSFENQONIDVSQLH
301 DNGIDLEATNGMKLHFSKTLLKTKLSEKCLLHQFYLASLKLTFLLRPETV
351 SMVIYPECLCESPVSIVTGELCTQDGFMDVEVYSYQTQPALDLGTLRVGN
401 SSCQPVFEAQSQGLVRFHIPLNGCGTRYKFEDDKVVYENE IHALWTDFPP
451 SKISRDSEFRMTVKCSYSRNDMLLNINVESLTPPVASVKLGPETLILOSY
501 PDNSYQQPYGENEYPLVRFLRQPIYMEVRVLNRDDPNIKLVLDDCWATST
551 MDPDSFPQWNVVVDGCAYDLDNYQTTFHPVGSSVTHPDHYQRFDMKAFAF
601 VSEAHVLSSLVYFHCSALICNRLSPDSPLCSVTCPVSSRHRRATGATEAE
651 KMTVSLPGPILLLSDDSSFRGVGSSDLKASGSSGEKSRSETGEEVGSRGA
701 MDTKGHKTAGDVGSKAVAAVAAFAGVVATLGFIYYLYEKRTVSNH

Human ZP3

1 MELSYRLFICLLLWGSTELCYPQPLWLLQOGGASHPETSVQPVLVECQEAT
51 LMVMVSKDLFGTGKLIRAADLTLGPEACEPLVSMDTEDVVRFEVGLHECG
101 NSMQVTDDALVYSTFLLHDPRPVGNLSIVRTNRAEIPIECRYPRQGNVSS
151 QAILPTWLPFRTTVFSEEKLTFSLRIMEENWNAEKRSPTFHLGDAAHLQA
201 EIHTGSHVPLRLFVDHCVATPTPDONASPYHTIVDFHGCLVDGLTDASSA
251 FKVPRPGPDTLQFTVDVFHFANDSRNMIYITCHLKVILAEQDPDELNKAC
301 SFSKPSNSWEFPVEGPADICQCCNKGDCGTPSHSRRQPHVMSQWSRSASRN
351 RRHVTEEADVTVGPLIFLDRRGDHEVEQWALPSDTSVVLLGVGLAVVVSL
401 TLTAVILVLTRRCRTASHPVSASE

Human ZPB
1 MWLLRCVLLCVSLSLAVSGQHKPEAPDYSSVLHCGPWSFQFAVNLNQEAT
51 SPPVLIAWDNQGLLHELONDSDCGTWIRKGPGSSVVLEATYSSCYVTEWD
101 SHYIMPVGVEGAGAAEHKVVTERKLLKCPMDLLARDAPDTDWCDSIPARD
151 RLPCAPSPISRGDCEGLGCCYSSEEVNSCYYGNTVTLHCTREGHFSIAVS
201 RNVTSPPLLLDSVRLALRNDSACNPVMATQAFVLFQFPFTSCGTTRQITG
251 DRAVYENELVATRDVKNGSRGSVTRDSIFRLHVSCSYSVSSNSLPINVQV
301 FTLPPPFPETQPGPLTLELQIAKDKNYGSYYGVGDYPVVKLLRDPIYVEV
351 SILHRTDPYLGLLLQQCWATPSTDPLSQPOQWPILVKGCPYIGDNYQTQLT
401 PVQKALDLPFPSHHQRFSIFTFSFVNPTVEKOALRGPVHLHCSVSVCQPA
451 ETPSCVVTCPDLSRRRNEFDNSSQONTTASVSSKGPMILLOATKDPPEKLRV
501 PVDSKVLWVAGLSGTLILGALLVSYLAVKKQKSCPDOMCQ

Figure 2. Human ZP1 (Hughes and Barratt, 1999), ZP2
(AAA61335), ZP3 (AAA61336) and ZPB (NP_067009) amino acid
sequences. The bold underlined sequences represent the tryptic
peptides obtained from the MS/MS analysis.

7ZP1 (*“FTVATFALLDSGSQR>!") (Figures 2 and 3). This
latter tryptic peptide was compared with the human ZP1
peptide sequence identified by Hughes and Barratt (1999). The
quindecapeptide amino acid sequence is a perfect match, which
indicates the presence of ZP1 in the human ZP.

ZP1 is well recognized as being a low abundance protein
(Bleil and Wassarman, 1980b; Epifano et al., 1995; Green,
1997). Using the equivalent of several thousand human ZP, a
recent MS/MS study on the mouse confirmed the low
abundance of ZP1 in that species (Boja et al., 2003).
Moreover, semiquantitative data in Figure 1 suggest that
human ZP1 is less abundant than ZP2, ZP3 or ZPB. Due to the
inherent low abundance of ZP1, combined with the paucity of
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Figure 3. Tandem mass spectrometry (MS/MS) spectra of a C-terminal peptide of MH* 1611.88 Da corresponding to the sequence
SOSFTVATFALDSGSQR5'. (A) Reconstructed ion chromatogram MS/MS for ZP1 peptide as a 2+ charged ion at m/z 806.95 Da and (B)
collision-induced dissociation (CID) spectrum which confirms the sequence identity of this peptide through b- and y-ions series of peptide

fragments.

human oocytes for research purposes, we have been unable to
obtain further peptides for ZP1. Additional experiments have
been performed using a variety of preparation methods
including enzymatic deglycosylation of the ZP prior to the
trypsin digestion as described by Boja et al. (2003). Although
ZP2, ZP3 and ZPB were identified on each occasion, no
peptides for ZP1 were obtained.

Existence of mouse ZPB

The current model of the structure of mouse ZP incorporates
three glycoproteins, consistent with the detection, to date, of
only three mouse ZP genes (ZP1, ZP2 and ZP3). Having
established that a fourth ZP gene is present in the human
genome (Hughes and Barratt, 1999) and that this gene is
expressed (Figure 1) and protein present (Figure 2) in the
human ZP, we undertook analysis of the mouse genome to
determine whether a ZPB gene is present.

Using a bioinformatics approach, a putative mouse ZPB
cDNA sequence was generated by comparison with rat ZPB
sequence, coupled with manual identification of splice sites in
the genomic sequence. This mapped to chromosome 13, a
region of conserved synteny with human chromosome 1 (1q43)
where human ZPB is found and rat chromosome 17 (17q12.1)
where rat ZPB is found. However, this hypothetical sequence
did not encode a continuous open reading frame. Alignment
with the rat ZPB cDNA sequence revealed a number of
insertions and deletions which resulted in shifts in the open
reading frame and the generation of premature termination
codons (Figure 4). To confirm the accuracy of the mouse
genomic sequence, individual exons of the putative mouse ZPB
gene were used to search the trace sequence database (http://
www.ncbi.nlm.nih.gov/blast/tracemb). For each exon

screened, the sequence was confirmed, with multiple inde-
pendent trace sequences of both DNA strands (data not shown).

Discussion

This paper presents the first evidence for the existence of four
glycoproteins in the human ZP. The exact match of the
quindecapeptide with the deduced ZP1 coding sequence
(Hughes and Barratt, 1999) in addition to the presence of
mRNA transcript for ZP1 in four independent experiments
strongly supports the premise that four ZP glycoproteins ZP1,
ZP2, 7P3 and ZPB are expressed and present in the human.
This study also represents the first protein analysis of the
human ZP relying on protein sequencing rather than antibody-
based approaches.

The difficulty in obtaining a definitive protein identification
of ZP1 is primarily due to the low abundance of ZP1 in the
mammalian ZP. For example, in the mouse, levels of ZP1
mRNA were four times lower compared to ZP2 and ZP3
(Epifano et al, 1995) and consequently only 56% of the ZP1
polypeptide chain was identified by direct MS/MS, compared
to 96 and 100% for ZP2 and ZP3 respectively (Boja et al.,
2003). However, despite its low abundance, experiments using
ZP1 null mice demonstrated that ZP1 is an essential element of
the ZP primarily required for the structural integrity of the zona
matrix, although not involved directly in sperm binding
(Rankin et al., 1999).

The demonstration of the existence of four human ZP
proteins requires a re-interpretation of the numerous electro-
phoretic studies on the ZP. Although only three diffuse bands
were observed on one-dimensional (1D) electrophoresis, the
increased resolution provided by two-dimensional (2D)
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Figure 4. Alignment of rat ZPB mRNA and putative mouse ZPB mRNA produced using CLUSTAL W (Higgins et al., 1994). Predicted
termination codons are italicized, underlined and in bold. The published initiation codon for rat ZPB is in bold (NP_758833).

electrophoresis has previously suggested additional levels of
complexity to the human ZP (Bercegeay et al., 1995; Moos
et al., 1995). This is further complicated by the variable

ATGCTAGGCTAGTGAAGGAGAAAGAATGGCTAAGCAGGCTCTAAGGAGTACTCTGTGGCTTCTGCCAAGCA
ATG-TGGGTTAGTGAAGGAGAAAGGATGGCTAGGCAGGCTCTAAGGAGCACTCTGTGGCTTCTACCAAGCA

*hk ok kk kkkkkkkkkkkkkkk kkkhkhkx Ak kkhkkkAhhhhhhk KA kk kA hhkhhhkhkk hAkkhkhk

TCTTACTGTGTTTCCCATTCTGTCCTCCCTTGAGTGGCCAG—~~—=———————=————=—— GTGTGCTCCAC
TCTTACTGTGTTTCCCATTCTGTCTTCCTTTGAGTGGCCAGCATGTTACCGAGTTGCCAGGTGTGCTCCAC
KA Ak hk kA Ak hh Ak hhhhhhhhk* *Ahk* Ak khkhkkhhxx kk Kk ok ok kkk ok ok ok

TGTGGGTTACAGAGCTTCCAGTTTACTGTGAACCTCAGCCTGGAGGCAGAGAGTCCCATGCTAACAGCTTG
TGTGGGTTACAGAGCTTCCAGTTTGCTGTGAACCTCAGCCTGGAGGCAGAGAGTCCTGTGCTAACAACTTG
R R R i L R R R R R R RS
GGATAGCCAAGGGCTGCCACACAGGCTTAAGAATGACTCTGACTG—-GTACATGGGTGATGGACAGAACTG
GGATAGCCAAGGGCTGCCACACAGGCTTAAGAATGACTCTGACTGTGGTACATGGGTGATGGACAGTCCTG
R Rt e A R R R R R R R R d * K ko
ATGGATTTTTGGTATTGGAAGCCACCCACA-——————-— ATGTCACTCTGGAGGGCTCCCATTATGTCATG
ATGGCTTTCTGGTCTTGGAAGCCAGCTACAGTGGCTGCTATGTCACTCTGGAGGGATCCCACTACATCATG
kkkk kkk kkkk kkkkkkkkrkk * Kkkx hkkkkkkkkkhkhhkkkk KAk hk kk  Kkr KKk
ATGGTCGGCGTGCAAGAGGTAGATGTAGCTGGAAATATGAGAGGGACAAGA—-GAGACTGCT TAAGTGCCC
ACCGTTGGTGTGCAAGAGGCAGATGTAGCTGGACATGTAGCAGGAACAAGACAAAGACTGCTTACGTGCCC
ko kk Kk kkkkkkhkkkk Kkkkkkkkkkkxk Kk K *kk Kk kkkk Ik kkhkkkhk Kk kk kK
TTTGGATCTTCACAGTAAGGCCCGAAATACAGCAAGTGCTGAAGTGTGCAGTCCTGTGC-=-~==——=—==——
TTTGGCTCTTCAGGGTARAGCCCCAGATACACCAAATGCTAAAGTGTGCAGTCCTGTGCCAGTARAGGARA
kkkkk kkkkkk  kkkk kkkk Kk kkkkk Khkk Khkkk Kk kkkkkkkkkkkkkk kK
————————————— TCCCTCGCCCATCTCCAGAGGAAACTGTGAAGAGGTGGTCTGCTGCTACAGCTCTGAA
GGCTGCCCTGTGCTTCCTCGACCATCTCCAGAGGAGACTGTGAAGAGTTGGGGTGCTGCTACAGCTCTGAA
Kk kkkkk kkkkk kA kkkrhkx KAk kk Ak kA Ak Kk k% Kok ok ok ok ok kkk ok ok kkk kK
GAGGAAAAGGCAGGTTCCTGTTACTATGGAAACACAGTGACCTCCCGTTGTACCAGGGAAGGCTGCTTTTC
GAGGAAGGGGCAGACTCCTGTTACTATGGAAACACAGTGACCTCCCATTGCACCAAGGAGGGCCACTTTTC
Fkkkkk  kkkkk  kkkkk kA hkdkrkhkkk kA rkh kA kkkkkkkkkk kkk Khxk kkk kkk  kkkkAK
CATTGCTGTGTTCAGGAATGCAACCTCGCCACCCCTACGCTTGGATTCCCTATCCTTGGTCTTCAGGAACA
CATTGCTGTGTCCAGGGACGTGACCTCGCCCCCTCTGCGCTTGGATTCACTTCGCTTAGGCTTCAGGAACA
hkkkkkkkhhkkkhhkk Kk Kk kkkkkkkk Kk Kk kk kkkkkkkkkx Ak kkxk Kk KAk AKK A KA KK
GCAGT---GGGTGTGATCCTGTGATGATGACATCCACCTTTGTCCTGTTCCAATTTCCACTTACTTCCTGT
TCACCACAGGGTGTGATCCTGTGATGAARAACATCCACCTTTGTCCTGTTCCAATTTCCACTTACTTCCTGT
* % R I O Bt s R B4
GGGACCACACGGCAGATCACTGGAGACCAGTCCGTGTACAAAAATGAGCTAGTAGTCATTCGGGATGTGCA
GGGACTACACAGCGGATCACTGGAGACCAGGCCATGTATGAAAATGAGCTAGTGGCCATTCGGGATGTACA
dkkkk Khkk kk Kk Axkk kA kkhkhhhkh kx kkkk kAKX KKK KKAK KK Kk KA A Ak kA Ak kK A K
AGCTTGGGGCAGRAAGCTCTATTACCCGATACAGCAACTTCAGTCTCTGAGTCAGCTGTACTTACTCTGCTC
AGCATGGGGCAGAAGCTCTATTACTAGAGACAGCAACTTCAGGCTCCGAGTCAGCTGCACGTACTCCATTC
hkkk kkkkkkkkkkhrkk kA kk*h Kk KA KKk kkkhhhk kkk KkAAAKKAKAKA K AKA KK * %
TCAGCAACACATCCCCAATTAACATGCAAGTGCTGGCTCTCCCACCACCCCTTTCTAAGACCCAGCCTGGG
ACAGCATCATGTCCCCAGTTAACATGCAAGTGTGGACTCTCCCACCACCCCTTCCTAAGACCCAGCCCGGA
Kk kkk kx Kk khkKx khkAkhkkkhkhhx ok Kk rk kA KA A A Kk rhkd Ar Ak Ak Kk kA Ak kKK k
CCCCTCTCTCTGGAACTTCAGATTGCCAAGGATAAAGGCTATGGTTCTTACTATGGTTCTGATGCCTACCT
CCCCTCTCTCTGGAACTTCAGATTGCCCAGGATAARAACTACAGCTCTTACTACGGTACTGATGCCTACCC
Ak kkkhkkkkxkkkhkhhhhhhhkhdk Kk kkkhhk KAk Kk KAAAKEAK Kkk kk Ak Kk KK KKK
ACTGGCAAAATTACTCCAGGATCCTTTTTATGTGGAGGTCTCCATCATTCACAGAACAGGCCCCTCACTGG
ACTGGTAAAATTCCTCCAGGATCCCATTTACGTGGAGGTCTCCATCCTTCATAGAACAGACCCCTCGTTGA
khkkk Khkkkhk KAk hkhhAhkhhh  Kkhk Khrrkkrhkhhrkhr Kk Khkhk KKK KAAK Kxkkkkk Kk
TTTCTGCTGCTAGAACAATGTTGGGCCACACCTGGCTCTAATCCTTTTCATCAACCACAATGGCCAATCCT
GC-CTGCTGCTAGAGCAATGTTGGGCTACACCTGGCTCTAATCCTTTTCATCAACCACAATGGCCAATCCT
R i R R R R R RS
GGTGAAGGGGTGCCCATATGCCGGAGACAACTATCAGACCGAAAGGATCCCTGTCCAGAAAGCATCAAGTC
AGTGAAGGGATGCCCATATGCTGGAGACAATTATCAGACCAAAAGGATCCCGGTTCAGAAAGCATCAGATG
KAk Kk hA* KAk hhhhhhk Kk khhxhh khhkkhkrh Ahkhrhkkkhk *k Ahkrk kA A A KK Ax K
CCTTTCCGTCTCATCACCAGCACTTCAGCAGAGCTACCTTCAGCTTCATGAGTGCTGTAAGGCAGAAGCAG
TCTTTCCATCTCATCATCAGCGCTTCAGTATCTCTACCTTCAGCTTCATGAGTGCTGGAAGGGAGRAAGCAG
khkkkkk kkkkkkkk xkkk kkkxkk K hkkkkkkhkkkkkhkhkhhkhhhk Kk kkkxk*kkk kK
GTTTTAAGTGGACAGGTGTACCTGCACTGCAGTGCATCAGTCTGCCAGCCTGCTGGGATGCCATCCTGTGT
GTTTTGGGTGGACAGGTATACCTGCACTGCAGTGCATCGGTCTGCCAGCCTGCTGGGATGCCATCCTGCAC
KA hhkk KKK AAKK KKK KA KAk Ak hkhhk Ak hhkhhx KAk kkkhk ok kkhk ok ok ok k ok ok ok ok k ok Kk ko kk
GATAGTCTGCCGTGCTTCCAGGAGARGAAGAAAATTTGTGCTTCATTTTGAGACCACCACCAGCATATCTA
GGTTATCTGTCCTGCTTCCAGGAGAAGAAGAAAATCTGAGCTTTATTTTGATAACTCCACCAGCATATCTA
* k kkkk Kk kkkkkkkkkkkkkkkkkkkkkkk kx khxk kkkkkkk Kk k KAk kA kK kkkkk Kk
GCAAAGGTCCCATGATCCTCCTCCAAGCCTCTAAGGACTCTGRAAGACATGCTTCCTAGACACTCGAGCACC
GCAAAGGTCCCGTGATCCTCCTCCAAGCCACTAAGGACCCTGCAGTCATGCTTCATAAACACTCAGGCACC
KRk Kk KAk hhh KA KA rh KAk kA hkkd *kArhhh* kk* Ak KAk kAhKkk Kk Fhxkkk Kk kkK
CTGGTGGATTCTACTGCTCTGTGAGTAATGGGGCTTTCTGCAACCGTGATCATCATTGGAGTCTTGGTAGT
CATGCAGATTCTCCCACTCTGTGGGTAATGGGACTTTCTGCAAGCATGGTCATCACTGGAGTCTTGGTAGT
* K kkkkkk ok kkkhkxk Kxkkkhhx kkkkAkkhhkk ok kk KAk kkk Kk KKk Ak Kk kA k kK KKk
ATCCTACTTGGCCATCAGAAAATGGAGATAA 1579
ATCCTACTTGGCCACCAGGAAACAGAGATGA 1638

Fhkkkkkkkhkkkkhk KFhkx Kxkk *kxkk kK

patterns of glycosylation observed. With hindsight, it is (cow); Gupta et al., 1998 (human)].
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apparent that the ZP3-containing band on 1D electrophoresis
most likely resolves into two proteins which correspond to ZP3
and ZPB [Yurewicz et al., 1987 (pig); Topper et al., 1997
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The presence of the ZPB gene in a large number of species
(cat, chick, cow, human, macaque, marmoset, pig, possum, rat
and rabbit; see Lefievre et al., 2003) raises the question: does
the mouse have a ZPB orthologue? Our bioinformatic analysis
demonstrates that, like humans and rats, the mouse has four ZP
genes. However, comparative sequence analysis reveals that
the mouse ZPB gene has acquired a number of changes making
it unlikely that functional ZPB protein will be expressed
(Figure 4). This in silico evidence is supported by recent data
using MS analysis which failed to identify ZPB (Boja et al.,
2003). Numerous peptides from ZP1, ZP2 and ZP3 were
identified but the authors did not find any unassigned peptides
which could correspond to ZPB.

Knockout experiments, in which murine ZP proteins were
replaced by human equivalents (Rankin et al., 1998, 2003),
showed that, although mouse sperm continued to bind to mouse
oocytes engineered to express human ZP2 and ZP3 proteins,
human sperm did not bind. One explanation for this result is
that mouse oocytes express mouse ZP O-glycans on both
mouse and human ZP3 (Dell et al., 2003) and that it is these O-
glycans that are key to sperm binding (Wassarman, 1999).
Another complementary explanation, derived from our results,
is that human sperm have evolved to interact with a ZP
composed of four, not three, proteins, with ZPB as well as ZP3
being required for sperm zona binding. This explanation is
supported by data from other species, e.g. rabbit, bovine,
porcine and macaque, which show that ZPB has sperm-binding
properties (Prasad et al., 1996; Topper et al., 1997; Yurewicz
et al., 1998; Govind et al., 2000). Thus, although the mouse ZP
may support the hypothesis that the mammalian ZP has three
proteins of which ZP3 is the primary sperm receptor, it may fall
short as a hypothesis for sperm—zona interaction in other
species. Consequently it appears that the model species for the
study of mammalian fertilization may only serve as a good
model for itself.
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STUDY QUESTION: What is the prevalence of defects in the Ca*"-signalling pathways mediating hyperactivation (calcium influx and store
mobilization) among donors and sub-fertile patients and are they functionally significant, i.e. related to fertilization success at IVF?

SUMMARY ANSWER: This study identifies, for the first time, the prevalence of Ca®* store defects in sperm from research donors, IVF
and ICSI patients. It highlights the biological role and importance of Ca*" signalling (Ca*" store mobilization) for fertilization at IVF.

WHAT IS KNOWN ALREADY: Sperm motility and hyperactivation (HA) are important for fertility, mice with sperm incapable of HA
are sterile. Recently, there has been significant progress in our knowledge of the factors controlling these events, in particular the generation
and regulation of calcium signals. Both pH-regulated membrane Ca*" channels (CatSper) and Ca®" stores (potentially activating store-oper-
ated Ca*" channels) have been implicated in controlling HA.

STUDY DESIGN, SIZE, AND DURATION: This was a prospective study examining a panel of 68 donors and 181 sub-fertile patients
attending the Assisted Conception Unit, Ninewells Hospital Dundee for IVF and ICSI. Twenty-five of the donors gave a second sample (~4
weeks later) to confirm consistency/reliability of the recorded responses. (@1 signalling was manipulated using three agonists, NH4Cl (acti-
vates CatSper via pH), progesterone (direct activation of CatSper channels, potentially enhancing mobilization of stored Ca** by CICR) and
4-aminopyridine (4-AP) (effect on pH equivalent to NH4Cl and mobilizes stored Ca“). The broad-spectrum phosphodiesterase inhibitor
3-isobutyl- [ -methyxanthine (IBMX), a potent activator of HA was also used for comparison. For patient samples, an aliquot surplus to
requirements for IVF/ICS| treatment was examined, allowing direct comparison of Ca®" signalling and motility data with functional
competence of the sperm.

MATERIALS, SETTING, METHODS: The donors and sub-fertile patients were screened for HA (using CASA) and changes in intra-
cellular Ca** were assessed by loading with Fura-2 and measuring fluorescence using a plate reader (FluoStar).

MAIN RESULTS AND THE ROLE OF CHANCE: The relative efficacy of the stimuli in inducing HA was 4-AP > > IBMX > proges-

terone. NH,Cl increased [Ca**];

similarly to 4-AP and progesterone but did not induce a significant increase in HA. Failure of samples to
generate HA (no significant increase in response to stimulation with 4-AP) was seen in just 2% of research donors but occurred in 10% of IVF
patients (P = 0.025). All donor samples generated a significant [Ca®*]; increase when stimulated with 4-AP but 3.3% of IVF and 28.6% of ICS|
patients failed to respond. Amplitudes of HA and [Ca**7; responses to 4-AP were correlated with fertilization rate at IVF (P = 0.029; P =
0.031, respectively). Progesterone reliably induced [Ca®*]; responses (97% of donors, 100% of IVF patients) but was significantly less effective
than 4-AP in inducing HA. Twenty seven per cent of ICSI patients failed to generate a [Ca*"]; response to progesterone (P = 0.035). Pro-
gesterone-induced [Ca>*]; responses were correlated with fertilization rate at IVF (P = 0.037) but induction of HA was not. In donor
samples examined on more than one occasion consistent responses for 4-AP-induced [Ca?"]; (R* = 0.97) and HA (R* = 0.579) were

obtained. In summary, the data indicate that defects in Ca** signalling leading to poor HA do occur and that ability to undergo GaZt

© The Author 2013. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/3.0/), which permits
non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com.
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-induced HA affects IVF fertilizing capacity. The data also confirm that release of stored Ca”" is the crucial component of Ca*™ signals leading

to HA and that Ca*" store defects may therefore underlie HA failure.

LIMITATIONS, REASONS FOR CAUTION: This is an in vitro study of sperm function. While the repeatability of the [Ca®*]; and HA
responses in samples from the same donor were confirmed, data for patients were from | assessment and thus the robustness of the failed

responses in patients’ needs to be established. The focus of this study was on using 4AP, which mobilizes stored Ca*" and is a potent inducer

of HA. The n values for other agonists, especially calcium assessments, are smaller.

WIDER IMPLICATIONS OF THE FINDINGS: Previous studies have shown a significant relationship between basal levels of HA,
calcium responses to progesterone and IVF fertilization rates. Here, we have systematically investigated the ability/failure of human

sperm to generate Ca*" signals and HA in response to targeted pharmacological challenge and, related defects in these responses to IVF

success. [Ca®"]; signalling is fundamental for sperm motility and data from this study will lead to assessment of the nature of these

defects using techniques such as single-cell imaging and patch clamping.

STUDY FUNDING/COMPETING INTEREST(S): Resources from a Wellcome Trust Project Grant (#086470, Publicover and
Barratt Pl) primarily funded the study. The authors have no competing interests.

Key words: calcium signalling / sperm / male fertility / hyperactivation / sperm motility / IVF.

Introduction

Sperm dysfunction (lacking ‘normal’ function) has consistently been
identified as the single most common cause of male infertility (Hull
et al., 1985; Irvine, 1998). Men can produce sperm which are dysfunc-
tional even when their semen parameters are ‘normal’ (Aitken et al.,
[991). Currently, there are no drugs a man can take, or add to his
spermatozoa in vitro, to treat sperm dysfunction. The only option is
assisted reproductive technology (ART), which comprises a range of
treatments, all of which are invasive. The particular treatment selected
depends on the severity of the condition, i.e. intrauterine insemination
for mild, IVF for moderate and ICSI for men with severe sperm dysfunc-
tion. The development of non-invasive, pharmacological treatment
alternatives has been severely hampered by our limited understanding
of the cellular and molecular workings of the mature spermatozoon
(reviews Aitken and Henkel, 201 |; Barratt et al, 2011). There are,
however, some areas where progress has been made. One that has
received considerable attention, ignited by the creation and character-
ization of CatSper knockout mice, concerns the generation and regula-
tion of calcium signals that control sperm motility, in particular
hyperactivation (HA) (see below and Publicover et al., 2007; Costello
et al., 2009; Lishko et al., 201 |; Publicover and Barratt, 201 | a, b; Striin-
ker et al., 201 1; Barratt and Publicover, 2012).

HA is critical to sperm function, playing a key role in the ability of
sperm to successfully ascend the female reproductive tract and
reach the site of fertilization. For example, HA may facilitate sperm mi-
gration through the highly visco-elastic oviductal mucus and enable
penetration of the layers surrounding the oocyte (Suarez et dl.,
1991; Suarez and Dai, 1992; Stauss et al., 1995; Ren et al., 2001;
Carlson et al., 2003; Quill et al, 2003). Additionally, experimental
studies show that HA may be required to detach sperm from the
oviduct epithelium in animals (Demott and Suarez, 1992; Gwathmey
et al., 2003) and in humans (Pacey et al., 1995). Although data are
limited in humans, clinical studies on HA generally suggest that (i)
the percentage of hyperactivated sperm correlates with fertilization
rate in vitro (e.g. Sukcharoen et al., 1995) and (i) there are significant
differences in the proportion of hyperactivated cells (spontaneous and
in response to physiological or artificial stimulants) between men with

normal semen parameters and sub-fertile patients (Burkman, 1984;
Tesarik et al., 1992; Peedicayil et al., 1997; Munire et al., 2004).

As the spermatozoon ascends the female tract, its motility must be
finely regulated by cues from the female tract and cumulus—oocyte
complex, in order that the cell can deploy behaviour appropriate to
its environment (Olson et al., 201 1). The central regulator is Ca*",
elevated [Ca®*];

ance of hyperactivated motility. There are at least two sources of

being required both for the initiation and mainten-

Ca®" that contribute to HA in mammalian sperm: firstly, entry of
Ca*" via pH-dependent CatSper channels in the plasma membrane
of the flagellar principal piece. Sperm from mice null for CatSper are
motile but do not hyperactivate, rendering them unable to migrate
to or within the oviduct and unable to fertilize oocytes even by IVF
(Ren et al., 2001; Carlson et al., 2003; Quill et al., 2003; Ho et al.,
2009). In bovine sperm elevation of pHi with NH4Cl, to activate
CatSper, induces HA and similar results have been reported in
mouse sperm (Marquez and Suarez, 2007; Chang and Suarez,
2011). Secondly, induction of HA has been reported in bovine,
mouse and human cells upon mobilization of calcium stored in the
neck/midpiece region (Ho and Suarez, 2001, 2003; Marquez et dl.,
2007; Costello et al., 2009). In human sperm thimerosal (which acti-
vates intracellular Ca®" channels, releasing stored Ca®") potently
induces HA Alasmari et al. (2013) whereas stimulation of CatSper
with progesterone (Lishko et al., 201 1; Striinker et al., 2011) or by
raising pHi have little effect Alasmari et al. (2013). 4-Aminopyridine
(4-AP), a particularly potent inducer of HA (Bedu-Addo et al.,
2008; Gu et al., 2004; review Costello et al., 2009), both stimulates
release of stored Ca’™ and raises pHi (Ishida and Honda, 1993; Gri-
maldi et al., 2001; Navarro et al., 2007; Bhaskar et al., 2008; Chang
and Suarez, 201 1; Alasmari et al., 2013). However, equivalent cyto-
plasmic alkalinization induced with NH4Cl or trimethylamine hydro-
chloride fails to cause HA and pharmacological block of CatSper
does not inhibit 4-AP-induced HA Alasmari et al., (2013). Therefore
it is unlikely that the increase in pHi produced by 4-AP explains its
effect and we can conclude that it stimulates human sperm HA
primarily or fully through its action on stored Ca®*.

A key question therefore is: do functional defects occur in the
sperm Ca2+—signalling apparatus that prevent regulation of HA and
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cause sperm dysfunction? To investigate this a panel of donors and
sub-fertile patients were screened for HA and changes in intracellular
Ca®" in response to targeted agonists namely (i) NH4Cl (pH-induced
activation of flagellar CatSper channels); (i) progesterone (direct acti-
vation of flagellar CatSper channels, potentially enhancing the mobiliza-
tion of stored Ca®" by calcium-induced calcium release (CICR)
Harper et al., 2004) and (jiii) 4-AP (raises pHi (similarly to NH4CI)
and mobilizes stored Ca®" in the neck/midpiece of human sperm).
3-Isobutyl- I -methylxanthine (IBMX) was used to stimulate HA via
the cAMP pathway which does not induce an immediate calcium
influx in human sperm cells (Strunker et al., 201 I). Additionally, the
relationship between HA (spontaneous and induced), intracellular
stimulus-induced Ca®" responses and fertilization rates at IVF was
investigated. The primary aims of this study were to examine (i) the
incidence of defects in the Ca®'-signalling pathways that mediate
HA in sperm from donors and from sub-fertile patients; (i) if these
defects (assessed by measuring HA/calcium signalling) were related
to IVF success.

Materials and Methods

Reagents

4-AP (Sigma Aldrich, Catalog number 275875-5G, UK), progesterone
(Sigma Aldrich, Catalog number P8783-5G, UK), IBMX (Calbiochem,
Catalog number 410957, UK) and ammonium chloride (NH4Cl) (Sigma
Aldrich, Catalog number 4316230), UK) were dissolved in distilled
water, ethanol, dimethyl sulphoxide (DMSQO) and distilled water, respect-
ively. Aliquots were diluted and added to the sperm suspensions to
achieve a final concentration of 2 mM, 3.6 uM, 100 wM and 25 mM, re-
spectively, volumes were chosen so that the maximum concentration of
solvent was 1% (v/v). Fura-2 acetoxymethyl ester (Fura-2/AM) (Molecular
Probes, Invitrogen, OR, USA) was dissolved in DMSO and used at a final
concentration of | pM.

Media used for donor samples

Synthetic tubal fluid (STF; based upon Mortimer, 1986) was used as cap-
acitating media (CM) for donor samples. It consisted of 4.7 mM KCl, 3 mM
CaCl,, I mM MgSO4 106 MM NaCl, 5.6 mM b-glucose, 1.5 mM
NaH,PO,4, | mM Na pyruvate, 41.8 mM Na lactate, 25 mM NaHCO;,
.33 mM glycine, 0.68 mM glutamine, 0.07 mM taurine, non-essential
amino acids (I: 100 dilution in STF) and 30 mg/ml bovine serum
albumin. A non-capacitating HEPES-buffered medium (NCM) adapted
from the above but lacking in both albumin and bicarbonate (5.4 mM
KCl, 1.8 mM CaCl,, 0.8 mM MgSO, - 7H,0, 1164 mM NaCl, 5.6 mM
D-glucose, 1.0 mM NaH,POy,, 2.7 mM Na pyruvate, 41.8 mM Na lactate
and 25 mM HEPES) was also used.

Ethical approval

Written consent was obtained from each patient in accordance with the
Human Fertilisation and Embryology Authority (HFEA) Code of Practice
(version 8) under local ethical approval (08/51402/6) from the Tayside
Committee of Medical Research Ethics B. Similarly, volunteer sperm
donors were recruited in accordance with the HFEA Code of Practice
(version 8) under the same ethical approval.

Study subjects

Semen samples were obtained from three groups: 100 semen samples
from 68 young healthy research donors (mainly students with no known

fertility problems, aged 20—-35 and with a normal sperm concentration
and motility according to WHO criteria 1999), 181 sub-fertile patients
who underwent IVF (170 patients) or ICSI (I patients) treatment at
the Assisted Conception Unit (ACU), Ninewells Hospital, Dundee, Scot-
land, between April 2009 and August 201 I.

Semen samples

Semen samples from donors and patients were collected by masturbation
into a sterile plastic container after 2—3 days of sexual abstinence. The
samples were used for analysis after liquefaction of the semen at 37°C
for approximately 30 min and within | h of production. Semen samples
obtained from patients were assessed for the semen profile by clinical
embryologists. Patients were selected for IVF or ICSI according to clinical
indications and semen quality. For the latter, although it was no’t always
the case, men with approximately | x 10° progressively motile cells post-
preparation were allocated to IVF and below this limit to ICSI.

With respect to the patient samples, to eliminate inter ejaculate-
variation, the surplus of the clinical sample used in the IVF or ICSI treat-
ment process was taken for analysis of HA and where possible intracellular
Ca®*. IVF fertilization rates were obtained in order to examine the poten-
tial functional relationship between stimulation with agonists known to act
on different components of the Ca”"-signalling system and IVF.

Density gradient centrifugation

For the donors, spermatozoa were isolated from seminal plasma by
density gradient centrifugation (DGC) using PureSperm (Nidacon,
Molndal, Sweden) diluted with NCM. After centrifugation (300g, 20 min),
the supernatant was discarded and pellet was washed (500g for 10 min)
resuspended in CM, and incubated for ~2 h at 37°C in a 5% CO, incuba-
tor. This incubation period in CM was chosen because in general, no
further notable change was observed in the percentage of spontaneous/
induced HA (see Supplementary data, Fig. SI) or in agonist-stimulated
intracellular Ca®" level. In the ACU commercially available media was
used for sperm preparation. The spermatozoa were separated from
semen by DGC using PureSperm diluted with Cook Sydney IVF Gamete
Buffer, a HEPES-buffered solution (Cook Sydney IVF Limited, National
Technology Park, Ireland, UK). After centrifugation, the pellet was
washed by centrifugation at 500g for 10 min in 4 ml of Cook Gamete
Buffer. If the samples were assigned for IVF, following centrifugation, the
supernatant was discarded and pellet resuspended in Cook Sydney IVF fer-
tilization medium, a bicarbonate-buffered medium similar to STF, contain-
ing 25 mM NaHCO; (Moseley et al., 2005; data not presented). If the
sample was allocated for ICSI, the cells were washed in Cook Gamete
Buffer. Following this, IVF samples were gassed with CO, and kept at
room temperature (up to 4 h) until | hur before the insemination, at
which point the sample was incubated at 37°C in a 5% CO, incubator.
The ICSI samples were kept at room temperature (up to 4 h) until the
time of the injection procedure. Following insemination or injection the
remaining portion of the sample was analysed for basal and
agonist-induced HA and if there was a sufficient yield of sperm available,
for intracellular Ca®" (see below). ICSI samples were prepared in the
IVF clinic (in Cook Gamete Buffer™ which does not support the comple-
tion of capacitation; Moseley et al., 2005). These samples were only
assessed for intracellular Ca** and were re-suspended in CM as part of
the Fura loading protocol (see below).

Assessment of basal level of HA and sperm
motion characteristics by CASA

A Hamilton Thorn CEROS machine (version 12) attached to an external
microscope was used to assess motion characteristics. The concentration
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of prepared spermatozoa from donors or patients was adjusted between 5
and 25 x 10°/ml with CM. Samples with a concentration <2 x 10%/ml
were generally excluded from the study as the number of cells was insuf-
ficient to obtain data comparable to the other samples. The samples were
mixed to ensure a homogenous concentration of spermatozoa. Hamilton-
Thorn 2X-Cel chambers (20 wm depth) (Dual Sided Sperm Analysis
Chamber, Hamilton Thorn Biosciences, Beverly, MA, USA) were pre-
warmed at 37°C on a heated stage of an Olympus CX4| microscope
(Olympus Corporation, Tokyo, Japan) after which 4 wl of sperm suspen-
sion was placed onto each slide chamber and then covered by a pre-
warmed cover slip (22 mm x 22 mm). Slides were maintained at 37°C
for ~2 min prior to the start of data acquisition. For HA and motion char-
acteristics were assessed under a negative phase contrast objective (x |0)
at a final magnification of x100. Four different samples were assessed for
each ejaculate and at least 200 motile cells were counted on randomly
selected fields in each sample so that a minimum of approximately 800
motile cells were assessed in total. The percentage of hyperactivated
cells was assessed using standard criteria to identify HA, namely VCL
> 150 wm/s, linearity <50%, and ALH >7 um (Mortimer et al., 1998).

Assessment of hyperactivated motility
in response to different agonists

Agonist stimulation was achieved by adding | pl of agonist to 99 wl of
sperm suspension, giving final concentrations of 2 mM 4-AP, 100 pM
IBMX, 3.6 wM progesterone or 25 mM NH4Cl. Sperm HA and other kine-
matic parameters were then assessed as described above.

Twenty-one of the 68 donors produced more than one sample. The
basal and 4-AP-induced HA for donors who produced two samples is
presented in Supplementary data, Fig. SI. Importantly, the HA response
to 4-AP was consistent between the assessments in all 21 donors with
20/21 donors showing a normal significant response in both assessments
and | /21 showing a poor response in both samples (Supplementary data,
Fig. S2a).

Fertilization rate at IVF

Oocytes were considered normally fertilized when two pronuclei (2PN)
and two distinct or fragmented polar bodies were observed. In IVF, the
fertilization rate (FR) was calculated from the number of oocytes normally
fertilized divided by the total number of inseminated oocytes. In order to
reduce the influence of minimal egg numbers the data used for fertilization
rates in this analysis are only those cases where at least four mature eggs
were inseminated for IVF (n = 145). Fertilization rates where ICSI was the
designated treatment were not taken into account as ICSI bypasses any
functional requirement needed for a sperm to bind and penetrate the
egg vestments. The median female age of IVF patients (n = 145) was 34
(31-37 25 and 75th centile, respectively). The median number of eggs
recovered in the IVF patients (n= 145) was 10.5 (8—14; 25 and 75th
centile, respectively).

Measurement of intracellular Ca?*

After sperm preparation (either in the research laboratory for healthy
donors or at the IVF laboratory for patients), 500 wl aliquots of sperm sus-
pension (concentration adjusted to ~8-20 x 10°/ml with CM) were
loaded with Fura-2 by incubating them with | wM Fura-2-AM for 2 min
at 37°C under 5% CO, in the dark (the DMSO concentration was 0.2%
(v/v)), then centrifuged at 500g for |5 min. The supernatant was
removed and the pellet resuspended in 100 wl of medium. Since loading
with Fura-2 required a centrifugation step followed by resuspension,
samples from all three groups (donors, IVF, ICSI) could be resuspended
in the same medium (CM). The intracellular Ca®* response is rapidly

developed with capacitation (Baldi et al., 1991; Bedu-Addo et al., 2005).
Fluorescence measurements were carried out on a FLUOstar Omega
(BMG Labtech Offenburg, Germany) using alternating excitation wave-
lengths of 340 nm and 380 nm and recording emission at 510 nm.
Stimulus-induced increments in the ratio of emission intensities (at 340
and 380 excitation) were used to quantify changes in [Ca>*]; concentra-
tion. Aliquots of 50 pl were pipetted into a 96-well plate and 100 s of
control data (20 readings) were acquired (resting level (R)). Five microlitres
of agonist (4-AP or progesterone) were then added and the response was
recorded. Usually, a minimum of ~2 million cells per well (50 pl) were
required for robust results. In a number of cases (primarily those involving
ICSI samples) this could not be achieved and no measurement of intracel-
lular Ca®* response was reported.

To examine the consistency of different samples from the same donors,
eight donors were tested on two occasions with an interval of at least |
month between donations. Responses to progesterone were very
similar between samples (R? = 0.972) (Supplementary data, Fig. S2b).
One donor who showed a poor response was tested on several different
occasions with consistent results (Supplementary data, Fig. S2b).

Definition of failed HA and Ca** responses
among donors and sub-fertile patients

A failed HA response was recorded when agonist stimulation did not
induce a significant change in the % of hyperactivated cells compared
with control (basal) level (assessed by one-way analysis of variance
(ANOVA) and non-parametric ANOVA on ranks Kruskal—Wallis test
on four different samples from each ejaculate, P < 0.05).

To define failed Ca®" responses a normal range was determined from
the distribution of response amplitudes (agonist-induced increments in the
340/380 ratio) in donor populations stimulated with 4-AP and progester-
one (Supplementary data, Fig. S3). Upper and lower limits were set to
include 99% of the distribution (mean + 2.58 x SD; see the Statistical ana-
lysis section below for normalizing procedure). Using this approach, the
cut-off values for a failed Ca*" response were increments in the 340/
380 ratio of <0.| upon addition of 4-AP or progesterone.

Statistical analysis

Normality of data was assessed according to the Kolmogorov—Smirnov
test. Results are expressed as the mean £+ SD (standard deviation),
median and range for HA. Statistical comparisons were made using the
ANOVA if the data were either originally normally distributed or normal-
ized after transformation by square root. However, some HA and intracel-
lular Ca®" data were not normalized by transformation. Thus, the
statistical comparisons for these data were examined by non-parametric
ANOVA Kruskal—Wallis one-way ANOVA on ranks. The correlation
between HA and intracellular Ca*" in response to agonists (4-AP and
progesterone) was examined using Pearson’s correlation coefficient. The
correlations between HA and intracellular Ca®" in the basal level and in
response to agonists with [VF fertilization rates were examined by Spear-
man’s correlation coefficient (because the data were not normalized after
transformation) and Pearson’s correlation coefficient, respectively.

To define a cut-off value for a failed Ca®" response, the data were log-
transformed and cut-off values were calculated based on mean and SD.
The differences in proportions of failed responders between the popula-
tions (donors and IVF patients) and between agonists were examined
using a x* test. P < 0.05 was considered significant. All statistical analyses
were performed using the SigmaStat |0 statistical package (Systat Software
Inc., Chicago, IL, USA).
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Results

Induction of HA in donor and IVF patient
samples

Of the four agonists used (4-AP, NH4Cl, progesterone, IBMX), 4-AP
was the most potent inducer of HA in sperm from donors, the mag-
nitude of the effect being significantly greater than that of all other ago-
nists (P << 0.001; Fig. I). IBMX was the next most effective agonist,
followed by progesterone (Fig. |). As reported in detail elsewhere
Alasmari et al. (2013), 25 mM NH4Cl was not an effective inducer
of HA (NS; Fig. I) though in a minority of samples, primarily those
with low basal HA (<10% HA), there was a detectable response
(P < 0.05).

The relative efficacy of the four different agonists on IVF patient
samples was similar to that seen with donor samples (Fig. | compare
left and right panels), but for the three effective stimuli (4-AP, IBMX
and progesterone) the percentage of hyperactivated cells after treat-
ment was significantly lower in IVF patients (P < 0.05) (Fig. | and Sup-
plementary data, Fig. S4). The basal level of HA was significantly lower in
IVF patients compared with donors (P < 0.05).

Intracellular calcium responses to 4-AP
and progesterone in donors and patients

Spermatozoa from 37 donors, 68 IVF and || ICSI patients were
assessed for their [Ca®"]; responses to 4-AP and progesterone. The
340/380 ratio for fluorescence of fura-2 (R) in resting cells differed
between individuals. To facilitate comparison the data from each indi-
vidual were normalized to the pre-stimulus value (Fig. 2). Descriptive
statistics of the raw 340/380 ratio data are presented in Supplemen-
tary data, Table SI. The basal Ca*" was significantly lower in sperm-
atozoa from ICS| patients, compared with research donors and IVF
patients (P < 0.05) (Supplementary data, Table SI).

Both 4-AP and progesterone induced a biphasic elevation of intra-
cellular Ca*" in donor sperm, comprising a [Ca*"]; transient followed
by a sustained phase. However, the shape of these responses was
clearly different, the peak ratio increase in the transient induced by
progesterone typically being higher than that induced by 4-AP,
whereas the [Ca*"]; increase induced by 4-AP was sustained for
longer (Fig. 2; Supplementary data, Fig. S5). Both agonists were effect-
ive in raising [Ca*™]; in sperm from the two patient groups, but
whereas responses in IVF patients were similar to those in donor
sperm, the magnitude of the response was much smaller in ICSI
patients (Fig. 2, P<<0.05). There was a significant difference
between the ratio at the sustained phase in response to 4AP
between donor and ICS| patients (P < 0.001) and between IVF and
ICSI patients (P = 0.007).

Failed HA and Ca’"* responses among
donors and sub-fertile patients

To further characterize the differences between donor and patient

groups we assessed the occurrence of HA and [Ca?"],

signal “failures’
(as defined in the Materials and Methods section). In response to
stimulation with 4-AP only 2% of the donor samples gave a ‘failed’
HA response, whereas HA failure occurred in ~10% of the IVF

patients (y>=7.9, P=0.025). Due to practical and technical

limitations it was not possible to assess intracellular Ca*" for all
patients but of those who could be tested a failed response was
recorded in 2/61 (~3%) and 2/7 (28.6%) of IVF and ICSI patients,
respectively (P =0.048). In contrast, none of 37 donor responses
fell below the threshold defining failure (see Materials and Methods).
The two IVF patients who showed a failed intracellular Ca>* response
to 4-AP did not hyperactivate in response to 4AP and had poor IVF
fertilization rates (39%, 6%).

Stimulation with progesterone induced a significant [Ca
sponse in >97% of samples from donors and all IVF patients.
However, as with 4-AP, ICS| patients showed a higher failure rate
3711 men, 27.3%; P=0.035, cf. donors). Failure of significant HA
was much more common in response to stimulation with progester-
one compared with 4-AP, 51% of donors and 62% of IVF samples
failing to respond. In some of the samples where there was no signifi-
cant induction of HA there were still detectable effects on motility.
Changes in one or more kinematic parameters (VCL, ALH or LIN)
were observed in 56% (19/34 samples) of the donors who failed to
hyperactivate and 40% (23/57) of the IVF patients. Twenty of 65
(31%) of IVF samples screened for both HA and intracellular Ca**
showed a normal Ca®>" response to progesterone but no significant
change in HA or kinematics as measured by CASA.

In most cases failure of HA was not stimulus-specific, the majority of
samples that showed a failed HA response to 4-AP showing no signifi-
cant response to IBMX, progesterone or NH4Cl (Supplementary data,
Table SII).

2+]i re-

Correlation between HA and intracellular
[Ca™*];

To determine whether or not there was a relationship between the
magnitude of agonist-induced intracellular Ca®* elevation (absolute in-
crease in 340/380 ratio) and HA (absolute increase % cells), we exam-
ined responses in samples from IVF patients to 4-AP (n=57) and
progesterone (n= 65). There was a significant correlation for
responses induced by 4-AP (R= 0.35, P=0.009). Figure 3 shows
data from four representative IVF patient samples upon stimulation
with 4-AP. There was no significant relationship between the Ca®*
and HA responses induced by progesterone (R;= —0.002, P=
0.98), an observation consistent with the great disparity in [Ca >*];
and HA responses seen with this agonist.

Relationship between agonist-induced HA,
[Ca?*]; and IVF fertilization rates

To assess the clinical significance of [Ca®"]; and HA responses, basal

and 4-AP-induced [Ca®"]; and HA in cells from IVF patients were
examined in relation to fertilization rates. Analysis of [Ca?*] data
showed a significant relationship between basal intracellular Ca*"
(340/380 ratio before stimulation) and fertilization rates (R=0.3,
P = 0.025). Additionally, there was a significant relationship between
the increment in [Ca*™ 7] induced by 4-AP (52 patients) and progester-
one (57 patients) and fertilization rates (R=0.28, P=0.047, R=
0.280, P = 0.037, respectively).

Fertilization rate was significantly related both to the basal level of
HA (R; =0.19; P=0.02) and to the 4-AP-induced increment in HA
(Rs=10.18, P=0.029) (Fig. 4A). When the data were separated
into four groups according to the fertilization rates achieved, FRI
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Figure I Comparison of four different agonists on HA) in two populations (donors and IVF patients). Box and whisker plots illustrating the data
distribution for HA in the baseline (control) and samples treated with 4-AP, IBMX, progesterone and NH4Cl from donors and IVF patients. The boxes
represent the interquartile range and lines within them are the medians. The number in brackets is the sample size. *Highlights that the agonist-induced
HA is significantly different to baseline, (a) highlights a significant difference between responses to 4-AP and all other agonists (b) highlights a significant
difference between responses to IBMX compared with progesterone and NH4Cl and (c) highlights a significant difference between responses to pro-
gesterone and NH4Cl. Significance was considered as P < 0.05 assessed by one-way ANOVA and non-parametric ANOVA on ranks Kruskal—Wallis

test. Not all samples were tested with each of the agonists.

<25%, FR2 25%—50%, FR3 50-75%, FR4 >75%, it was clear that
sperm samples giving the highest fertilization rate were more likely
to exhibit a large increment in HA when stimulated with 4-AP
(Fig. 4B). Incidence of failure to respond to 4-AP was similarly
related to fertilization success. There was no significant relationship
between fertilization rates and increment in HA in response to proges-
terone (n = 84) or to the other agonists IBMX (n = 89) and NH,Cl
(n = 68) (data not shown).

Discussion

The primary aims of this study were to examine the prevalence of
defects in Ca”'-signalling pathways mediating HA among donors
and sub-fertile patients and the significance of such defects for IVF
success. The most effective inducer of HA, in both donors and IVF
patients, was 4-AP and this compound was therefore the focus of
this study. Failure of HA in response to stimulation with 4-AP was sig-
nificantly more common in [VF patients than in donors and failure of
Ca*" signalling was a common observation in ICS| patients. Important-
ly, both 4-AP-induced intracellular Ca®* responses and consequent in-
duction of HA were significantly related to IVF fertilization rate. It has
been established previously that there are differences in HA (spontan-
eous and in response to physiological or artificial stimulants) between
men with proven fertility and sub-fertile patients (Burkman, 1984;
Tesarik et al., 1992; Peedicayil et al., 1997; Munire et al., 2004). The
data reported here document, for the first time, the biological signifi-
cance of responses to direct, targeted manipulation of the Ca’*-
signalling apparatus in human spermatozoa.

This study not only employed a large sample size (compared with

other clinical studies on HA and [Ca®*];

signalling) but responses to
agonist stimulation were also assessed in samples that were used for
IVF treatment, permitting direct comparison of functional responses
with fertilization success. In achieving this it was necessary to

analyse the IVF samples in keeping with the clinical protocols. We

believe this had a minimal effect on the results as (i) the donors and
IVF samples were prepared using similar techniques and in comparable
media supporting capacitation (Supplementary data, Fig. S6, Moseley
et al., 2005) and (i) though IVF samples were incubated in CM for
longer than donor samples, preliminary experiments showed that 4--
AP-induced HA was not modified by varying incubation time (2—4 h)
under capacitating conditions (Supplementary data, Fig. SI). (iii)
Though ICSI samples were prepared and incubated in non-capacitating
conditions in the IVF laboratory, transfer to capacitating conditions
restores [Ca’*]; responses within minutes (Bedu-Addo et al., 2005)
and as such calcium assessments are robust and allow comparison
between donors, IVF and ICSI patients. The robust nature of the
data reported here is illustrated by the consistency in agonist-induced
[Ca®*] and HA responses between ejaculates (Supplementary data,
Fig. S2).

Differing potency of the agonists used

4-AP was the most effective inducer of HA in both donor and IVF
cells. Cytoplasmic alkalinization by 25 mM NH4CI is equivalent to
the effect on pHi of 2mM 4-AP Alasmari et al. (2013). NH4CI
induced Ca®" influx under both capacitating and non-capacitating con-
ditions (data not presented), yet there was negligible effect on HA.
These data confirm the pivotal role of stored Ca?" in HA of human
sperm and demonstrate that Ca*"-influx induced by elevated pHi
alone is not sufficient to induce robust levels of HA (Fig. 1). Progester-
one induced an intracellular calcium response in >97% of donors and
all IVF patients yet HA was weak. It has been suggested that the large
progesterone-induced [Ca*"]; transient (up to 40 s) is accompanied
by a burst of HA in some cells (Gakamsky et al., 2009; Servin-Vences
et al., 2012). This brief effect is hard to detect using standard CASA
and in our study HA was not significantly different between | and
5 min of treatment with progesterone (data not presented). Thus,
Ca®" influx (through CatSper) induced by progesterone, similar to
cytoplasmic alkalinization, was not sufficient to induce sustained
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Figure 2 Ca’" ratio in response to 4-AP and progesterone in three
populations (donors, IVF and ICSI patients). Intracellular Ca®"
responses induced by 4-AP (upper panel) and progesterone (lower
panel) in donors (4-AP n = 36, progesterone n= 37), IVF (4-AP
n= 61, progesterone n = 68) and ICSI patients (4-AP n = 7, proges-
terone n = | 1). Each trace shows mean of n fluorimetric (population)
responses + SE. Agonists were added (indicated by black arrow) at
100 s after acquisition of 20 readings at resting level (R). The data
for each sample were normalized to pre-stimulus (R) level to facilitate
comparison. *Significant difference between the ratio at the peak (P)
and the initial resting level (R), (a) significant difference of ratio at
peak between donor and ICS| patients, (b) significant difference of
ratio at peak between IVF and ICS| patients. $Signiﬂcant difference
between the ratio at the sustained phase (S) between donor and
ICSI patients (P<<0.001) and between IVF and ICSI patients
(P=0.007). There was no significant difference in the sustained re-
sponse with progesterone between the groups. Significance was con-
sidered as P <<0.05 assessed non-parametric ANOVA on ranks
Kruskal—Wallis test.

changes in kinetic parameters and consistently reach the threshold cri-
teria to identify HA. While CatSper channels are essential for HA in
mice (Ren et al., 2001; Carlson et al., 2003; Quill et al., 2003), their
role in humans remains largely unknown (Brenker et al., 2012).
Genetic studies have indicated that mutations in human CatSper chan-
nels are significant in rare cases of male infertility (Avidan et al., 2003;
Avenarius et al., 2009), but HA was not examined. Our observations
clearly do not preclude involvement of CatSper in human HA. CatSper
may become activated during capacitation, supporting spontaneous
HA Alasmari et al. (2013) and when strongly activated (as occurs
during the progesterone transient) CatSper may trigger activation of
Ca®" stores or store-operated channels (Lefievre et al., 2012). It is

60-
501
< 40+
= 307 .
20+
10- V"'
0. . =g
1.9- Patient 1 Patient 2 Patient3 Patient 4

o= Patient 1
=Patient 2
o= Patient 3

Patient 4

F340/380 ratio (normalised)

4-AP

Figure 3 Intracellular Ca*" in response to 4-AP from four IVF
patients including two with a failed Ca*" response. Inset shows %
HA from the same patients labelled with the same colours; white
bars show% HA in the baseline (control) and coloured bars
show % HA in samples treated with 4-AP. Patients 3 and 4 showed
a failed intracellular Ca®* and HA responses to 4-AP (IVF fertilization
rates for patients 3 and 4—39% and 6% respectively). 4-AP was added
to suspensions at 100 s after acquisition of 20 readings at resting level
(R) indicated by black arrow. The HA data (inset) are the
mean + SD. *Values are significantly different to baseline (P < 0.05).

also possible that more sophisticated sperm function tests may be
required to determine the effect of direct CatSper activation such as
penetration into a viscous media (lvic et al., 2002) or more sophisti-
cated analysis of flagella motion—3-dimensional tracking (Su et al.,
2012) and high-speed videomicroscopy (Kirkman-Brown and Smith
2011; Curtis et al., 2012).

IBMX was used to stimulate HA by strong activation of the cAMP
pathway, which does not induce an immediate Ca%t influx in human
sperm cells (Strunker et al., 2011). The majority of the samples
from donors and IVF patients responded to IBMX with a significant in-
crease in HA, consistent with other studies on human sperm, which
have reported a specific influence of phosphodiesterase inhibitors
such as pentoxyfiline on the kinematic parameters defining HA
(Tesarik et al., 1992; Kay et al., 1993; Tournaye et al., 1994). These
observations are in contrast to other studies on bull sperm which
have documented that HA occurred upon elevation of intracellular
Ca®" and did not respond to the AC/cAMP/PKA-signalling pathway
(Ho et al., 2002; Marquez and Suarez, 2004, 2008). The difference
in findings between studies on human and bull sperm may simply
reflect species variation in the requirements for HA.

Differences in HA and calcium between
donor and patient groups

4-AP-induced HA was correlated with the amplitude of the [Ca**];
response, confirming that 4-AP-induced HA was mediated by this
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Figure 4 Relationship between increment in HA (% cells) stimulated by 4-AP and IVF fertilization rate. (A) 4-AP-induced increment in HA (% cells)
was significantly correlated to fertilization rate (R; = 0.18; P=0.031, n = 145). (B) Expression of these data in four defined groups according to fer-
tilization rate: FR | <25%, FR2 >25—<50%, FR3 >50—<75%, FR4 >75%. Box and whisker plots show the 4-AP-induced increment in HA for the
samples from patients in each group. The boxes represent the inter-quartile range and lines within them are the medians. The number in brackets is
the sample size. Significance was assessed by one-way ANOVA.
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Figure 5 Model of the calcium-signalling cascade in the human spermatozoon: key points in the pathway affected in sub-fertile men (adapted from
Barratt and Publicover, 2012). White boxes show compounds used to manipulate pH; (NH4Cl, 4AP), stored calcium (4AP) and cAMP (IBMX). Yellow
boxes show signalling components activated by these compounds (pHi, Ca>*, cAMP). Blue and red arrows show Ca*"-signalling pathways involving
CatSper and the calcium store, respectively. The Ca®"-store pathway may involve activation of SOCs (not shown; Lefievre et al., 2012). Dashed blue
arrow shows the mobilization of stored Ca*" downstream of CatSper activation by CICR. This occurs in a minority of the cells, is sensitive to modu-
lation (e.g. by capacitation) and is responsible for CatSper-mediated hyperactivation. Dashed grey arrow shows possible modulation of Ca®>"-store
mobilization by progesterone through CatSper-independent mechanisms (Sagare-Patil et al., 2012). X represents unknown target mechanism/
pathway whereby following mobilization of stored Ca*" hyperactivation is stimulated. ? represents potential pathway subject to further experimen-
tation. The amplitude of the calcium transient (stimulated by both 4AP and progesterone) and the hyperactivation response (to 4AP) were significantly
related to IVF fertilization rates suggesting the occurrence of important abnormalities in the Ca*"-signalling pathways mediated by CatSper (blue) and
the calcium store (red). The calcium signal (4AP and progesterone) in the ICSI patients was significantly lower than in the donors or the IVF patients
(~25%; Fig. 2), providing further evidence of abnormalities in the CatSper functioning/operating complex and calcium store in male infertility. Exam-
ination of individual cases demonstrated ~ 10% of men undergoing IVF had defective calcium hyperactivation. Although the data are limited, a number
of these men did not show a hyperactivation response to IBMX (probably through cAMP, black arrows, ?). Previous studies have indicated that, in
humans, increases in cAMP are do not lead to changes in [Ca>"]; (Brenker et al., 2012), thus these men may suffer from a specific defect in hyper-
activation as opposed to a Ca*"-signalling deficit (Supplementary data, Table SlI).

pathway. The proportion of samples in which 4-AP failed to induce - pathway activated by 4-AP is likely to be responsible for a proportion
normal HA and [Ca®*]; responses was significantly greater in IVF - of cases of male-factor sub-fertility. Additionally, there was a clear
samples than in donors showing that malfunction of the Ca2+—signalling . difference in [Ca*™]; responses between ICSI patients and other
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populations (donors and IVF patients) demonstrating increased inci-
dence of [Ca®"]; abnormalities in the former. Interestingly, the basal
Ca*™ was significantly lower in spermatozoa from ICS| patients (Sup-
plementary data, Table SI; P << 0.05). This suggests that these cells
have a reduced ability to initiate the Ca’*'-signalling cascade. The
reasons for this are unclear but may be due to (i) low expression or
abnormalities in CatSper leading to reduction in Ca®" influx across
the plasma membrane and consequently poor recruitment of intracel-
lular Ca®>" stores and/or (i) the sperm cytoplasm does not become
sufficiently alkalinized to activate CatSper due to abnormality in the
expression or regulation of HVI; and/or (i) defects in internal
store channels such as RyRs, IP3R or SOCs.

Samples that gave a failed HA response to 4-AP usually failed to
respond to IBMX, progesterone or NH4Cl. Though the lower efficacy
of these stimuli as inducers of HA (particularly progesterone and
NH4Cl) makes interpretation complex, it appears many HA failures
involve a signalling node or late stage in a cascade such that alternative
stimulation (such as increasing cAMP) does not bypass the lesion
(Fig. 5). HA failure may reflect either failure of Ca>* signalling itself
or of events downstream of Ca*>", independent of the [Ca*™7; signal
amplitude. Analysis of HA and [Ca®™]; in 4-AP-stimulated cells
showed that the amplitudes of the two responses were significantly
correlated and that in those samples where [Ca®']; signal failure
occurred (R3%), there was also a failure of HA. Thus it is likely
that failed HA in sub fertile men can reflect failure of Ca>" signalling.
Potential defects include impaired capacitation, which may affect activ-
ity of CatSper channels (Lishko et al., 201 I; Strunker et al., 2011),
resulting in a low resting [Ca>™]; and consequent effects on emptying
and filling of the internal stores. It has been suggested that Src kinase
located in the neck/midpiece and in the post-acrosomal region of
human sperm head regulates Ca®" store mobilization during capacita-
tion (Varano et al., 2008). Further investigation of Ca*" store filling
and mobilization in sperm is required to clarify this.

Stimulus-induced [Ca?*]; elevation,

HA and fertilization success

Fertilization rate of the IVF samples was correlated with basal HA, a
finding that is concordant with data from other studies (Burkman,
1984; Wang et al., 1993; Sukcharoen et al., 1995). More significantly,
the ability of 4-AP to raise [Ca®"]; and to induce HA was correlated
significantly with IVF outcomes, providing clear evidence of a biological
role of the sperm Ca*'-signalling apparatus (almost certainly store
mobilization; see above) in human sperm (Fig. 4). Amplitude of the
[Ca2+]i transient induced by progesterone, probably reflecting activa-
tion of CatSper (Lishko et al., 201 |; Striinker et al., 201 1), was similarly
correlated to fertilization rates at IVF, consistent with other studies
(Krausz et al, 1996). However, progesterone was not a potent
inducer of HA (Fig. |) and targeted activation of CatSper is not suffi-
cient to induce HA in human sperm Alasmari et al. (2013), thus there
was no significant correlation between progesterone-induced HA and
IVF success. Defective Ca>* responses to progesterone were not seen
in IVF patients and occurred in one donor and three ICSI patients. This
low incidence of functionally significant CatSper defects, as manifested
by failed [Ca*"]; responses, suggests that such failures are relatively
rare. Patch clamping studies will be required to confirm abnormalities
in CatSper function (Kirichok and Lishko, 201 I; Lefievre et al., 2012).

In summary, this study highlights the biological role and importance
of Ca*-signalling (and neck/midpiece Ca** store mobilization) for
fertilization at IVF and identifies for the first time, the incidence of
store defects among donors, IVF and ICSI patients. Further studies
are required to investigate the nature of these defects. Such studies
will act as a platform for a potential drug-based screening programme
to augment/modulate calcium mobilization as a possible rational
treatment for sperm dysfunction.

Supplementary data

Supplementary data are available at http://humrep.oxfordjournals.
org/.
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STUDY QUESTION: Are significant abnormalities of CatSper function present in IVF patients with normal sperm concentration and motility
and if so what is their functional significance for fertilization success?

SUMMARY ANSWER: Sperm with a near absence of CatSper current failed to respond to activation of CatSper by progesterone and there
was fertilization failure at IVF.

WHAT IS KNOWN ALREADY: In human spermatozoa, Ca*" influxinduced by progesterone is mediated by CatSper, a sperm-specific Ca>*
channel. A suboptimal Ca* ¥ influx is significantly associated with, and more prevalentin, men with abnormal semen parameters, and is associated
with reduced fertilizing capacity. However, abnormalities in CatSper current can only be assessed directly using electrophysiology. There is only
one report of a CatSper-deficient man who showed no progesterone potentiated CatSper current. A CatSper 2 genetic abnormality was present
but there was no information on the [Ca*"]; response to CatSper activation by progesterone. Additionally, the semen samples had indicating
significant abnormalities (oligoasthenoteratozoospermia) multiple suboptimal functional responses in the spermatozoon. As such it cannot be
concluded that impaired CatSper function alone causes infertility or that CatSper blockade is a potential safe target for contraception.

STUDY DESIGN, SIZE, DURATION: Spermatozoa were obtained from donors and subfertile [VF patients attending a hospital assisted
reproductive techniques clinic between January 2013 and December2014. In total | 34 IVF patients, 28 normozoospermic donors and | 0 patients
recalled due to a history of failed/low fertilization at IVF took part in the study.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Samples were primarily screened using the Ca>* influx induced by progester-
one and, if cell number was sufficient, samples were also assessed by hyperactivation and penetration into viscous media. A defective Ca*™ re-
sponse to progesterone was defined using the 99% confidence interval from the distribution of response amplitudes in normozoospermic donors.
Samples showing a defective Ca®" response were further examined in order to characterize the potential CatSper abnormalities. In men where
there was a consistent and robust failure of calcium signalling, a direct assessment of CatSper function was performed using electrophysiology
(patch clamping), and a blood sample was obtained for genetic analysis.

MAIN RESULTS AND THE ROLE OF CHANCE: A total of 101/102 (99%) IVF patients and 22/23 (96%) donors exhibited a normal Ca**
response. The mean (& SD) normalized peak response did not differ between donors and IVF patients (2.57 + 0.68 [n = 34 ejaculates from 23
different donors] versus 2.66 + 0.68 [n = 102 IVF patients], P = 0.63). In recall patients, 9/ 10 (90%) showed a normal Ca>* response. Three
men were initially identified with a defective Ca>" influx. However, only one (Patient ) had a defective response in repeat semen samples.
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Electrophysiology experiments on sperm from Patient | showed a near absence of CatSper current and exon screening demonstrated no muta-
tions in the coding regions of the CatSper complex. There was no increase in penetration of viscous media when the spermatozoa were stimulated
with progesterone and importantly there was failed fertilization at [VF.

LIMITATIONS, REASONS FOR CAUTION: A key limitation relates to working with a specific functional parameter (Ca* " influx induced
by progesterone) in fresh sperm samples from donors and patients that have limited viability. Therefore, for practical, technical and logistical
reasons, some men (~22% of IVF patients) could not be screened. As such the incidence of significant Ca*" abnormalities induced by proges-
terone may be higher than the ~ 1% observed here. Additionally, we used a strict definition of a defective Ca*" influx such that only substantial
abnormalities were selected for further study. Furthermore, electrophysiology was only performed on one patient with a robust and repeatable
defective calcium response. This man had negligible CatSper current but more subtle abnormalities (e.g. currents present but significantly smaller)
may have been present in men with either normal or below normal Ca*" influx.

WIDER IMPLICATIONS OF THE FINDINGS: These data add significantly to the understanding of the role of CatSper in human sperm
function and its impact on male fertility. Remarkably, these findings provide the first direct evidence that CatSperis a suitable and specific target for
human male contraception.

STUDY FUNDING/COMPETING INTEREST (S): Initial funding was from NHS Tayside, Infertility Research Trust, TENOVUS, Chief Sci-
entist Office NRS Fellowship, the Wellcome Trust, University of Abertay. The majority of the data were obtained using funding from a MRC

project grant (# 4190). The authors declare that there is no conflict of interest.

TRIAL REGISTRATION NUMBER: Not applicable.

Key words: CatSper / male fertility / sperm motility / ion channels / calcium stores / electrophysiology / failed fertilization / contraception /
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Introduction

Whilst sperm dysfunction is the single most common cause of infertility
(Hulletal., 1985; Irvine, 1998), currently there is no drug a man can take
or that can be added to his sperm in vitro to improve fertility (Tardif etal.,
2014). A fundamental problem with developing new therapies has been
the limited understanding of the physiological workings of the normal and
dysfunctional spermatozoon (Barratt, 2010; Aitken and Henkel, 201 I;
Barratt et al., 201 I; Aitken and Nixon, 2013).

However, during the last 8 years major progress in our understanding
has been achieved through application of the patch clamp technique
(Kirichok et al., 2006). This has included the characterization of the
proton (Hy!) and chloride channels (Lishko et al., 2010; Orta et dl.,
2012) and the identification and characterization of the potassium con-
ductance underlying the regulation of sperm membrane potential (Santi
et al., 2010; Mannowetz et dal., 2013; Brenker et al., 2014; Mansell et al.,
2014). Ca** signalling is particularly important in the regulation of sperm
function (Publicover et al., 2007) and potentially the most significant
outcome has been the characterization of the sperm-specific Ca’*
channel CatSper (Ren et al., 2001). CatSper-null sperm show no detect-
able Ca®" current, defective calcium signalling, ATP depletion and
abnormalities in motility (including hyperactivation; HA). CatSper knock-
out mice are consequently infertile (Carlson et al., 2003; Jin et al., 2007).

Inhumans, the importance of CatSper was emphasized by the demon-
stration that the rapid influx of calcium into the spermatozoon upon
interaction with progesterone (and other substances such as prostaglan-
dins) is via CatSper (Lishko et al., 201 |; Strinker et al., 201 |; Brenker
et al., 2012). Patch clamp studies have revealed that CatSper is weakly
voltage sensitive and progesterone strongly potentiates CatSper cur-
rents while shifting the channel half activation voltage to a less depolar-
ized potential (Lishko et al, 2011; Striinker et al, 2011). This
progesterone induced, CatSper-mediated Ca** influx stimulates the
acrosome reaction, either directly and/or by ‘priming’ the cell and also
regulates motility (Alasmari et al., 2013b; Tamburrino et al., 2014).

Several clinical studies have shown that suboptimal [Ca®*]; signalling in
response to progesterone is associated with oligoasthenoteratozoos-
permia, and with reduced fertilization at IVF (Falsetti et al., 1993;
Shimizu et al., 1993; Oehninger et al., 1994; Krauszetal., 1995). The oc-
currence of poor [Ca®*]; responses to agonists of CatSper and to mobil-
ization of stored Ca*" is related to IVF fertilization rates (Alasmari et al.,
2013a). Release of stored Ca®* is more potent than CatSper activation in
inducing HA and secondary release of stored Ca®", downstream of
CatSper activation, is likely to be required for HA (Alasmari et al.,
2013a). In summary, the clinical data indicate that defects in [Ca®*]; sig-
nalling do occur and that these affect IVF fertilizing capacity.

Significant functional differences between the spermatozoa of mice
and men, including regulation of motility by Ca**-signalling (Alasmari
et al., 2013b), are such that findings cannot simply be applied to
humans. Equivalent human studies rely upon the identification of
‘natural knockouts’, subfertile men with specific lesions of key genes.
However, case reports of CatSper genetic abnormalities are rare. Re-
cently, Smith et al. (2013) showed that sperm from a CatSper 2 deficient
man had no progesterone potentiated CatSper current; consistent with
the idea that CatSper is the primary channel responsible for Ca*" influx.
However, there was no information on the Ca*" influx induced by pro-
gesterone. Further, the semen samples in this study had multiple abnor-
malities suggesting defects at additional loci and multiple suboptimal
functional responses in the spermatozoon (Avidan et al., 2003; Zhang
etal., 2007; Avenarius et al., 2009; Bhilawadikar et al., 2013). Though im-
portant, these studies do not establish either that the specific cause of
infertility in these men was failure of CatSper or that inactivation of
CatSper is sufficient to prevent/reduce fertilization in humans. Further-
more, they raise the possibility that loss of CatSper function affects
spermatogenesis in humans, which would greatly reduce the potential
suitability of CatSper as a male contraceptive target (Ren et al., 2001).

Therefore, the primary objective of this study was to examine whether
significant abnormalities of CatSper function can be identified in IVF
patients and assess their functional significance.
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Materials and Methods

Experimental design

Abnormalities in CatSper current can only directly be assessed using electro-
physiology; however, this is a low-throughput technique. Therefore, to iden-
tify men with potential CatSper abnormalities for electrophysiology, we
devised a combination of screening methods to examine calcium signalling.
The primary assay was the Ca*" influx induced by progesterone followed
by penetration into viscous media and HA (Alasmari et al., 2013a,b). In
total 134 IVF patients, 28 donors and 10 patients recalled due to a history
of low/failed fertilization at IVF took part in the study. The focus was exam-
ination of Ca*" influx but samples were allocated to the other assays if cell
number was sufficient. Samples showing a defective Ca®" influx response
were further examined in order to characterize the potential CatSper abnor-
malities. Direct assessment of CatSper was performed using electrophysi-
ology where a consistent and robust failure of calcium signalling (i.e.
repeatable in more than one semen sample) was found (Supplementary
Fig. S1).

Patient and donor numbers

Ofthe 134 IVF patients, |02 were screened for calcium response to proges-
terone, 66 for 4-aminopyridine (4-AP)-induced HA and | 6 for penetration of
viscous medium. A total of | || of these patients fertilized at IVF (average
78.6 + 22% (1 SD)), while 9 patients had total failed fertilization, 8 had less
than 4 oocytes retrieved and for 6 there were no fertilization data available.

Ofthe 28 donors, 23 provided one or more samples (34 ejaculates in total)
for the Ca®" response to progesterone, 35 ejaculates for the 4-AP-induced
HA assay and |8 ejaculates for the viscous media penetration test.

All of the 10 recall patients were screened for Ca®* response to proges-
terone and one was screened for 4-AP-induced HA and viscous medium
penetration.

Ethical approval and subjects

Written informed consent was obtained from three groups: (i) patients (sub-
fertile men who underwent assisted reproduction techniques in Ninewells
Hospital, Dundee, Scotland); (i) sperm donors (selected with no known fer-
tility problems and normal semen parameters) (Cooper et al., 2010); (iii)
patients with a history of failed/low fertilization at IVF. Men were recruited
in accordance with the Human Fertilisation and Embryology Authority
Code of Practice (version 8) under local ethical approval (13/ES/0091)
from the Tayside Committee of Medical Research Ethics B.

Semen samples

Samples from donors and patients were used as previously described (Tardif
et al., 2014). Patients were selected for IVF according to clinical indications
and semen quality: e.g. normal sperm concentration and motility (Cooper
et al, 2010) and ~ | x 10° progressively motile cells post-preparation.
The surplus of the clinical sample used in the IVF treatment process was
assessed for intracellular Ca>* and where possible HA and penetration
into viscous media.

Media and preparation

Commercially available Quinn’s Advantage Fertilization Medium (HTF) plus
5% human serum albumin (HSA) and Quinn’s Sperm Washing Medium (SW)
were used to prepare and capacitate sperm. Non-capacitating HEPES-
buffered media (NCM) lacking in both albumin and bicarbonate (4.69 mM
KCl, 2.04mM CaCl,, 02mM MgSO4 97.8mM NaCl, 2.78 mM
D-Glucose, 0.33 mM Na pyruvate, 21.4 mM lactic acid and 21 mM HEPES,

~280 mOsm/kg H,O, adjusted to pH 7.4 using 10 M NaOH) was used
for sample re-suspension in the FLUOstar.

Spermatozoa were isolated by density gradient centrifugation (DGC) using
Percoll/PureSperm diluted with SW for donors/patients respectively. After
centrifugation (300g, 20 min), the supernatant was discarded and pellet was
washed (500gfor 10 min), resuspended in HTF, and incubated fora minimum
of 2 hat37°Cin 5% CO,.

Agonists and reagents

Ca*" signalling was manipulated using progesterone (Lishko et al., 201 1;
Alasmari et al., 2013a) and 4-AP) (Bedu-Addo et al., 2008). Reagents were
purchased from Sigma Aldrich unless otherwise stated. 4-AP and progester-
one were dissolved in distilled water and ethanol, respectively. Fura-2 acet-
oxymethyl ester (Fura-2/AM) (Molecular Probes, Invitrogen, Oregon,
USA) was dissolved in dimethylsulphoxide (final concentration of | wM).

. 2+
Measurement of intracellular Ca

Approximately 4 million cells were prepared and assessed as previously
described using a FLUOstar microplate reader (BMG Labtech Offenburg,
Germany) (Alasmari et al., 2013a) with minor modifications encompassing
use of 0.05% Pluronic acid FI27 and manganese chloride (9.1 mM).
Progesterone-induced increments in the ratio of emission intensities (at
340 and 380 excitation) were used to quantify changes in [Ca>*]; concentra-
tion (Alasmarietal., 2013a,b). After adjustment for background fluorescence
normalization was achieved by dividing each ratio value at time point x (Rx)
by the mean fluorescence ratio value taken from hundreds of basal fluores-
cence ratio readings (Rbasal).

Assessment of HA and motility

A Hamilton Thorne CEROS computeraided sperm analysis (CASA) machine
(Beverley, MA, USA) was used to assess motility for semen and prepared
sperm samples (as described in Supplementary Table SI) (Alasmari et al.,
2013a,b). Sperm were treated with 4-AP at a final concentration of 2 mM,
and the percentage of hyperactivated cells was assessed (Mortimer et al.,
1998).

Penetration into viscous media

This was performed as previously described (lvic et al., 2002; Alasmari et al.,
2013b). Methylcellulose solution was created usinga | % w/v methylcellulose
in HTF media supplemented with 5% HSA. Methylcellulose solution was
introduced into capillary tubes by capillary action (Vitrotubes™, Rectangle
Capillaries 0.4 mm x 400 mm, VitroCom, New Jersey, USA). Prepared
sperm were adjusted to ~10-20 x 107¢/ml before 3.6 LM progester-
one/vehicle were added to the aliquots. Following | h incubation at 37°C
and 5% CO,, cellnumbers at | and 2 cm were normalized to values from par-
allel, untreated controls (C/C, V/C and P/C, where C = number of cells
under control conditions, V = under vehicle controls and P = after treat-
ment with progesterone).

Definition of failed HA and Ca** responses
among donors and sub-fertile patients

A failed HA response was recorded when agonist stimulation did not induce
a significant change in the percentage of hyperactivated cells compared
with control (basal) level (assessed by paired two-tailed Student’s t-test,
P < 0.05). To define a defective Ca®" response to progesterone, the 99%
confidence interval was determined from the distribution of response
amplitudes in 34 ejaculates from 23 normozoospermic donors: <0.41 and
>4 .85 delta response upon addition of progesterone.
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Fertilization rate at IVF

Oocytes were considered normally fertilized when two pronuclei (2PN) and
two polar bodies were observed. In IVF, the fertilization rate was calculated
from the number of oocytes normally fertilized divided by the total number of
inseminated oocytes. The fertilization rate was calculated where four or
more mature oocytes (metaphase Il) were present. Low fertilization was
defined where <30% of four or more metaphase Il oocytes were normally
fertilized.

Sperm preparation for electrophysiology

Sperm were prepared, for electrophysiology using a swim-up procedure into
HTF as previously described (Lishko et al., 2013; Mansell et al., 2014). The
cells were re-suspended in capacitating media and maintained at 37°C for
4 h (5% CO,). Capacitated cells were transferred into petri dishes at room
temperature containing standard bath solution in order to allow cells to
adhere to glass coverslips. Coverslips were transferred into a perfusion
chamber and perfused with standard bath solution until whole-cell con-
figuration was achieved. The biophysical properties of individual sperm
were recorded under whole-cell conditions (Lishko et al., 201 1; Mansell
et al., 2014) using borosilicate glass pipettes (10— 15 MOhms) filled with
Cs*-based divalent free solution. Gigaohm seals were formed on cyto-
plasmic droplets or on the midpiece region. Break in was achieved via light
suction and | ms voltage pulses (450—610 mV). Flagellar beating was
observed in all cells selected. In order to record CatSper, currents were
recorded in Cs*-based divalent free extracellular solution evoked by a de-
polarizing ramp protocol imposed (—80 to 80 mV) over 2 s and membrane
potential (Vm) was held at 0 mV between test pulses.

Experimental solutions

All concentrations are in mM. Synthetic human tubular fluid (HTF): NaCl,
97.8; KCl, 4.69; MgSOy; 0.2; CaCl,, 2.04; HEPES, 2I; Glucose, 2.78;
Na-lactate 21.4; Na-pyruvate, 0.33; pH adjusted to 7.4 with NaOH. Capaci-
tating medium: NaCl, 135; KCl, 5, MgSQO,, CaCl,, 2; HEPES, 20; Glucose, 5;
Lactic acid, 10; Na-Pyruvate, |; NaHCOs, 25; fetal bovine serum, 20%; pH
adjusted to 7.4 with NaOH. Standard bath solution: NaCl, 135; KCl, 5;
CaCly, 2; MgSQOy4, |; HEPES, 20; Glucose, 5; Na Pyruvate, |; Na lactate, 10;
pH adjusted to 7.4 with NaOH which brought [Na] to 154 mM. Non-
selective cation currents flowing via spermatozoon cation channels
(CatSper) were quantified using pipette (Cs-methanesulphonate, 130;
HEPES, 40; Tris—HCI, I; EGTA, 3; EDTA, 2 mM, pH adjusted to 7.4 with
CsOH) and bath (Cs-methanesulphonate, 140; HEPES, 40; EGTA, 3; pH
adjusted to 7.4 with CsOH) solutions devoid of Ca>* and Mg?** that con-
tained Cs™ as the principal cation.

Genetic screening for mutations in CatSper
Complex loci

Blood samples were obtained from Patient | and processed for Exome se-
quencing (Centrillion Biosciences, Palo Alto, USA). Samples were selected
using Agilent SureSelect Human all Exon v5-5IMb kit and yielded .83
Gbase, giving a raw coverage of 36X. Coverage for the CatSper Complex
loci (CatSper 1-4, CatSperB, CatSperG and CatSperD) was verified.
Sequences were mapped to human genome and sequences overlapping
the loci of interest (Supplementary Table SIl) were extracted and realigned
using Geneious version 8.1.4 (http://www.geneious.com) and polymorph-
isms identified and manually verified.

Statistical analysis

Normality of data was assessed according to the Shapiro—Wilk test. Statis-
tical comparisons for the viscous penetration test and induced HA were

made using paired two-tailed Student’s t-tests or the analysis of variance if
the data were either originally normally distributed or normalized after trans-
formation by arcsin or square root. To define a cut-off value for a failed Ca**
response, the data were log transformed and cut-off values were calculated
based on mean and SD (Alasmari et al., 2013a). Unpaired t-tests were per-
formed on currents obtained from whole-cell patch clamp. P < 0.05 was
considered significant. The statistical package Prism GraphPad (La Jolla,
CA, USA) was used.

Results

In total, 134 IVF patients, 28 donors and |10 patients recalled for assess-
ment due to failed/low fertilization at IVF were included in the study.
Patients and donors were screened using one or more of the three tech-
niques depending on sample quality: Ca®* response, HA and the viscous
media assay.

Screening of IVF patients and donors for Ca?*
influx induced by progesterone

The majority of IVF patients (101/102;99%) and donors (22/23; 95.7%)
exhibited a biphasic [Ca”]i response as previously described (Alasmari
et al, 2013a). The [Ca“]i transient amplitude was similar in cells from
donors and patients attending for IVF treatment (Fig. |A; donors =
257 +£0.68 [n=34 ejaculates from 23 different donors], IVF
patients = 2.66 + 0.68 [n = 102 patients], P = 0.63) but the plateau
phase of the [Ca>"]; response was greater in IVF patients (P = 0.003).
In total, 9/10 patients with previous low/failed fertilization at IVF
showed a normal Ca>* response.

Screening of IVF patients for HA

IVF patient samples had significantly lower basal HA than donors (Fig. | B
andC, P < 0.05,IVFn = 66, donorn = 35). Treatment with2 mM4-AP
robustly and significantly increased HA for both IVF patients and donors
(P<0.001).

Screening of IVF patients in the viscous media
assay

Sperm from donors and IVF patients (15/18 donors [83%], 13/16 IVF
patients [81%]) responded to progesterone with an increase in cell
numbers at | cm (P < 0.05, Fig. 1D and E).

Identification of defective Ca2* influx induced
by progesterone

Three individuals had spermatozoa that were unable to respond to pro-
gesterone. One was from the group of 10 patients recalled due to a pre-
vious low/failed fertilization at IVF (Patient 1), one was a patient
undergoing IVF treatment (Patient 2) and one was a donor (Donor ).
In each case, diagnostic semen analysis was normal (Supplementary
Table SI).

Patient |

Patient | had one previous cycle of IVF that resulted in a total fertilization
failure for all nine oocytes retrieved. Consequently he was recalled for
furtheranalysis and provided a sample for research. He had a subsequent
cycle of ICSI where 5/6 oocytes fertilized (83.3% fertilization rate).
Female age was 39 years with an anti-Mullerian hormone (AMH) of
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Figure | Calcium response to progesterone, hyperactivation in response to 4-AP and penetration into viscous media for spermatozoa from donors and
IVF patients. (A) Peak calcium response to progesterone (progesterone addition indicated by the arrow) was not significantly different between donors and
IVF patients (donorn = 34 ejaculates from 23 different donors, IVFn = 102), however, the plateau phase response (mean of the last |2 s of recording) was
(donor versus IVF peak calcium response to progesterone, P = 0.003, Student’s unpaired t-test). (B and C) 4-aminopyridine (4-AP) significantly increased
hyperactivation (HA) in spermatozoa from both donors and IVF patients (P < 0.00| versus control, Student’s paired t-test). HA assay donorn = 35, IVF
n = 66. (D and E) Penetration into viscous media was higher after stimulation with progesterone for both donors and IVF patients (progesterone versus
control, donorn = 18, P < 0.05; IVFn = 16, P < 0.05, one-way analysis of variance). Asterisk denotes statistical significance at the P < 0.05 level.

10 pmol/I. Semen analysis was normal (concentration of 66 x 10°/ml - in the viscous media assay (Fig. 2D). Stimulation of capacitated cells with
and motility of 60%, Supplementary Table SI). - 4-APinduced a significant increase in HA (P < 0.001, Fig. 2B).
Inthefirstsample, the spermatozoa were unable to produce a Ca* influx Another sample submitted 7 weeks later showed the same result
induced by progesterone (Fig. 2A), though donor sperm tested at the same  ©  (Fig. 2A shows the average trace from four assays, two aliquots from the
time and underidentical conditions (positive control) gave a normal biphasic initial sample and two from second) and thus the cells were studied using

response. Furthermore, there was an abnormal response to progesterone :  patch clamp electrophysiology (see below).
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Figure 2 Calcium response to progesterone, hyperactivation in response to 4-AP and penetration into viscous media for spermatozoa from Patients |
and 2. (A) The spermatozoa from Patient | and 2 showed no significant calcium response to progesterone (compared with representative average donor
trace, as seenin Fig. | A). Patient | trace shows an average of four different aliquots from two ejaculates separated by 7 weeks; Patient 2 trace shows analysis
of one sample on the day of IVF treatment. (B and C) 4-AP induced an increase in HA in the spermatozoa from Patient | (P < 0.001) and Patient 2 (4-AP
versus control, P=0.01, Student’s paired t-test). (D and E) Spermatozoa from Patients | and 2 showed no significant enhancement in penetration into

viscous media when stimulated with progesterone.

Patient 2

On the day of IVF treatment, prepared spermatozoa had a concentration
of 20 x 10°/ml with a total motility of 87% (Supplementary Table SI).
However, as with Patient |, exposure to progesterone elicited no
[Ca®*]: response or stimulation in the viscous media penetration test
(Fig. 2A and E). Additionally, similarly to Patient |, the spermatozoa
were able to significantly hyperactivate when exposed to 2 mM 4-AP
(P=0.01) (Fig. 2C). All nine oocytes inseminated by IVF failed to fertilize.
Female age was 24 years, with an AMH of 8 pmol/I.

Patient 2 returned for ICSl| treatment 7 months later. Three out of five
oocytes normally fertilized. Analysis of this sample showed that treat-
ment with progesterone induced both a [Ca®"]; signal and a significant
response in the viscous media penetration test (data not shown). There-
fore, Patient 2 was not recalled for further analysis for electrophysiology.

Donor |

Donor | was a healthy young male who had never contributed to a preg-
nancy. Two semen analyses showed an average sperm concentration of
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109 x 10%/mlwith atotal motility of 69%. In the initial sample, the sperm

were unable to produce a [Ca®>"]; response to progesterone (Supple-
mentary Fig. S2A) and were not able to respond to progesterone in
the viscous media assay (Supplementary Fig. S2D): an outcome similar
to that of Patient | and the first sample provided by Patient
2. However, the spermatozoa were able to produce a significant HA re-
sponse when treated with 4-AP (Supplementary Fig. S2B, P = 0.0112).
Donor | produced another sample | week after the initial sample.
Spermatozoa from the second sample showed a clear [Ca>*]; response
when stimulated with progesterone (Supplementary Fig. S2A) and signifi-
cant HA when stimulated with 4-AP (Supplementary Fig. S2C), but failed
to respond to progesterone in the viscous media assay (Supplementary
Fig. S2E). Therefore, Donor | was not recalled for further study for elec-
trophysiology.

Electrophysiology

CatSper has typically been characterized under monovalent conditions
(Lishko et al., 201 |; Smith et al., 2013); therefore Cs-based divalent
free solutions were used to examine CatSper channel function.
CatSper currents (Icaesper) Were robust in sperm from donors with a
maximum outward current of 204.6 + 7.7 pA/pF (Fig. 3). In contrast,
Icatsper Was essentially absent in sperm from Patient | with the maximum
current (4.0 + 0.4 pA/pF) being significantly lower (P < 0.01).

Genetic analysis

In mice all seven members of the CatSper Complex (CatSpera(|-4),
CatSperf, vy & 8) are required for functional expression. Assuming a
similar requirement in human would suggest that a genetic lesion in any
single gene could result in the absence of CatSper conductance.
Exome sequence for Patient | was analysed for the presence of single nu-
cleotide polymorphism variants and in/dels. This analysis revealed no
evidence for loss of function mutations in any of the CatSper Complex
loci (Supplementary Table SIl). We further analysed a set of genes
which, based on mouse genetics, would lead to fertilization failure

300 —— Donors (n=7)
—— Patient 1 (n=3)
2004
%
S,
3 100
-100 Fi -50 50 100
Vm (mV,
-100 - (V)

Figure 3 Whole-cell patch clamp recordings from spermatozoa from
Donors and Patient |. CatSper currents are absent from spermatozoa
from Patient |. Current—voltage relationship recorded under
Cs-based divalent free conditions from spermatozoa from Patient |
(n = 3). Capacitated donor data are also shown (n = 7). Current is
measured in picoamps per picofarad, to normalize for variation in cap-
acitance between cells. Error bars represent standard error of the mean

(SEM).

without affecting spermatogenesis. Again no loss of function mutation
was observed (Supplementary Table SII).

Discussion

In previous studies genetic analysis has identified mutations in the genes
coding for proteins of the CatSper channel. In humans, these abnormal-
ities occur in association with other phenotypic abnormalities (Avidan
et al., 2003; Avenarius et al., 2009; Hildebrand et al., 2010; Jaiswal
et al., 2014). Analysis of CatSper currents has been undertaken in only
one of these cases (Smith et al., 2013) where there was a 70 kb deletion
which spans four loci, CATSPER2, Stereocilin, CKMT | and KIAA0377
(Avidanetal., 2003). Deletion of these additional loci may explain the ob-
servation that, in addition to failure of CatSper currents, semen from this
man was grossly abnormal thus making it unclear if the spermatogenesis
defect was due to a loss of CATSPER?2 or one of the other 3 loci. In the
current study we have screened for functional deficiencies consistent
with putative defects of CatSper function in men with normal semen
parameters attending for IVF treatment. Our data support the conclu-
sion that loss of CatSper conductance is rare, may occur independently
of abnormalities associated with spermatogenesis and, importantly, has
functional significance.

The data described here and previously (Alasmari et al., 201 3a) show
that, on average, sperm from IVF patients responded similarly to donors.
There was no significant difference between the groups for (i) Ca**
responses to activation of CatSper or (ii) performance in penetration
in the viscous media assay (artificial mucus) under control conditions
and when stimulated with progesterone. However, samples from
three of the men studied (two IVF patients and one donor) combined
normal semen parameters with striking CatSper functional abnormal-
ities. Motility parameters, including HA, were normal (and stable for
up to 6 h) as was penetration of the sperm into viscous media in the
absence of progesterone. However, these sperm failed to respond to ac-
tivation of CatSper by progesterone (Lishko et al., 201 |; Striinker et al.,
2011) either with elevation of [Ca?*]; or a functional response in the
viscous media penetration test, which is via activation of CatSper (Alas-
marietal., 2013b). Samples from two of these men were also used for [IVF
and both showed complete failure to fertilize. In contrast, only 14/111
patient samples that had a normal progesterone-induced [Ca2+]i re-
sponse (including 9 who previously achieved low/failed fertilization at
IVF) failed to fertilize. This is a clear significant difference (P < 5%10™%;
Chi square contingency test) strongly supporting the concept that func-
tional failure of CatSper (progesterone induced [Ca”]i) is sufficient to
compromise fertility of human sperm, although such defects are rare.
Furthermore, the ‘stable’ loss of CatSper function (see below) was not
associated with poor semen characteristics. This is in contrast to the
mouse phenotype and suggests that the roles of the CatSper complex
in normal physiology differ between mouse and human.

Two of the men whose sperm failed to respond to progesterone
(Patient 2 and Donor |) provided further samples (interval of | week
for Donor | and 7 months for Patient 2) that gave [Ca’"]; responses
upon stimulation with progesterone (e.g. Supplementary Fig. S2c). The
assumption is that these men, therefore, have no CatSper genetic
lesions. However, sperm from Patient | consistently failed to respond
to stimulation with progesterone in two samples, and electrophysiologic-
al study confirmed the absence of CatSper currents. This suggests the
presence of a consistent functional lesion of CatSper in Patient | that
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was aetiologically distinct to that seen in Patient 2 and Donor | . The most
obvious candidate is a genetic alteration. However, no candidate muta-
tions in the CatSper complexes were observed.

Previous analysis of the impact of CatSper loss has been in patients
with deletions in multiple loci. This resulted in diverse defects in the
spermatozoa raising the question of whether CatSper function is
required for normal spermatogenesis (Avidan et al., 2003; Smith et al.,
2013). In contrast, our data suggest that spermatogenesis is normal in
men where CatSperfunction cannotbe detected in ejaculated spermato-
zoa. Together with the observation that loss of CatSper activity may be
transient (Patient 2 and Donor 1), this further emphasizes the potential of
CatSper interruption as a feasible target for contraception.

The absence of any overt genetic abnormality in Patient | together
with the transient phenotype in Patient 2 and Donor | suggests a
defect(s) in testicular and/or epididymal sperm maturation and/or
potential processing in the mature cell. However, although impaired
localization and/or assembly of the CatSper complex is one explanation
for loss of function, detailed proteomic studies combined with high
quality co-localization and imaging (Chung et al., 2014) would be
required to address this.

In this study, and that of Alasmari, the number of men whose partners
had IVFand thus had normal semen profiles (concentration and motility)
yet defective Ca*" influx induced by progesterone was small (1%
and 0%) respectively. Similarly, in the |10 patients with a history of
fertilization failure/low fertilization at IVF only one showed a defective
[Ca®™]; response (Patient 1). Although these findings indicate that
CatSper defects are not a common cause of fertilization failure/
reduced success, there are caveats to this conclusion. Firstly, since
samples from 22% of IVF patients could not be screened (due to prac-
tical, technical and/or logistical reasons) the incidence of significant
abnormalities might be underestimated. Secondly, the strict definition
of a defective Ca>" influx used is such that only substantial abnormal
responses were selected for further study. Electrophysiological analysis
was performed on Patient | with a clear and consistent defect and the
sperm from this man showed negligible CatSper current. However,
more subtle abnormalities of CatSper function, for example significantly
reduced but not absent current, may occur and have some biological
significance.

Ourstudies also shed light on the link between the CatSper complex
and the regulation of HA. We demonstrated that 4-AP enhanced HA in
sperm from Patient |, who consistently showed failure of progester-
one-induced [Ca**]i elevation and was null for CatSper current. The
progesterone-insensitive sample from Patient 2 also responded to
4-AP with an increase in HA. This is consistent with a model for regu-
lation of HA in which the Ca** stored at the sperm neck s pivotal to HA
induction and CatSper-mediated Ca*" influx in the flagellum acts as a
trigger for mobilization of this store (Alasmarietal., 2013a,b). Mobiliza-
tion of stored Ca>* in mouse sperm null for CatSper has also been
shown to induce HA (Marquez et al., 2007). Intriguingly, this suggests
that pharmacological mobilization of stored Ca>" can bypass failure
due to impaired function or regulation of CatSper. Further investiga-
tions into the role of calcium response to progesterone and CatSper
function, and their relationship to fertilization rate in IVF, should
include the use of single-cell Ca>* imaging. This would enable a high
resolution investigation into the diverse cellular responses between
individuals, and could provide further insight into Ca>" signalling
dysfunction.

We conclude that, in IVF patients, a total lack of CatSper current is
rare, functionally significant and does not necessarily involve mutation
in the CatSper gene complex.

Supplementary data

Supplementary data are available at http://humrep.oxfordjournals.org/.
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Evaluation and treatment of familial
globozoospermia in five brothers
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Kingdom

Objective: To document the pathology of five siblings with complete globozoospermia and to report the
effectiveness of repeated intracytoplasmic sperm injection (ICSI) treatment as therapy.

Design: Case report.
Setting: A tertiary center for assisted reproduction.
Patients(s): Five siblings with globozoospermia.

Intervention(s): Twenty cycles of repeated ICSI treatment. Detailed light and electron microscopy studies
were performed on three of the globozoospermic brothers.

Main Outcome Measure(s): Clinical pregnancy and live birth after ICSI treatment.

Result(s): Light and electron microscopy showed that all spermatozoa had round heads and no acrosome. Of
129 metaphase-1I oocytes injected, 49 fertilized normally, giving an overall fertilization rate of 38% (range,
0-100%). No pregnancies resulted from 13 cycles in brothers 1-3. Brothers 4 and 5 had three pregnancies
after seven ICSI cycles, with one live birth and two first-trimester losses.

Conclusion(s): Despite variable fertilization rates, pregnancies and a live birth can be achieved after repeated
ICSI treatment cycles in globozoospermic siblings. No apparent pattern was manifest that reflected the true
pathology or determined the outcome of ICSI treatment. (Fertil Steril® 2004;82:1436-9. ©2004 by American
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Globozoospermia (round-headed spermato-
zoa) is a well-known but very rare condition. It
was previously thought to be a sterilizing pa-
thology, but fertilization and pregnancies can
be achieved with intracytoplasmic sperm injec-
tion (ICSI); however, the success rates are gen-
erally very low (1-3). Because it is a rare
condition, relatively little is known about its
etiology. Globozoospermia is certainly not a
single pathology, given that different men with
the condition can show a wide spectrum of
effects (4). For example, some men show a
very high level of sperm aneuploidy (5),
whereas others do not (6).

Some reports describe clear abnormalities in
the nucleus, presumably in chromatin packag-
ing (7), though at least one report shows levels
of DNA damage and chromatin packaging to
be within normal limits (8). Many men with

globozoospermia have almost normal sperm
concentrations, with a relatively high propor-
tion of motile spermatozoa. However, sperm—
egg interaction studies suggest abnormalities in
sperm binding to the egg vestments, though
decondensation seems to be normal (9). It has
been suggested that spermatozoa from globo-
zoospermic men lack the putative oocyte-
activating factor, but because repeat ICSI
without specific oocyte activation results in
conception, the relevance of this is unknown
(2). The variety in pathology might reflect
the different underlying causes, which might
manifest themselves in the varying success
rates with ICSI.

In this report, we present a family of 10
siblings in which globozoospermia was a
uniquely prevalent phenotype. In this family,
two sisters and three brothers were naturally



fertile, but five siblings were infertile because of complete
globozoospermia. Our aim was first to document the pathol-
ogy of the siblings with globozoospermia, thereby making a
contribution to the description of this abnormality, and sec-
ond to report the achievement of pregnancies with repeated
ICSI treatment.

CASE REPORT

In this family of 10 siblings, two sisters and three brothers
were naturally fertile. Five brothers had primary infertility
and were referred for assisted conception at the Farah Hos-
pital, Amman, Jordan, for ICSI. The average duration of
infertility was 10.8 years (range, 3—15 years); the average
age for male partners was 32.6 years (range, 27—-41 years)
and for female partners was 28 years (range, 19-36 years).
There were no reports of a history of infertility in the
immediate family. There were no consanguineous marriages,
except that the grandfather and grandmother of the siblings
were first-degree cousins. All the married cousins were nat-
urally fertile. None of the men reported any exposure to
potentially toxic chemicals, radiation, or other potential en-
vironmental factors that might have adversely affect fertility.
Local ethical approval from the Farah Hospital was obtained
for this study.

On physical examination, both the men and women were
found to have normal health. Based on semen analysis
(World Health Organization 1999) (10), median semen char-
acteristics were as follows: volume 3.3 mL (range, 1-4 mL),
concentration 22 X 10%mL (range, 5-60 X 10°mL), pro-
gressive motility 30% (range, 7%—60%), and semen mor-
phology revealed a diagnosis of globozoospermia in all five
men. Globozoospermia was diagnosed when all (100%) of
the spermatozoa had round heads and the result was con-
firmed by two different embryologists. A normal peripheral
blood leucocytes karyotype (XY) was obtained for four
brothers diagnosed with globozoospermia (brothers 1-4)
and for the three fertile brothers, as well as for the father of
all siblings.

Three of the brothers with globozoospermia agreed to
provide a semen sample for research (brothers 1-3); three of
their fertile siblings also provided semen samples. The sam-
ples were collected and cryopreserved in sperm-freezing
media (Medi-Cult, Copenhagen, Denmark) at the Farah Hos-
pital Jordan and transported to The University of Birming-
ham, United Kingdom for further analysis.

Light Microscopy for the Presence of an
Acrosome

The acrosomal status of the spermatozoa was evaluated
with an indirect immunofluorescence technique with a
monoclonal antibody (designated mAb 18.6), as described
previously (11). An acrosome was present in the spermato-
zoa from the fertile brothers (median, 66%; range, 50%—72%

FERTILITY & STERILITY®

intact acrosome), but no acrosomes were observed in the
globozoospermic brothers (brothers 1-3).

Transmission Electron Microscopy

Cryopreserved semen samples were thawed, processed,
stained (with 30% methanolic uranyl acetate and Reynold’s
lead citrate) and then visualized on a JOEL JEM-1200EX
electron microscope (MA) (12). Qualitative transmission
electron microscopy showed a variety of shapes of sperma-
tozoa in the three globozoospermic brothers, with almost all
of the spermatozoa having round heads. Very occasionally, a
cell more like an elongating spermatid was observed. No
acrosomes were seen, but in a small number of cells, rem-
nants of what seemed to be acrosomal membranes were
observed. From this qualitative examination, the pathology
seemed to be very similar in each brother. Qualitative trans-
mission electron microscopy of the three samples from the
fertile brothers showed no differences from a series of fertile
control samples (cryopreserved sperm from donors in our
unit).

Controlled Ovarian Stimulation, ICSI, and ET

Ovarian stimulation cycles were carried out with either a
short or long protocol (2). Sperm and oocytes were prepared
for ICSI according to standardized procedures (2). Fertilized
oocytes with two pronuclei (2PN) were classified as normal.
Embryos were graded for quality according to four classifi-
cations adapted from Dokras et al. (13). Embryo transfers
were performed 2 days after oocyte retrieval. Oral progestin
was given for luteal-phase support. Pregnancy was con-
firmed by ultrasonic diagnoses of fetal sac(s) and the pres-
ence of fetal heart activity.

A total of 20 ICSI treatment cycles for the five globozo-
ospermic brothers were carried out and are summarized in
Table 1. The overall fertilization rate was 38% (range,
0-100%). In two treatment cycles no normal fertilization
(2PN) was recorded. Thirty-two percent of the embryos were
classified as grade 1 (17 of 47). The overall implantation rate
was 6% (3 of 44), with a pregnancy rate of 15% per cycle
started (3 of 20).

There seemed to be no clear pattern in fertilization or
pregnancy success. For example, in brother 4 a pregnancy
occurred in a cycle in which 12 mature oocytes were injected
and only 1 oocyte fertilized normally. Brother 5 produced
two pregnancies, but only one of them went to term. How-
ever, there were no pregnancies from 13 cycles with sperm
from brothers 1-3.

DISCUSSION

This case report presents the clinical and pathologic de-
tails of a unique family, in which the majority of the male
siblings had globozoospermia. This is the only clinical report
of treatment outcomes in five siblings with complete globo-
zoospermia. The primary finding is that pregnancies can be
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ICSI treatment for five brothers with complete globozoospermia.

No. of
metaphase No. of
Cycle II eggs Fertilization embryos Pregnancy Live
order injected 2PN rate (%) transferred (fetal heart) birth
Brother 1 1 3 1 33 1 - -
2 8 0 0 0 - -
3 12 4 33 4 - -
4 10 4 40 4 - -
5 8 2 25 2 - -
6 6 3 50 3 - -
Brother 2 1 8 6 75 4 - -
2 7 2 28 2 - -
3 10 3 30 2 - -
Brother 3 1 2 2 100 2 - -
2 3 1 33 1 - -
3 1 0 0 0 -
4 1 1 100 1 - -
Brother 4 1 4 2 50 2 - =
2 10 3 30 3 - -
3 12 1 8 1 + @
Brother 5 1 9 6 66 5 + +
2 2 2 100 2 - -
3 6 4 66 3 + @
4 7 2 28 2 -

# First-trimester loss.

Kilani. Five brothers with complete globozoospermia. Fertil Steril 2004.

achieved with repeated ICSI treatment cycles, even when
failure is observed in the first cycle.

It is important in studies such as this to correctly identify
cases of globozoospermia. In our study, globozoospermia
was diagnosed when all (100%) of the spermatozoa exam-
ined on a wet preparation had round heads. The diagnosis
was confirmed by transmission electron microscopy. Unfor-
tunately, multiple samples were not available from every
sibling, and therefore we can only comment on the details of
the patients studied. We are confident of our diagnosis of
globozoospermia by light microscopy in brothers 4 and 5,
but of course we do not have transmission electron micros-
copy findings to determine whether the spectrum of pathol-
ogy is the same in brothers 4 and 5 as in brothers 1-3.

We used specific staining of the acrosome and electron
microscopy to obtain more information about the pathology.
There was little if any difference between affected siblings
(brothers 1-3), with no acrosomal staining, complete globo-
zoospermia, and in general a small proportion of spermato-
zoa with less-than-dense nuclear staining. Absence of an
acrosome is a very common feature of globozoospermia, but
there are varying reports of possible defects in nuclear ma-
terial (7, 8). There is clearly a wide spectrum of manifesta-
tions of globozoospermia, but the family in this study
seemed to be homogenous, at least according to the methods
we used.
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Brothers 1-3 had 13 cycles of ICSI with no pregnancies
and thus can be regarded as sterile. However, pregnancies
were observed from brothers 4 and 5. Because of the low
numbers, we do not know whether this represents a true
clinical difference. It is apparent that pregnancies can be
achieved with repeat attempts at ICSI, even if failure is
observed in the first attempt (Table 1). This supports other
observations in case report studies of globozoospermia (2, 3)
and underscores the need to offer repeated attempts at ICSI.

To date, there is no clear explanation for the underlying
cause(s) of globozoospermia. Although not a frequent ob-
servation, globozoospermia has been reported to occur
within families, thus suggesting a strong, unidentified ge-
netic component (14—17). However, even in such cases, the
siblings might show very significant differences. For exam-
ple, in a case study of two brothers with globozoospermia,
Carrell et al. (17) noted profound differences in cytoplasmic
organization, aneuploidy rates, and nuclear protein extracts.
In that family, four other brothers were believed to be fertile,
thus suggesting a possible environmental effect.

In our case report, no noticeable differences in sperm
morphology or ultrastructure between the samples from the
brothers were detected with light and electron microscopy.
In cases in which the data have been reported, men with
globozoospermia have been shown to have a normal karyo-
type, and thus gross structural chromosomal abnormalities
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have been ruled out (14, 17, 18). With no clear explanation
for the genetic causes of globozoospermia, the main question
is: what caused the globozoospermia in this family?

Currently, we can only speculate as to the cause. There
are some examples of mice with severe teratozoospermia,
which might provide clues to the genetic origin of globozo-
ospermia. For example, mice lacking the casein kinase II a1l
catalytic subunit are infertile and have a sperm morphology
similar (but not identical) to that manifested in globozo-
ospermia (19). However, to date no deletions or abnormal-
ities in expression of casein kinase II a1 catalytic subunit in
men with globozoospermia have been reported. Several
other knock-out mice have recently been reported to dem-
onstrate a phenotype similar to globozoospermia; for exam-
ple, Golgi-associated PDZ- and coiled-coil motif-containing
protein (20), Hrb (21). We await detailed genetic studies to
provide insight into the molecular basis of globozoospermia.

In conclusion, despite the variable fertilization success
rates, pregnancies and live birth can be achieved with re-
peated ICSI treatment cycles in globozoospermic siblings.
There were no apparent patterns in either fertilization or
clinical outcomes that reflected the true pathology or that
predicted the outcome of ICSI treatment.
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Objective: To determine the effectiveness of the in vivo administration of vitamin E as

treatment for reactive oxygen species—associated male infertility.
Setting: University-based center for reproductive medicine.
Design: Double-blind randomized placebo cross-over controlled trial.

Patients, Participants: Thirty healthy men with high levels of reactive oxygen species

generation in semen and a normal female partner.

Interventions: Patients were allocated to two groups according to the blinded randomization.

Each patient received either 600 mg/d of vitamin E (Ephynal, 300 mg tablets; F. Hoffman-La
Roche Ltd., Basle, Switzerland) (order A) or identical placebo tablets (order B) for 3 months.
Then after a 1-month wash-out period the patients were crossed-over to the other treatment.

Main Outcome Measures: Improvement in the in vitro function of the spermatozoa mea-
sured by conventional semen analysis, computerized motility assessment, determination of
reactive oxygen species generation, binding to the zona pellucida of the unfertilized human
oocyte in a competitive zona binding assay, development of hyperactivated motility (both sponta-
neous and in the presence of 20% of the natural agonist, human follicular fluid) and pregnancy.

Results: Rise in the blood serum vitamin E levels after treatment accompanied by improve-
ment in one of the sperm function tests: the zona binding assay. The zona binding ratio for
order A improved from 0.2 (range O to 0.5) before treatment to 0.5 (range 0.1 to 1.0) after
treatment, the corresponding values for order B were 0.2 (range 0 to 1.0) before treatment and
0.3 (range 0.1 to 0.7) after treatment.

Conclusion: Oral administration of vitamin E significantly improves the in vitro function of
human spermatozoa as assessed by the zona binding test. Fertil Steril 1995;64:825-31

Key Words: Male infertility, reactive oxygen species, in vivo treatment, vitamin E, sperm

function assessment.

Spermatozoal dysfunction is the single most com-
mon cause of infertility (1). It is therefore surprising
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that only a limited number of therapies are available
(2). To date there are few effective in vivo treatments
for male infertility with the exception of corticoste-
roid administration for antisperm antibodies (3). As-
sisted reproduction techniques such as in vitro
fertilization and donor insemination are the most
commonly used options.

It is clear that an effective rational treatment can
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2752153).
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be achieved only when the underlying cause of the
defect has been defined clearly. Recently, the genera-
tion of reactive oxygen species by the human ejacu-
late was identified as one of the major causes of
sperm dysfunction (4, 5). Further evidence in sup-
port of these observations was provided by a prospec-
tive study of 139 couples (6). This report demon-
strated that men with high levels of reactive oxygen
species generation had seven times less chance of
achieving a pregnancy compared with men with low
reactive oxygen species.

Interestingly, in vitro experiments (7, 8) using vi-
tamin E, one of the major membrane protectants
against reactive oxygen species and lipid peroxida-
tion (9), have shown a significant protection of the
spermatozoa from peroxidative damage, loss of mo-
tility and in high concentrations, enhancement of
the sperm performance in the hamster egg penetra-
tion assay. Although vitamin E has been used exten-
sively in vivo to treat a variety of conditions (10), its
potential in treating reactive oxygen species—associ-
ated male infertility has not been evaluated criti-
cally.

To assess the effect of vitamin E on the in vitro
and in vivo function of human spermatozoa and fer-
tility, we performed a randomized double-blind pla-
cebo cross-over controlled trial. We report here the
oral administration of a high dose of vitamin E (300
mg twice daily) as a treatment of a group of men
with a well-recognized, clearly defined cause of
sperm dysfunction: high levels of reactive oxygen
species generation in semen.

MATERIALS AND METHODS

Trial Design

The study was a randomized double-blind placebo
cross-over controlled trial. Vitamin E in the form of
a-tocopheryl acetate (Ephynal, 300 mg tablets; F.
Hoffman-La Roche Ltd., Basle, Switzerland) and
identical placebo tablets were used for the study.
The randomization was performed by the manufac-
turer, and the code was blind for the researchers and
patients. The code was broken at the end of the trial.
Patients were given either an oral dose of 300 mg
vitamin E twice daily for 3 months and then placebo
for a further 3 months (order A) or placebo for 3
months followed by vitamin E for 3 months (order
B). Three months was chosen to allow for a full sper-
matogenetic cycle. Between the two arms of the trial
there was 1-month wash-out period in both orders.
Because there is a paucity of conclusive data on the
kinetics of vitamin E in the reproductive tract, 1
month was estimated to be a safe time to avoid carry-
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over effect. Furthermore, we used appropriate statis-
tical methods to test for a carry-over effect. Oral
administration of vitamin E to human subjects at
doses as high as 3,200 mg/d has been reported to
have very few side effects and to be nontoxic (11).

Patient Selection And Screening Semen Sample
Analysis

Subjects for this trial were men attending the Uni-
versity Department of Obstetrics and Gynaecology,
Jessop Hospital for Women, Sheffield, United King-
dom, for semen analysis as part of infertility investi-
gations. Standard semen analysis was performed ac-
cording to the World Health Organization guidelines
(12) and included computerized motility assessment
(Hamilton Thorn, Beverly, MA) (13). Computerized
analysis of sperm motion generates information pre-
dictive of in vivo sperm function (13). Reactive oxy-
gen species generation was determined with a sim-
ple chemiluminescent method (7), which has been
shown to be highly predictive of in vitro sperm func-
tion and in vivo fertility (6). High levels of reactive
oxygen species generation in the unfractionated
gjaculate were defined as being greater than the
mean + 2 SD of the fertile population (Kessopoulou
E, Tomlinson MdJ, Pearson MJ, Barratt CLR, Cooke
ID, abstract). Men with detectable antisperm anti-
bodies in their semen, defined as >20% spermatozoa
with immunoglobulin (Ig) A and/or IgG surface-
bound antibodies (12) and a spermatozoal concentra-
tion in the ejaculate <5 X 10%mL were excluded
from the trial. The latter criterion was being set to
allow for adequate numbers of spermatozoa for anal-
ysis.

To maximize the chances of in vivo conception,
additional acceptance criteria were agreed on for the
female partner: [1] tubal patency assessed either by
hysterosalpingogram and/or diagnostic laparoscopy
and [2] ovulation (midluteal serum P > 5.66 ng/mL
[conversion factor to SI unit, 3.180]) either spontane-
ous or with the use of ovulation-induction drugs (13).
The couples were counseled by a clinician (M.J.P.,
K.K.S.) who explained the trial, in detail and partici-
pation in the trial was suggested to the male partner.
All patients gave informed consent and were free to
withdraw from the trial at any point. The trial was
approved by the South Sheffield Ethics Committee,
Sheffield, England.

Spermatozoa Function Assessment

Quality assurance for all the spermatozoa tests
performed in this study was obtained through a
standard internal quality control system applied
regularly to the individual test and equipment used

Fertility and Sterility



(14, 15). Each patient had four semen analyses, one
before commencing on each arm of the trial and one
on completion of the arm. Semen parameters were
examined as outlined for the screening semen
sample.

In addition, the function of spermatozoa isolated
on Percoll gradients (Sigma Chemical Company
Ltd., Dorset, United Kingdom) (16) was examined
using advanced tests (17) to determine whether the
treatment had any effect on the in vitro fertilizing
ability of the spermatozoa. This was the main aim
of our study because the duration of treatment was
not sufficient to allow for a large number of pregnan-
cies to occur (2).

The sperm function tests were as follows: binding
to the ZP of the unfertilized human oocyte in a com-
petitive zona binding assay and development of hyp-
eractivated motility (both spontaneous and in the
presence of 20% of the natural agonist, human follic-
ular fluid [FF]); a detailed description of the proto-
cols has been published (15, 18). The results of the
zona binding test are expressed as a ratio of patient
to control spermatozoa bound to the ZP of an unfer-
tilized, nonviable human oocyte; the mean ratio for
at least three zonae per test was calculated. These
tests have been shown to be of predictive value of
IVF success (17, 19). Internal controls for each test
were run on a daily basis and were performed using
spermatozoa from semen donors of proven fertility.
Test and control spermatozoa were treated in the
same way. Determination of reactive oxygen species
was performed in the unfractionated ejaculate (7)
and the Percoll generated fractions (16).

The levels of vitamin E were assessed in patients’
serum samples as an indication of body vitamin E
status. Venous blood was collected into uncoated
glass tubes and centrifuged for 10 minutes at 800
X g. Seminal plasma samples were obtained by cen-
trifuging an aliquot of semen (approximately 300 L)
within 1 hour of production for 10 minutes at 800
X g. The supernatants of both fluids were collected
in a dark room to prevent photodegradation of the
vitamin E content. The samples were stored at
—70°C until assayed (<2 years); previous studies
have shown the vitamin E content to be stable under
such conditions (20). Vitamin E levels in both fluids
was assessed by high performance liquid chromatog-
raphy (21). Vitamin E concentration in serum was
expressed as umol a-tocopherol/mmol cholesterol to
correct for fluctuations in the transport capacity of
serum for this vitamin.

Statistical Analysis

Statistical analysis was performed using the Sta-
tistical Package for the Social Sciences (SPSS) pack-
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age for Windows, release 6.0 (22). The Mann-Whit-
ney and Wilcoxon ranked nonparametric tests were
used to examine any significant differences between
groups and treatments (23). The level of significance
was P < 0.05. The data presented in the tables are
the baseline observations and treatment versus pla-
cebo differences for each of the two orders. Power
analysis was performed to determine the numbers
needed in the trial to observe significant improve-
ment in the in vitro and in vivo performance of hu-
man spermatozoa.

RESULTS

Thirty patients completed the trial over a period
of 2 years. These were allocated randomly as follows:
order A, vitamin E to placebo, (n = 15 patients) and
order B, placebo to vitamin E (n = 15 patients). The
clinical characteristics of the patients were for order
A (order B in parentheses): median male age 32 (31)
years (range, 26 to 49 [26 to 45]), median female age
34 (28) years (range, 25 to 37 [24 to 34]), and median
length of infertility 48 (30) months (range, 12 to 96
[12 to 76]). Primary infertility was a feature of 11
women for both orders while the remaining 4 women
of both orders were experiencing secondary infertil-
ity. There were no statistically significant differ-
ences for these characteristics between the two or-
ders at the point of entry in the trial.

The pretreatment semen sample parameters for
the two study orders are displayed in Table 1. There
were no significant differences in any of these pa-
rameters between the two orders. Overall the pa-
tients’ samples were characterized by low spermato-
zoa concentration and motility, although there was
a wide range for these characteristics.

Motile spermatozoa were recovered for 108 of 120
(90%) semen samples provided for the trial and for
these the advanced sperm function tests could be
performed. Analysis of the first semen sample re-
vealed that spermatozoa from samples with high re-
active oxygen species generation are characterized
by low percentages of spontaneous and induced hyp-
eractivation and a low zona binding ratio (Table 2).

With the single exception of the outcome of the
zona binding assay, no significant carry-over or or-
der-treatment interaction effect could be observed in
all the parameters examined (Tables 1 to 3). Inter-
estingly a highly significant improvement in the out-
come of the zona binding test was observed after
treatment for both orders (P = 0.004) (Table 2). How-
ever, a carry-over effect could be demonstrated for
this parameter and in this the two study orders be-
haved in a different mode (P = 0.02), i.e., the carry-
over effect was evident for order A (P = 0.004) in
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Table 1 Semen Parameters of Men in the Vitamin E Trial*

Order At (n = 15) Order Bf (n = 15)

Baseline Treatment Placebo Baseline Treatment Placebo
Variable level difference difference level difference difference
Semen volume (mL) 2.8 (0.6 to 5.0) 0 (—1to 1.6) 0(-25t008 25(13t095) 0 (-35t035) —-0.5(-2.5t01.5)

Sperm concentration

(X105%/mL) 37 (8t0107) —15(-58 to 59) 0(—37 to 160) 22 (5 to 96) 2.7(—-42t069) —4.3(—26to 95)
Motility (%) 38 (0 to 83) 7(—27to34) 7(-33to36) 40 (8to 70) 5 (—35to 65) 3 (—24 to 36)
VAP (um/s)§ 41 (0 to 61) —2(-15t025) —-3(—-42t09) 42 (31 to 65) 0 (—6to13) 0 (—-12to13)
VCL (um/s)|| 58 (0 to 76) -3(-15t030) —1(-52t012) 52 (40 to 92) 0 (-10to 17) 1 (-10to 17)
Morphology

Ideal forms (%) 37 (12 to 53) —4(-21to15) —-8(-32to14) 27 (8to69) -6 (—27 to 8) -2 (=20 to 27)
Head defects (%) 49 (29 to 75) 10 (-9 to 17) 10 (-9 to 37) 68 (21 to 89) 8 (—10 to 22) 2 (—21to24)
Midpiece defects (%) 21 (9 to 34) 8 (—2 to 24) 0(—15t0 25) 23 (9 to 55) 5 (—-8to19) 5 (-11to12)
Tail defects (%) 9 (2to32) 3(—12t0o18) —-1(-13t09) 11 (9 to 43) -1 (-23to 14) 0 (-39 to 10)

* Values are median with minimum to maximum values in pa-
rentheses. The treatment effect comparison was not significant
for any of the variables.

T Three months vitamin E followed by 1 month wash-out period
and then 3 months placebo.

which patients were administered vitamin E first,
whereas no carry-over could be demonstrated for or-
der B (P = 0.3). There was hence a significant treat-
ment-order interaction (P = 0.02). These data are
presented in Table 2 as differences between treat-
ment and placebo periods for the two orders.

No significant differences could be demonstrated
either in the levels of reactive oxygen species genera-
tion before and after treatment for the two study
orders (Table 3).

Vitamin E concentration in serum, expressed in
pmol a-tocopherol/mmol cholesterol, also was ele-
vated significantly after treatment (P = 0.04) (Table
4), and in this the two orders behaved the same. In
contrast there was no rise in seminal plasma vita-
min E concentrations with treatment (Table 4).

Three pregnancies were achieved in this study, all
resulting in live births (two singleton and one twin).
One pregnancy was in the vitamin E arm of order A

f Three months placebo followed by 1 month wash-out period
and then 3 months vitamin E.

§ Average path velocity.

|| Curvilinear velocity.

and the other two in order B, one in each of the
treatment arms, respectively. There were no com-
plaints of discomfort in the vitamin E arms in either
order, although three patients complained of “gastric
acidity” in the placebo arm (1 in order A, 2 in
order B).

DISCUSSION

This is the first double-blind randomized placebo-
controlled trial to document the in vivo administra-
tion of vitamin E to treat males with reactive oxygen
species—associated infertility. We conclude that
therapy with this powerful antioxidant can be a po-
tential treatment for a well-defined group of infertile
men, on the basis of the improvement of the perfor-
mance of the spermatozoa in the zona binding test
after oral vitamin E administration. In a previous
study high reactive oxygen species generation was

Table 2 Advanced Sperm Function Tests of Men in the Vitamin E Trial*

Order At (n = 15) Order Bf (n = 15) Treatment
effect
Baseline Treatment Placebo Baseline Treatment Placebo significance
Variable level difference difference level difference difference level
HA (%)8§ 5 (0to28) 0 (—13to24) 1 (-14t015) 5 (0to24) 0 (—-13t012) O0(—12to 11) NS
FF (%) 8 (0to44) 7 (—17t0o18) -1 (—-15t012) 1 (0to25) 5.3 (-7to15) 2(-9t019) 0.06
Zona binding test
ratio 0.2(0t00.5) 02(-0.1t00.6) —0.2(-05t00.1) 02(0tol) 02(0.1t0c0.9 0(-0.21t00.5) 0.004

* Values are median with minimum to maximum values in pa-
rentheses.

+ Three months vitamin E followed by 1-month wash-out period
and then 3 months placebo.
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I Three months placebo followed by 1-month wash-out period
and then 3 months vitamin E.

§ HA, spontaneous hyperactivation.

{1 FF, human FF-induced hyperactivation.

|| Not significant.
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Table 3 Levels of Reactive Oxygen Species Generation in Semen Samples of Men in the Vitamin E Trial*

Order A (n = 15)f

Order B (n = 15)%

Level of reactive Baseline Treatment Placebo Baseline Treatment Placebo

oxygen species level difference difference level difference difference
40/80% Percoll

(mV x 10%) 25 (1 to 805) —8 (—574 to 227) 1(-79t0o62) 6 (1to81) 1 (—140 to 216) 1 (—124 to 415)
80% Percoll

(mV x 10%) 1(1to9) —-1(-8to5) 17 (-1 to 6) 1(1to3) 1(—16to 16) 1 (—34 to 68)
X3 centrifugation

(mV X 10%) 20 (1 to 3,800) —17(—3,785 to 275) 6 (—2 to 39) 3 (1to145) —1(-10 to 240) —5 (=170 to 175)

* Values are median with minimum to maximum values in pa-
rentheses. The treatment effect comparison was not significant
for any level of reactive oxygen species generation.

determined to be a feature of >25% of an “infertile”
population (5). Indeed, in our clinic the incidence
of high reactive oxygen species generation is 19%
(Kessopoulou E, unpublished data).

Thirty subjects finished the course of treatment
with vitamin E to date and three pregnancies were
achieved in the trial. We are aware that the trial
size is small; however, recruitment of suitable pa-
tients with well-defined clinical characteristics and
the requirement for large numbers of spermatozoa
for the extensive in vitro sperm function tests meant
that recruitment to the trial was difficult. Despite
this, the highly significant improvement in the out-
come of the zona binding test justifies the design and
pursuit of further studies. The first step should be
the use of IVF to test the after treatment perfor-
mance of spermatozoa after in vivo administration
of vitamin E. Successful fertilization with IVF as the
treatment end point would eliminate the need for
other sperm function tests and hence a larger num-
ber of patients will be eligible for treatment because
the criterion of >5 X 10° spermatozoa/mL of semen
will not be necessary. Men with these characteristics
form 14% of the total “infertile” male population in

+ Three months vitamin E followed by 1-month wash-out period
and then 3 months placebo.

i Three months placebo followed by 1-month wash-out period
and then 3 months vitamin E.

our clinic. In addition, by relaxing the criteria for
females a significant number of patients would be
suitable for such a study. If reactive oxygen species
are determined before IVF, patients can then be of-
fered this tested treatment, and the first IVF cycle
can be commenced in 3 months to allow for the re-
gime to be effective.

We hope that our study will serve as a pilot for a
larger multicenter trial organized between infertil-
ity centers. The statistical methods that we used
indicated that 1,670 patients would have to be re-
cruited for a significant improvement in the in vivo
conception rate to be observed. This results from two
pregnancies being reported in the treatment and one
in the placebo arm of the trial. It is possible that the
small number of patients and the relatively short
treatment time were insufficient to allow larger
number of pregnancies to be achieved. The large
number of patients needed for an in vivo study may
be reduced if interim data analysis is performed at
different time intervals. Furthermore, this does not
invalidate the effectiveness of vitamin E as a treat-
ment because power analysis of the results clearly
has shown that 88 patients are required for an 80%

Table 4 Blood Serum and Seminal Plasma Vitamin E Levels of Men in the Vitamin E Trial*

Order A (n = 15)} Order B (n = 15)% Treatment
effect
Baseline Treatment Placebo Baseline Treatment Placebo significance
Variable level difference difference level difference difference level

Blood serum

vitamin E§

Seminal plasma
vitamin E||

04(0.2t0.9 0 (-02t00.3) 0

(-0.7t00.6) 0.5(02t02) O

4.2 (0.8 t0 12.7) 0.9 (-0.28t0 9) 0.5(-4.3t02.3) 5.4 (1.7t0 7.3) 1.1 (3.4 to 7.4) 0.3 (—1.86 to 11.9) 0.04

(-14to1) 0 (-04tol) NSy

* Values are median with minimum to maximum values in pa-
rentheses.

T Three months vitamin E followed by 1-month wash-out period
and then 3 months placebo.

Vol. 64, No. 4, October 1995

1 Three months placebo followed by 1-month wash-out period
and then 3 months vitamin E.

§ pmol a-tocopherol/mmol cholesterol.

|| pmol a-tocopherol.

{ Not significant.
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overall improvement of the zona binding test (23).
This may have significant implications for the treat-
ment of these patients using IVF rather than relying
on in vivo conception.

Our study is the first to determine the in vitro
function of human spermatozoa from samples with
high reactive oxygen species, using accepted sperm
function tests. Previous reports, which examined the
effect of reactive oxygen species on spermatozoa
function, were based mainly on the use of in vitro—
generated reactive oxygen species. The data gener-
ated in this study provide the first evidence that
spermatozoa from samples with high reactive oxy-
gen species generation are unable to develop hyper-
activated motility either spontaneously or in the
presence of the natural agonist FF. Furthermore,
such spermatozoa have a lower ability to bind to
the ZP of the unfertilized human oocyte. This report
constitutes the first evidence that uses the zona
binding test; this has been shown repeatedly to be
predictive of the in vitro function of human sperma-
tozoa (17). Peroxidative-induced damage to the sper-
matozoa receptors responsible for binding to the ZP,
similar to the damage demonstrated for the rat corti-
cal brain cell (24), could be a possible explanation.
This hypothesis warrants further investigation and
should become a topic of research when more is un-
derstood about the nature of spermatozoa-oocyte in-
teractions.

Interestingly, no significant effect could be demon-
strated in the conventional semen analysis parame-
ters (Table 1). The same was true for the remaining
function tests although FF-induced hyperactivation
approached significance (Table 2). This is in contrast
to in vitro studies that demonstrated a protective
effect of vitamin E on the motility of the spermatozoa
(7, 8); however, this effect was observed with vitamin
E levels far higher than the ones determined in the
seminal plasma of the subjects in this study (<1
pmol versus 10 mmol).

Furthermore, despite the observed improvement
in the performance of the spermatozoa in the zona
binding test, the reactive oxygen species levels de-
tected remained unchanged. This can be explained
easily if the mode of action of vitamin E is considered
together with the method used to determine reactive
oxygen species generation (6). The chemilumines-
cent assay used in the present and the prospective
study of Aitken and his colleagues (9) measures both
intracellular as well as extracellular reactive oxygen
species. Because vitamin E is a chain-breaking and
not a scavenging antioxidant, it would be expected
to offer protection to membrane components without
influencing the reactive oxygen species generation.

830 Kessopoulou et al. Treatment of male infertility with vitamin E

This is in accordance with the data generated in our
study.

The single report of ad hoc oral administration of
vitamin E (300 mg/d) to males, none of whom had
reactive oxygen species—related infertility, found no
significant improvement in any of the conventional
semen analysis parameters, despite a significant in-
crease in the seminal plasma vitamin E levels in
the treatment group in comparison to the placebo (P
= 0.02) (25). Although in that study the administra-
tion of vitamin E was empirical, it is notable that
the ineffectiveness of the treatment was suggested
as being due to the small sample size (n = 15) and
to the low concentration of vitamin E achieved in
seminal plasma. These levels are low compared with
the levels shown to inhibit lipid peroxidation in vitro
(0.1 to 10 mmol) (7). In our study, although the con-
centration of vitamin E was elevated in blood serum,
no significant rise in seminal plasma was detected.
This could be indicative of vitamin E oxidation be-
fore ejaculation or could be attributed to the fact
that the seminal plasma concentrations of vitamin E
do not necessarily reflect the levels the spermatozoa
encounter in the testis nor the levels in the sperm
membrane. Although those data would be more con-
vincing, such experiments are fraught by the lack of
available testicular tissue or low sperm numbers in
semen.

As we stressed in the introduction, in order to
identify an effective treatment for male infertility,
the underlying cause has to be recognized. We be-
lieve that the generation of reactive oxygen species
by the human ejaculate may be a significant cause
of male infertility and that the in vivo administra-
tion of the antioxidant vitamin E may treat this con-
dition successfully. Our study has therefore sug-
gested a simple and inexpensive potential treatment
that needs further rigorous evaluation.
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This article reports the results of the most recent in a series of EHSRE workshops designed to synthesize the current state of the field in
Andrology and provide recommendations for future work (for details see Appendix). Its focus is on methods for detecting sperm DNA
damage and potential application of new knowledge about sperm chromatin organization, vulnerability and repair to improve the diagnosis
and treatment of clinical infertility associated with that damage. Equally important is the use and reliability of these tests to identify the extent
to which environmental contaminants or pharmaceutical agents may contribute to the incidence of sperm DNA damage and male fertility
problems. A working group (for workshop details, see Appendix) under the auspices of ESHRE met in May 2009 to assess the current
knowledgebase and suggest future basic and clinical research directions. This document presents a synthesis of the working group’s under-
standing of the recent literature and collective discussions on the current state of knowledge of sperm chromatin structure and function
during fertilization. It highlights the biological, assay and clinical uncertainties that require further research and ends with a series of 5 key

recommendations.

Key words: sperm DNA damage / sperm chromatin / male infertilty / ART

previous ESHRE reports, it is imperative that semen analysis be

Background and rationale

Traditionally, the diagnosis of male infertility is based upon micro-
scopic assessment and analysis of sperm concentration, motility and
morphology as routine indicators of human semen quality. These
indicators provide fundamental information about sperm production
upon which clinicians base their initial diagnosis. As emphasized in

performed to the highest standards. To this end ESHRE’s special inter-
est group in Andrology (SIGA) has been instrumental in providing
formal training programmes and external quality control schemes.
However, even with appropriate quality assurance, traditional semen
parameters provide a limited degree of prognostic and diagnostic
information and their predictive power is highest primarily at the
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lower ranges of the spectrum (Lefievre et al., 2007; Lewis, 2007).
Sperm production is only part of the story. Sperm chromatin and
DNA integrity is essential to ensure that the fertilizing sperm can
support normal embryonic development of the zygote. To better
inform treatment pathways and, more importantly, to ensure a gener-
ation of healthy children from assisted reproductive technologies
(ART), we urgently require tests of sperm function, including the nor-
malcy of sperm DNA, that provide high quality and robust diagnostic
and prognostic information.

Improved tools for the diagnosis of male infertility clearly benefit the
clinician’s ability to treat an infertile couple seeking help. In addition,
these tools are important in a broader social context. Infertility is
no longer solely a personal problem; it has become a public health
issue. In developed countries such as the European Union, birth
rates have been declining at an unprecedented rate over the past
half century. The extent to which birth rates may be impacted by con-
temporary life style factors, or by exposures to environmental con-
taminants or pharmaceuticals remains to be determined, but is of
growing concern. Environmental epidemiology studies, which
measure differences in health outcomes between groups of individuals
exposed to environmental contaminants and unexposed controls, are
beginning to address this question. Valid indicators of sperm quality
and fertility are essential for these epidemiology studies to achieve
their objectives. Equally important is the potential demographic and
economic impact of the increased use of ART to treat subfertility.
Depending on the country, up to 3.9% of EU births are currently
from ART (Nyboe Andersen et al, 2009). Therefore, the use
of ART may result in significant demographic and economic
impacts. Part of the latest population policy strategy takes this
into consideration (European Parliament, 2008; Ziebe and Devroey,
2008).

Significant progress has been made towards the development of
reliable tests for sperm chromatin integrity and DNA damage. A land-
mark paper by Evenson et al. (1980) suggested that assessment of
DNA integrity in sperm may be a useful and potentially independent
marker of fertility for both animals and men. Clinical data followed,
demonstrating higher levels of chromatin damage in men with
severe semen defects (Sun et al., 1997) and the potential negative
impact of high levels of sperm DNA damage on both natural
(Evenson et al., 1999; Spano et al., 2000) and ART conception
(Larson et al, 2000). Subsequently, the assessment of DNA
damage in the male germ line and the study of its consequences
have received considerable attention. However, key questions, par-
ticularly regarding clinical significance, remain to be answered
(Collins et al., 2008).

In animals, where DNA damage can be experimentally induced in the
paternal germ line by, for example, chemotherapeutic agents, clear and
strong associations have been shown between damage to the paternal
genome and embryo development including effects on the new born
and subsequent generations (Auroux et al., 1990; Hales et al., 1992;
Fernandez-Gonzalez et al., 2008; Delbes et al., 2009). These exper-
iments are not feasible in humans, but provide clear warnings of the
potential impact of for example cancer treatments in men for the
next and subsequent generations. With long-term follow-up on children
born as a result of ART still in its infancy, it is essential that we are able to
appreciate and translate findings from animals to humans to understand
the clinical implications of using spermatozoa with highly damaged DNA

in ART. Progress in this area will be dependent on fundamental
improvements in our understanding of the causes and consequences
of DNA damage in the male germ line and the development of
robust diagnostic tests that can be incorporated into the clinical assess-
ment of male infertility patients.

Biological uncertainties: the
mysteries unfolding

The nature of the germ cell and sperm
chromatin

In developing better methods for assessing clinical sperm samples for
use in ART or as indicators in environmental epidemiology studies, a
series of assays have been designed that evaluate the integrity of
sperm DNA. These include, but are not limited to, the TUNEL
assay, the sperm chromatin structure assay (SCSA), the Comet
Assay and the Sperm Chromatin Dispersion Assay (for details, see
section: How do we assess sperm DNA damage?) These assays are
already in clinical use in some infertility centres for two primary
reasons. The first is to attempt to predict future ART outcome or
explain previous failure. The second is to be able to detect sperm
with DNA that is sufficiently damaged as to result in transmission of
genetic defects to the embryo and subsequent offspring. To optimize
ART, especially ICSI, clinicians would like to be able to choose sperm
with intact DNA. As conducted at present, these DNA integrity
assays provide an assessment of the distribution of cells in a given eja-
culate. However, these assays also destroy the cells and so cannot be
used to identify or select an individual intact sperm for use in ICSI.
Moreover, for most of these assays, we do not have a good under-
standing of what kinds of lesions they are measuring. Before they
become routine clinical assays, we need to comprehend what these
assays are telling us about the integrity of the male genome. This
will come from a thorough knowledge of the sperm chromatin struc-
ture and how it is packaged.

Most DNA in mature human sperm is bound to protamines, as
somatic histones are replaced during spermiogenesis. However, bio-
chemical analyses of human sperm proteins indicate retention of
some histones resulting in a nuclear protein composition that is
about 90% protamine and 0% histone. We have a fairly clear under-
standing of how the protamines package human sperm DNA. The
protamine-bound DNA is coiled into tightly compacted toroids that
contain about 50 kb of DNA (Conwell et al, 2003; Hud et dl.,
1993), although the histone-bound DNA is believed to be organized
into nucleosomal chromatin (Pittoggi et al., 1999; Zalenskaya et dl.,
2000; Wykes and Krawetz, 2003; van der Heijden et al., 2006;
Hammoud et al., 2009). Sperm DNA is so well protected that,
unlike somatic cell chromatin, it is resistant to nucleases (Sotolongo
et al., 2003) and sonication (Tateno et al., 2000). The precise
packaging of the histone portion of sperm chromatin is not well
understood. We are only now beginning to appreciate how this
histone bound DNA is distributed throughout the chromatin, but
we still do not know the size of the histone bound DNA segments.
Recent evidence suggests that histone bound DNA in sperm cells is
associated with gene families that are important for cell differentiation
and early embryo patterning (Hammoud et al., 2009).

610z Asenuer gz uo Jasn snbuy eipues Aq /¥€/69/v28/v/SZN0rasqe-a|oie/daiwny/woo dno-oiwspeoe//:sdny wolj pepeojumoq



826

Barratt et al.

How are the current assays expected to interact with sperm DNA
that is associated with protamine versus histone fractions! Reagents
used in the TUNEL assay, for example, would not be expected to
be able to access the DNA packaged and stabilized by protamines
into toroids. This is because it uses the action of the enzyme terminal
deoxynucleotidyl transferase (TdT) and if protamine bound chromatin
is resistant to nucleases, it would be expected to be resistant to other
enzymes as well. However, improperly stabilized protamine and
histone bound DNA would be expected to be accessible to most of
the assays currently in use for sperm DNA assessment. TdT can
access DNA breaks in nucleosomal DNA, so the TUNEL assay
would be expected to reveal this type of chromatin structure. The
SCSA partially denatures sperm with acid which would preferentially
extract histones rather than protamines (Ballachey et al., 1987; Larson-
Cook et al., 2003). Therefore, the SCSA would also be expected to
identify single stranded DNA in histone bound sperm chromatin.
However, SCSA would also measure single-stranded DNA in the pro-
tamine bound DNA if the stabilization of the protamine-DNA
complex have been compromised (Dias et al., 2006) Finally, most pro-
tocols for the comet assay involve high salt extraction in the presence
of a reducing reagent which removes both protamines and histones
(Tomsu et al., 2002; McVicar et al., 2004). The Comet assay therefore
probably detects chromatin breaks in both types of chromatin with
equal efficiency. A more detailed discussion of these points can be
found elsewhere (Shaman and Ward, 2006). The questions that we
need to address include (i) how can we specifically assess the DNA
damage in histone bound versus protamine bound DNA in sperm
chromatin (ii) how meaningful is this distinction for clinical prognosis
and (i) how can we assess the damage to the whole genome as
opposed to specific fractions?

Related to these questions is our limited understanding of how the
sperm chromatin is formed during spermiogenesis. We know that
protamines largely replace the histones during sperm nuclear conden-
sation and that during this process the sperm DNA is unwound by
topoisomerases and other proteins through the normal and necess-
ary induction of strand breaks (Boissonneault, 2002; Kwan et dl.,
2003). It is clear that when this packaging is not complete, DNA
single and double strand breaks appear in the fully mature sperm
(Marcon and Boissonneault, 2004). Furthermore, the protamine
deposition can also be incomplete, resulting in ratios of histone to
protamine and of protamines | to protamines 2 that differ from
normal. Both types of defects in spermiogenesis are associated
with subfertility or infertility (Aoki et al., 2006a, b; Oliva, 2006).
Yet, we do not know how topoisomerase cleaves sperm DNA
during spermiogenesis or how the protamines interact to form
sperm chromatin toroids.

These are just some examples of the uncertainties that cloud our
understanding of how abnormalities in sperm chromatin structure
may be used to guide clinical decisions. A host of additional aspects
of sperm DNA packaging are also emerging as potential indicators
of prognosis, including chromosome position within the sperm
nucleus (Zalenskaya and Zalensky, 2004), the presence of mature
MRNAs (Ostermeier et al., 2002, 2004) and newly described pi and
microRNAs in sperm chromatin (Li et al, 2001; Martins and
Krawetz, 2005; Carrell, 2008). Currently, we know a lot about how
sperm chromatin packaging differs from somatic cell packaging, but
we do not understand the specifics of how that packaging occurs.

This will be important for a real understanding of what current
sperm DNA assays are measuring.

Changes in sperm chromatin during sperm
transport from the testis to the oocyte: the
role of zinc

Zinc is incorporated into the sperm nucleus during spermiogenesis.
The chromatin contains around 8 mmol Zn**/kg which equates to
one zinc ion for every 10 base pairs of the DNA, equalling one turn
of the DNA-protamine helix (Kvist et al., 1985). However, the role
of zinc in sperm chromatin structure and function is only partly under-
stood. The chromatin of more than 90% of human spermatozoa can
be experimentally decondensed in vitro by exposure of freshly ejacu-
lated sperm to the anionic detergent SDS together with the divalent
cation chelating EDTA (Bjorndahl and Kvist, 1985; Kvist et al.,
1988). This observation suggests a potential rapid mechanism for
decondensation of the sperm chromatin that relies on Zn** depletion
and interruption of macromolecules. Thus, at ejaculation, human
sperm exhibit zinc-dependent chromatin stability. However, upon
in vitro culture, human sperm become more resistant to decondensa-
tion and subsequently require disulfide bond reduction to enable
unpackaging of the chromatin. This change is enhanced when zinc is
withdrawn from sperm in vitro, and can, to a large extent, be counter-
acted by storing sperm in a buffer containing Zn**. Although the role
of zinc—to bind thiols—is simple, the consequences of this organiz-
ation are complex based upon the following observations. (i) Zinc pri-
marily contributes to rapidly reversible chromatin stability. (ii) If zinc is
lost, it will not contribute to a sufficient stabilization of the chromatin,
leaving the DNA more accessible and therefore more vulnerable to
factors that might degrade it (endogenous enzymes or exogenous
chemicals). (iii) Extraction of zinc can elicit chromatin decondensation
if repulsion of macromolecules (DNA—protein filaments) is induced
simultaneously, e.g. by phosphorylation or in experimental studies
by the action of detergents like SDS (Kvist et al., 1987). (iv)
If macromolecules are not repelling the chromatin threads, the lack
of zinc can allow the formation of disulphide bridges (S—S dependent
chromatin stability).

What happens to the sperm chromatin during ejaculation, liquefac-
tion and after liquefaction during further processing for ART? The zinc
content of the sperm head and the type of chromatin stability are influ-
enced by the composition of the surrounding ‘seminal fluid” which
comprises a mixture of various secretions that vary during ejaculation,
liquefaction and after ejaculation. Normally spermatozoa are expelled
in the first ejaculatory expulsions suspended in the zinc-rich prostatic
fluid and the zinc-chelating seminal vesicular fluid is expulsed in later
fractions. Upon mixture during and after liquefaction, spermatozoa
are thus exposed to a series of differing environments that can have
a marked influence on chromatin stability (Bjorndahl and Kvist,
2003). Of clinical importance is that in some men the emptying of pro-
static fluid is delayed and sperm are expelled in primarily zinc-chelating
vesicular fluid, leading to extraction of zinc from the sperm chromatin
(Bjorndahl et al., 1991). Several animal studies have reported that
experimentally induced zinc deficiency affects sperm chromatin struc-
ture (Evenson et al., 1980). However, studies in humans are sparse
and the biological effects of a zinc depleted diet are yet to be fully
explored.
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Mechanisms of DNA damage in male germ
cells and spermatozoa

One of the potential mechanisms often cited as a cause of DNA
damage in the male germ line is abortive apoptosis. The general
idea behind this assertion is that as male germ cells metamorphose
into highly differentiated spermatozoa, they progressively loose their
capacity to undergo programmed cell death in the form of apoptosis.
Since these cells are transcriptionally and translationally silent, it could
not be otherwise. Thus, instead of engaging in a complete apoptotic
response leading to cell death, differentiating haploid germ cells are
thought to undergo a restricted form of this process leading to
DNA fragmentation in the nucleus whereas retaining the capacity to
differentiate into mature functional spermatozoa that may still be
capable of fertilization (Sakkas et al., 2004). Clearly, haploid germ
cells are capable of activating a process that resembles apoptosis in
some respects because both caspase activation and phosphatidylser-
ine exteriorization have been observed in human spermatozoa
(Weng et al., 2002). It is possible that by expressing apoptotic
markers on their surface, senescent spermatozoa ensure that their
ultimate phagocytosis in the female tract will be silent and not associ-
ated with a full-blown inflammatory response (Kurosaka et al., 2003).

This default senescence pathway may resemble the intrinsic apop-
totic cascade in many respects but in one important detail, it is very
different. In an archetypal somatic cell, stimulation of the intrinsic
apoptotic pathway leads to the sudden appearance of endonucleases
that are either released from the mitochondria (such as endonuclease
G) or activated in the cytosol (caspase-activated deoxyribonuclease)
and then they move into the nucleus to cleave the intra-nucleosomal
DNA. However, in spermatozoa the physical separation of the mito-
chondria and cytoplasmic space from the sperm nucleus means that
such mechanisms cannot be operative. As a result, the claim that
‘apoptosis’ is a significant cause of DNA damage in human spermato-
zoa might not be true for cells entering this process as mature
gametes. However, sperm mitochondria represent a major source
of reactive oxygen species (ROS) in these cells (Koppers et dl.,
2008), that can become activated during the intrinsic apoptotic
pathway. The levels of DNA damage recorded in both unselected
donors and patients attending an assisted conception clinic were
highly correlated with the appearance of a marker for oxidative
DNA damage, 8-hydroxy, 2'-deoxyguanosine (80HdG; De luliis
et al., 2009). Although these data could be interpreted in several
different ways, one plausible explanation is that some DNA damage
in the male germ line is the result of a programmed senescence
pathway, characterized by the activation of mitochondrial ROS for-
mation, oxidative DNA base damage and unresolved DNA strand
breakage (Aitken and De luliis, 2009).

If this is the case, then a key question is not what induces sperma-
tozoa to undergo this restricted form of apoptosis—because this is
their default condition. The real question is what prevents these
cells from entering this pathway. The answer to this lies in defining
pro-survival factors that will prevent spermatozoa from initiating apop-
tosis. There are undoubtedly many potential pro-survival factors for
spermatozoa in the male and female reproductive tracts; their ultimate
characterization is likely to help in the development of in vitro culture
media that will preserve the functionality and genetic integrity of
gametes used for assisted conception.

The nature of the DNA damage exhibited by
human spermatozoa

In the literature, most authors simply talk of generic DNA damage
without reference to any particular form of molecular lesion. The
ability of the TUNEL and Comet assays to detect DNA damage in
the male germ line clearly means that both single and double strand
DNA breaks are prominent features of these cells (Irvine et al.,
2000; Van Kooij et al., 2004, Enciso et al., 2009). In addition,
damaged sperm chromatin is known to contain base adducts.
The major DNA adducts found in human sperm DNA are
80OHdG and two ethenonucleosides (|,Né6-ethenoadenosine and
[ ,N6é-ethenoguanosine). Although the former is a direct consequence
of oxidative attacks on sperm DNA, the latter probably arise from
exposure to 4-hydroxy-2-nonenal, a major product of lipid peroxi-
dation (Badouard et al., 2008). These findings, taken in conjunction
with data revealing a high correlation between DNA damage and
80OHdG expression (De luliis et al., 2009) suggest that the former is
commonly the product of oxidative stress originating as a consequence
of the apoptotic mechanism described above, infiltrating leukocytes,
redox-cycling xenobiotics or failed antioxidant defence systems. An
interesting example of the latter, albeit in animals, is the powerful anti-
oxidant protective environment in the epididymis which when dis-
rupted, for example by deletion of glutathione peroxidase 5, can
lead to abnormal levels of DNA compaction accompanied by
increased miscarriage rates (Chabory et al., 2009).

Another type of damage that has recently come to light is DNA
cross-linking. In the tightly compacted chromatin that characterizes
the mature sperm nucleus, opportunities for DNA—-DNA or
DNA—protein cross-linking are significantly greater than in the dis-
persed interphase nuclei of somatic cells. This susceptibility to cross-
linking phenomena has been recognized for many years (Qiu et dl.,
[995). Recently, in an analysis of the impact of estrogens on sperm
chromatin structure, catechol estrogens were shown to form dimers
that then covalently cross-linked the DNA so that it became comple-
tely resistant to the decondensation protocols employed in a Comet
assay including treatment with reducing agents, detergents and broad
spectrum proteases (Bennetts et al., 2008). This susceptibility of
sperm chromatin to cross-linking was subsequently confirmed using
epigallocatechin gallate, the major antioxidant present in green tea
(Bennetts et al., 2008). Importantly, severely cross-linked chromatin
is commonly encountered in populations of defective human sperma-
tozoa (Windt et al., 1994) although the molecular basis of such super-
stabilization is still unknown. Finally two of the assays most commonly
used to detect DNA damage in human spermatozoa assess the stab-
ility of sperm chromatin under severely acid (SCSA assay) or alkaline
(alkaline Comet assay) assay conditions. The full nature of how
these pH-exposures affect the sperm chromatin is not known with
certainty at the present time.

Sperm epigenetics

One area of rapidly advancing interest is sperm epigenetics and the
role that epigenetic marks in sperm chromatin may play in regulating
development of the embryo (Biermann and Steger, 2007; Carrell,
2008). Epigenetics refers to methods other than DNA coding
changes (polymorphisms, mutations, deletions, etc.) that can alter
or regulate the expression of genes (Nanassy and Carrell, 2008;
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Trasler, 2009). Presently, it appears that the major epigenetic regula-
tors in sperm are DNA methylation, retention of pi and micro RNA'’s
and binding of large portions of the genome with protamines, and
post-translational modification mainly N-tail chemical modifications
to retained histones of the sperm genome (Emery and Carrell,
2006). It is increasingly clear that sperm epigenetics play a role in
the function of the paternal DNA following fertilization and is there-
fore potentially an integral component of the possible effects of
DNA damage on sperm function (Hammoud et al., 2009).

During late spermiogenesis, 85-95% of histones are replaced in
human sperm through a multi-step process (Oliva, 2006). First, the
histones undergo hyperacetylation then are replaced by testes-specific
variants of the histones, followed by their replacement with transition
proteins. The transition proteins are then rapidly replaced by two
small, basic molecules termed protamine | and 2 (PI, P2). PI and
P2 are normally expressed in a |:| ratio in human sperm, and result
in a much tighter packaging of the sperm DNA, resulting in a compac-
tion of the nucleus and cessation of gene expression (Carrell et al.,
2008). Altered expression of protamines is associated with diminished
sperm quality and reduced embryogenesis quality in couples under-
going IVF/ICSI (Aoki et al., 2006a, b; Oliva, 2006).

The retained histones may present another possible source of epige-
netic regulation of the sperm genome. Prior studies evaluating specific
regions of the genome have indicated that histone retention may not
be random (Gardiner-Garden et al., 1998, Li et al., 2008). Recent
studies have further evaluated the potential role of the retained histones
on a genome-wide basis and shown that retained histones are not ran-
domly distributed throughout the genome. Rather they are preferen-
tially retained in the promoter regions of genes required during
embryogenesis, micro RNAs and imprinted genes (Hammoud et dl.,
2009). Each of these classes of genes is of interest from a developmental
perspective, portending a possible role in early embryogenesis. To
address this, the distribution of modified variants of the histones
throughout the sperm genome has been analysed. It was found that
H3K4Me2 and H3K4me3, which are gene ‘activating’ marks, were pre-
ferentially retained in developmental genes, some of which were also
bivalently marked with H3K27me3, a ‘silencing’ mark. This bivalent
marking is similar to the bivalent ‘poising’ of similar genes in embryonic
stem cells (Hammoud et al., 2009). Further analysis of the genome-wide
methylation of sperm DNA demonstrated that the regions of DNA
bound to activating histone modifications were generally demethylated,
a further activation signal. These novel findings are striking because they
indicate that sperm genes may be packaged and epigenetically modified
in a manner thatis necessary for poising of the genes for early embryonic
expression.

The potential implications of epigenetic gene poising in sperm are
numerous, including the possible effects of aberrant spermiogenesis
on epigenetic marking. Presently, the data indicate that oligozoosper-
mic males have an increased incidence of abnormal methylation of
CpGs in imprinted genes (Marques et al., 2004, 2008; Filipponi and
Feil, 2009). Recent data have shown that altered methylation is
found in some, but not all, of imprinted genes in the sperm of men
with abnormal protamine replacement (Hammoud et al., in press).
The potential link between general sperm DNA damage and epige-
netic alterations is not yet understood, but may be very important.
Such a link may help to explain the relationship between DNA
damage and normal embryonic development.

Human studies of ambient chemical
exposures and sperm DNA damage

Toxicology studies expose test species to toxicants of concern and
determine associated health outcomes. The toxicology literature indi-
cates that certain environmental contaminants can, at least at exper-
imental doses, induce sperm DNA fragmentation (Evenson and
Wixon, 2005) and/or induce oxidative stress in the testes (Aitken
and Roman, 2007). Although at least 70 000 chemicals are used in
commerce, and at least 200 exogenous chemicals can be measured
in most people at any given time, very few chemicals have been eval-
uated specifically for their sperm DNA damaging potential. Reproduc-
tive and multigenerational test protocols specified by federal and
international agencies do not include a specific test for sperm chroma-
tin integrity. Nevertheless, numerous epidemiologic and occupational
studies have shown that exposure to at least five types of environ-
mental chemicals, known to be ubiquitous in today’s modern environ-
ment, can be associated with sperm oxidative stress or sperm DNA
damage. It is important to note that epidemiology studies demonstrate
associations between exposures and outcomes but do not provide
definitive information about cause.

Pesticides

By their nature, pesticides and/or their metabolites are biologically
active and ubiquitous in the environment due to wide scale commer-
cial and private use. The impact of pesticides on sperm DNA damage
has been evaluated in at least seven studies in the last |5 years, with
four reporting positive associations (Perry, 2008). Fenvalerate
exposure was associated with higher % comet tail DNA and olive
tail moment (Bian et al, 2004) and organophosphate exposure
detected as urinary metabolites in sprayers was significantly associated
with DNA fragmentation index measured using SCSA (Sanchez-Pena
et al., 2004). In the only environmental (versus occupational) exposure
studies to date evaluating pesticides and DNA damage, higher levels of
urinary chlorpyrifos, carbaryl and pyrethroid metabolites were associ-
ated with a higher percentage of comet tail DNA using the neutral
comet assay (Meeker et al., 2004, 2008).

Phthalates

Phthalate esters are used in food packaging, personal care products
and plastics. Therefore, environmental exposures are hard to avoid
in today’s world. In a sample of 379 men from subfertile couples
attending an infertility clinic, urinary levels of two specific phthalate
metabolites monoethyl phthalate and mono-(2-ethylhexyl) phthalate
were associated with an increased percentage of comet tail DNA
using the neutral comet assay (Hauser et al., 2007). The levels of
urinary phthalates among this sample were similar to levels found in
the US general population.

Polychlorinated biphenyls

Polychlorinated biphenyls (PCBs), a class of persistent organic pollu-
tants resulting from industrial production of transformers and electrical
capacitors, are highly persistent and have known endocrine disrupting
properties. Although the use of PCBs was banned in the mid-1970s,
environmental residues accumulate in fats and human exposure con-
tinues, largely by consumption of contaminated fish and other food.
The impacts of PCBs on sperm DNA integrity using the SCSA have
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been recently demonstrated in epidemiologic studies of European and
Inuit populations (Spano et al., 2005; Long et al., 2007) and in Swedish
fishermen (Rignell-Hydbom et al., 2005).

Metals

Metals are common in industrial processing and are distributed widely
in air, water and soil. Two epidemiologic studies have suggested that
non-essential metals can cause sperm DNA damage. Oxidative
DNA damage in sperm measured using 80HdG was correlated
with cadmium in seminal plasma in 56 non-smoking study participants
in China (Xu et al., 2003). Increased DNA fragmentation in sperm
measured using SCSA was correlated with blood lead levels in 80
battery plant workers in Taiwan (Hsu et al., 2009).

Air pollution

High levels of air pollution resulting from coal combustion was associ-
ated with increased sperm DNA fragmentation measured using SCSA
in a longitudinal study of 36 men from the Czech Republic (Rubes
et al., 2005). The components of the air pollution were not identified
but blood metals were not elevated in this group and subsequent
studies implicated reactive intermediates of carcinogenic polyaromatic
hydrocarbons present in the particulate fraction of the air pollution
(Rubes et al., 2007).

Although studies of each of these contaminants are limited, the
accumulated epidemiologic evidence to date suggests exposures in
our everyday environment can adversely affect the genetic integrity
of the spermatozoon. However, the array of findings raises a
number of questions about the underlying mechanisms through
which environmental agents affect sperm production, structure and
integrity. The future of this work relies largely on the field’s ability
to standardize methods of exposure and outcomes and its ability to
work across clinical, epidemiologic and basic science disciplines to
ask the right questions.

Among the environmental exposure studies to date, methods vary
widely with respect to how exposures are defined and how sperm
DNA damage is measured. Sound replication of research findings
will require both valid and reliable exposure assessment measures,
including evidence that the contaminant actually reaches the testis
or comes into contact with sperm and validated methods for deter-
mining sperm DNA damage. In this regard, methods for detecting
sperm DNA adducts that can be attributed to sources would be par-
ticularly informative. Epidemiologists are relying on clinical and basic
scientists to establish the validity and precision of sperm DNA
damage assays and to clarify what is actually being measured (for
example, stability versus chromatin integrity). Once an assay makes
its way into the reproductive biology literature, environmental epide-
miologists may be quick to adopt its use as a meaningful outcome for
reproductive health studies. Similarly, epidemiologic studies are
designed to test exposure and outcome associations; however,
there is reliance on basic science and toxicologic studies for insight
into biologically plausible mechanisms that drive exposure-response
relationships. In a reciprocal manner, basic scientists look to the epi-
demiologic data to determine whether associations they see in the
lab are observed among humans in the general population or in clinical
settings. Epidemiological studies seek to establish associations in large,
unbiased and statistically meaningful samples of people. Together, well
designed epidemiology and toxicology studies can inform clinicians

about risks to sperm integrity posed by environmental contaminants
and help them to advise their patients about avoiding such exposures.

Sperm DNA repair in oocytes, epigenetics
and the potential consequences of faulty
repair

Between the moment the spermatozoon fuses with the secondary
oocyte and the first cleavage division (a period of 16—20h in the
mouse and 18-27h in humans), the highly condensed sperm
nucleus unfolds, exchanging protamines for maternal histones and
assumes the interphase chromatin configuration in the male pronu-
cleus that is necessary for the semiconservative DNA replication in
preparation for the first mitotic division of embryonic development.
The period of pronuclear formation in the zygote is unique in a
number of features.

Sperm derived nucleosomal chromatin contributes to paternal
zygotic chromatin. Using a heterologous ICSI system with human
sperm and mouse oocytes, paternal nucleosomes marked by the repli-
cation dependent histone isoforms H3.1/3.2 were present in the Gl
stage male pronuclei (Van Der Heijden et al., 2008). Additionally,
examination of human multi-pronuclear zygotes showed these replica-
tion variants in paternal chromatin prior to DNA replication. This
suggests that the epigenetic program originating from the paternal
chromatin has the potential to be transmitted into further embryonic
development (see section: Sperm epigenetics).

At least in the mouse, many post-translational histone modifications
are asymmetrically present between the male and female pronucleus.
Particularly in early Gl phase there are clear differences among
histone N tail Lysine methylations (Van Der Heijden et al., 2005).
Although not as extensively researched, the same pattern is visible
in humans (Van Der Heijden et al., 2009). This phenomenon is
known as epigenetic asymmetry and demonstrates the very different
nature of chromatin between the sexes, as a consequence of
gamete specialization, although this does not necessarily hold at the
level of each gene.

Double strand DNA breaks that are induced during the nucleosome
to protamine exchange in elongating spermatids may lead to residual
breaks in functioning spermatozoa, although this remains to be deter-
mined. Also, and especially in the epididymis, DNA damage could
originate from external factors, notably ROS. In the mouse, it has
been observed that repair of DNA breaks induced by irradiation is
incomplete at the first cleavage division, as the level of chromosome
aberrations could be influenced by repair inhibitors at the zygote
stage (Matsuda et al, 1989). Hence, integrity of the paternal
genome also depends on the capacity of the oocyte to recognize
DNA damage and repair it.

DNA repair before zygotic S-phase

Humans exhibit a relatively high load of reciprocal translocations
(Bonduelle et al., 2002), which are mainly of paternal origin.
Because a DNA double strand break is a prerequisite for a reciprocal
translocation to arise, one deduces that these must be repaired during
the zygotic cell cycle. The decondensation of paternal chromatin after
gamete fusion is followed by a phase of recondensation, which in the
mouse can be monitored by detection of Histone3 SerinelOph
(H3S10ph). In the recondensation stage, | h after sperm fusion,
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double strand breaks can be visualized by chromatin domains positive
for phosphorylation of Serine 139 of H2AX (called gamma H2AX).
Spontaneously, gammaH2AX foci are visible at this stage in low
numbers and only in the paternal chromatin. However, using one
genetic source of sperm and four maternal oocyte genotypes, the fre-
quency of DNA single strand breaks was strongly dependent on the
maternal genotype. Mice with either the BALB/c hypomorphic
DNA.PKcs allele or the very low activity scid DNA.PKcs allele, had
the highest averages of around three breaks per male complement,
which was about three times the frequency found in B6/CBA
hybrid oocytes (Derijck et al., 2008). The kinase DNA.PKcs is the
key enzyme of the Non-Homologous End Joining (NHE]) double
strand DNA repair pathway. Subsequently, sperm were irradiated
with a standard dose of 3 Gy a dose that damages sperm DNA.
Sperm DNA damage translated into additional gamma H2AX foci
that in number were highly correlated with the frequencies reported
above, and so reflect DNA.PKcs activity. This experiment demon-
strated that in the absence of normal DNA.PKcs alleles in oocytes,
the capacity to repair DNA double strand breaks, either from a
damaged sperm or from a post fusion paternal chromatin remodelling
mechanical defect, is affected (Derijck et al., 2008).

Findings in mice have been partly confirmed in human-mouse
heterologous ICSI experiments. When sperm samples from
oligo-astheno-teratozoospermic men were compared with normo-
zoospermic donors, the fraction of nuclei without damage was
lower (Derijck et al., 2007). Again, these findings relate to a fraction
of breaks showing slower repair that can be both of prefertilization
origin or produced post-fertilization by an interaction between the
male chromatin and the female chromatin remodelling environment
on the road to pronucleus formation. The observation that motile eja-
culated sperm with normal morphology can generate abnormal gam-
maH2AX signalling patterns up to complete fragmentation supports
the contention made earlier that sperm with normal appearance
may nevertheless carry DNA damage.

Cytogenetic analysis of the male and female chromosome comp-
lements at the first cell cycle has been used to demonstrate the muta-
genic effect of sperm irradiation. Abnormalities in first metaphase
spreads revealed primarily chromosome type aberrations (inversions,
translocations, fragments, etc.). These abnormalities result when the
DNA repair takes place before S-phase such that the rearranged
chromosomes and chromosomal fragments are faithfully copied. In
such studies scid oocytes (NHE] defect oocytes) exhibited about
twice the number of chromosome abnormalities than controls
(Derijck et al., 2008), again implying that DNA double strand break
repair is executed before S-phase.

DNA repair in the zygotic S-phase

During S-phase, when the replication fork encounters a single strand
break, or more likely a base modification that requires excision
repair, a double strand break is created in the replication fork.
These sites can also be visualized by gammaH2AX as well as by a
number of repair proteins among which is RAD5I, a key player of
the homologous recombination repair (HRR) pathway. A possible
consequence of a stalled replication fork is a non-homologous
chromatid exchange (a quadriradial) that at zygotic mitosis segregates
into a normal chromosome complement and a reciprocal transloca-
tion. RADS5| has been visualized in the pronuclei from the beginning

of the S-phase until chromosome contraction at mitotic metaphase
(Derijck et al., 2008).

In mice with zygotes derived from genetically handicapped oocytes,
especially in the HRR pathway (by the RAD54, RAD54B knock-out
mutations) but also in the NHE] pathway, the zygotes were extremely
sensitive to the mutagen 4NQO (4-Nitroquinoline |-oxide, a UV
mimic agent). Low doses of 4NQO resulted in chromatid exchanges
especially in the male pronucleus whereas higher doses caused a
blockage at the pronucleus stage. These and other experiments
using irradiation of zygotes before entering the S-phase showed that
for all genotypes but especially for HRR mutants, the male pronuclei
contain higher amount of RADS5| foci than female ones. This would
indicate that the combination of damaged sperm and oocytes with
suboptimal DNA repair (a possible scenario for suboptimal oocytes
after ovulation induction) favours reciprocal translocation induction
in the paternal chromosome complement.

Summarising, it is clear that we are only just obtaining an insight
into the complexities of the DNA repair mechanisms in the early
zygote. The data overwhelmingly suggest that an extra repair
effort from the oocyte is required for damaged male chromatin.
In compromised oocytes this may not be available.

Assay uncertainties: refinements
on-going

How do we assess sperm DNA damage?

The methods discussed here are adaptations of techniques originally
developed and validated for investigation of DNA in somatic cells. A
crucial question is whether these adaptations are sufficient to enable
reagents to get access to the compacted sperm DNA without inducing
damage? Furthermore, it is essential that a method aimed at revealing
sperm DNA disorders can compensate for the varying changes in the
sperm chromatin structure occurring in vitro after ejaculation (Kvist
et al., 1988).

The methods designed to detect sperm DNA disorders primarily
include (i) Specific detection of free DNA ends (‘nicks’) by enzymatic
incorporation of marked nucleotides (TUNEL). (ii) Detection of DNA
fragments by gel embedded single-cell electrophoresis after extended
lysis of all nuclear proteins binding DNA (Comet) under neutral
(detects double strand) and alkaline (double strand and single strand
breaks) conditions. (i) Detection of green fluorescence as a
measure of intact double stranded DNA [Acridine Orange (AO)
tests] combined with the detection of red fluorescence as a
measure of acid induced denaturation which occurs preferentially at
sites of pre existing DNA strand breaks.

An important issue with all these methods is whether the treat-
ments used to prepare the sperm may themselves induce DNA
damage. For example, in the comet assay it is typically necessary to
include thiols, which are strongly reducing, to elute protamines attach-
ing to and hindering fragmented DNA from migrating as a comet.
Does this protamine S—S reduction induce DNA damage, possibly
secondary to release of physical constraints on the DNA?

With respect to the AO test using flow cytometry, the red emitted
fluorescence may not be limited to pre-existing DNA damage. The
assay uses acid treatment to denature damaged DNA which then
reacts with AO and fluoresces red. It is possible that sperm with
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inherently lower structural stability may be more accessible to the acid
and more prone to acid induced DNA denaturation, even in the
absence of pre-existing strand breakage. An example is that caput
spermatozoa with condensed but unstabilized chromatin were far
more sensitive to acid induced DNA-denaturation than mature
cauda stallion spermatozoa (Dias et al., 2006). Thus, there is a need
to further understand how the variability and changes in the degree
and type of chromatin stabilization influence the outcome of the
AO test to control for potential false negative and false positive
results. This need is illustrated by the observations that (i) a high
DNA fragmentation index (DFI%) among spermatozoa in raw
semen was related to low success after intrauterine insemination
(V1) (Bungum et al., 2007), but that (ii) the prepared sperm popu-
lations that were actually used for the insemination all had low (4—
6%) and normal DFI% (Bungum et al., 2008). Thus the ‘negative
impact’ of originating from an ejaculate with >30% DFl is associated
with the selected sperm population but hidden to the investigator as
a ‘falsely’ normal value for DFI. For the diagnostic value for the individ-
ual patient further methodological work is needed to distinguish
whether (i) a high DFl means increased vulnerability to acid and
other exposures or true DNA damage that can be transmitted to
future generations and (jii) a low DFl means a false negative result or
no DNA damage.

To adapt the comet assay for spermatozoa, the compact status of
the sperm chromatin must again be broken down using procedures
that may also induce damage to the DNA. There are no standardized
protocols for these procedures, but two methods have emerged:
alkaline and neutral conditions. There are few studies relating this
assay to clinical fertility status. Therefore, clinically robust cut-off
levels remain to be established. As with the TUNEL assay, the
accessibility of the DNA can be a limiting factor which needs to
be addressed.

Interpretation of any test may be confounded by the presence of
dead cells when these tests are performed on unprocessed semen.
Dead cells contain fragmented DNA and may bias the overall
results. As with all assays examining the quality of semen, a key con-
sideration is the number of cells examined. Counting higher numbers
of cells allows greater accuracy (WHO 1999) and as such any assay
based on counting a low number of cells will have significantly wide
confidence limits. An advantage of flow cytometry, which can be
used for TUNEL and SCSA, is that large number of cells can be
assessed thereby providing greater accuracy (as long as an account
is made for the influence of non-sperm and dead cells).

Other tests revealing DNA accessibility

Chromomycin A3 is a compound that can bind to DNA and fluoresce.
Binding to DNA is competitive with protamines and CMA3 fluor-
escence has therefore been interpreted as evidence for poor protami-
nation (Bianchi et al., 1993). CMAS3 fluorescence is certainly evidence
of CMA3 binding to DNA, but this could also be due to increased
access to sperm DNA due to assay procedures that may also cause
a loosening between DNA and protamines (relative deprotamination).
An alternative interpretation would therefore be that sperm with a
high degree of CMAS3 fluorescence possess DNA that is more easily
accessed (and thus, more susceptible to injury), as a result of the rela-
tive deprotamination of the chromatin.

The aniline blue test is based on the detection of lysine residues
with aniline blue as a measure of an excess of histones remaining
bound to the sperm DNA (Dadoune et al., 1988).

Should DNA tests be based on the whole
semen population or the subpopulation
prepared for clinical use?

Whether DNA damage tests should be performed before or after
sperm preparation depends on the purpose of the investigation. If
the aim is to predict the potential for ART success, there is some con-
troversy depending on the tests used. If the SCSA assay is employed,
studies suggest that whole semen is more predictive (Larson et al.,
2000; Bungum et al., 2007, 2008) whereas the TUNEL assay has
been shown to be discriminative for clinical pregnancy using either
raw semen or cohorts of spermatozoa prepared by density centrifu-
gation for clinical use (Duran et al., 2002; Borini et al., 2006).

Whether we measure DNA from sperm taken from whole semen
or isolated subpopulations, we cannot expect one single parameter to
provide an absolute criterion for fertility or infertility. As for assess-
ment of the diagnostic and prognostic value of traditional semen analy-
sis, our expectations of sperm DNA testing are excessive. A successful
ART outcome will also depend on many other traits of sperm quality
e.g. capacity to fuse with the oolemma as well as the influences of the
oocytes, receptivity
competence.

uterine and maternal immune system

The usefulness of animal studies

Animal studies are very important to our understanding of the basic
biological mechanisms and the consequences of disruption of key
processes. These can range from basic fertility studies, where exper-
iments for example in cattle allow multiple inseminations and thus
provide valuable preliminary information on potential diagnostic and
prognostic assays (Ballachey et al., 1987; Amann and Hammerstedt,
2003), to developing critical models that offer the ability to
perform multi-generational analyses of the consequences of ART.
For ART, interpretation of animal studies depends upon an under-
standing of the differences in animal and human ICSI/IVF. We high-
light only a few examples to illustrate how important such studies
can be for predicting the future consequences of human ART. As
the first example, injecting oocytes with spermatozoa with demon-
strated DNA lesions as measured by SCSA has caused multi-
generational effects (Fernandez-Gonzalez et al., 2008). This highlights
possible long-term consequences of using sperm with compromised
DNA integrity. Two further studies indicate the usefulness of
animal models for identifying important areas of research in human
ART. In the first, infertile Hook/Hook mice were used to obtain
sperm for ICSI (Ward, 2005). These mice produce severely
deformed spermatozoa, yet when these sperm were used for ICSI,
apparently normal mice were born. More importantly, the severity
of the morphological deformations did not increase in three succes-
sive generations. A second study however suggested a potential
unexpected problem with ART (Collier et al., 2009). The clearance
of steroids by the placenta was very different in offspring generated
by ICSI compared with those generated by normal mating. This
points to a potentially important problem that could be monitored
in human pregnancies.

610z Asenuer gz uo Jasn snbuy eipues Aq /¥€/69/v28/v/SZN0rasqe-a|oie/daiwny/woo dno-oiwspeoe//:sdny wolj pepeojumoq



832

Barratt et al.

The relative ease with which animal studies in ART can be
performed compared with the same investigations in human patients
suggests an obvious need for the expansion of this particular type of
research. The dilemma that the field faces is that it is ethically not
possible to perform many of the necessary experiments to ensure
that ART is completely safe, yet we have an obligation to do some
assessment. Animal models can provide a step in this direction.

Clinical uncertainties: the
urgency for a robust clinical test

The study of sperm DNA damage is highly relevant in the era of ART,
particularly ICSI, because (i) these technologies bypass the barriers of
natural selection, (i) subfertile men possess substantially more sperm
DNA damage than do fertile men and (jii) experimentally, sperm DNA
damage has been shown to impact negatively on ICSI embryo devel-
opment, pregnancy rates and offspring health (Ahmadi and Ng,
1999, Fernandez-Gonzalez et al., 2008; Zini et al., 2008).

There is good evidence to show that infertile men possess substan-
tially more sperm DNA damage than do fertile men although a small
percentage of spermatozoa from fertile men also possess detectable
levels of DNA damage (Kodama et al., 1997; Evenson et al., 1999,
Spano et al., 2000; Zini et al., 2001). The etiology of sperm DNA
damage is multi-factorial and may be due to primary testicular or sec-
ondary (e.g. environmental) factors. Ultimately, sperm DNA damage
is believed to be the result of aberrant protamine expression, exces-
sive ROS generation and abortive apoptosis during spermatogenesis
(de Yebra et al., 1993; Carrell and Liu, 2001; Sakkas et al., 2003,
Aitken et al., 2009; see also sections: Mechanisms of DNA damage
in male germ cells and spermatozoa and The nature of the DNA
damage exhibited by human spermatozoa).

Primary testicular factors that may disrupt spermatogenesis and
spermiogenesis and subsequently lead to sperm DNA damage
include ageing, congenital abnormities (cryptorchidism), genetic
defects and idiopathic abnormalities. Extrinsic factors that may cause
sperm DNA damage include drugs (e.g. chemotherapy), cigarette
smoking, genital tract inflammation, testicular hyperthermia and
varicoceles.

Epidemiologic studies of healthy men have demonstrated that the
level of sperm DNA damage increases with advancing age (Spano
et al, 1998; Wyrobek et al., 2006). Studies of infertile men have
also generally shown that sperm DNA damage increases with advan-
cing age (Moskovtsev et al., 2006; Vagnini et al. 2007; Winkle et dl.,
2009). These findings are in keeping with the age-dependent decline
in semen parameters (Sartorius and Nieschlag, 2009).

Men with cancer (e.g. Hodgkin’s lymphoma and testicular cancer)
typically have poor semen quality and sperm DNA damage even
prior to cancer-specific therapy (O’Flaherty et al., 2008). They may
then experience further testicular damage with the cancer therapy
(chemotherapy, radiation; Fossa et al., 1997; Morris, 2002). The
recovery of spermatogenesis may occur months to years after
therapy, but evidence of sperm DNA damage may often persist
beyond that period (Fossa et al., 1997). Patients who are scheduled
to undergo definitive cancer therapy (surgery, chemotherapy and/or
radiation) are strongly encouraged to cryopreserve sperm for future
use (Lee et al., 2006).

Cigarette smoking is associated with lower sperm counts and moti-
lity, and an increase in abnormal sperm forms and sperm DNA
damage (Spano et al., 1998; Potts et al., 1999). It is postulated that
smoking increases leukocyte-derived ROS production with sub-
sequent adverse effects on mature sperm (Potts et al, 1999).
Smokers should be counselled to stop smoking.

Post-testicular genital tract infection and inflammation (e.g.
epididymo-orchitis, prostatitis) can cause leukocytospermia, and
have been associated with increased levels of semen ROS and sub-
sequent sperm DNA damage (Spano et al., 1998; Erenpreiss et dl.,
2002). Treatment of these genital tract infections with antibiotics
may improve sperm DNA damage (Moskovtsev et al., 2009).

Testicular hyperthermia has been shown to cause sperm DNA
damage and an increase in the histone to protamine ratio in exper-
imental studies (Sailer et al., 1997, Banks et al., 2005). Clinically,
there is limited evidence to demonstrate a relationship between
hyperthermia and sperm DNA damage, however, an association
between hyperthermia and reduced male fertility potential has been
reported (Thonneau et al., 1998; Evenson et al., 2000). Certain beha-
viours (e.g. hot baths, saunas) and occupations (e.g. welders, bakers,
prolonged driving) are associated with increased scrotal temperatures
(Jung et al., 2002) and these may cause sperm DNA damage. Although
men should be counselled to minimize any activity that can increase
scrotal temperature, there is only limited evidence to show that this
will specifically reduce sperm DNA damage.

Varicoceles have been associated with sperm DNA damage and the
damage has been related to levels of oxidative stress in the semen of
these infertile men (Saleh et al., 2003). However, it is unlikely that
sperm DNA damage is specific to men with varicocele as men
without varicocele (e.g. idiopathic infertility) can also possess high
levels of DNA damage (Zini et al., 2001). Three studies have shown
that varicoceletomy may reduce the levels of sperm DNA fragmenta-
tion (measured by SCSA or TUNEL assay). However, these studies
are all small, uncontrolled, retrospective in design and have only
tested one post-operative sperm sample (Zini et al., 2005; Sakamoto
et al., 2008; Werthman et al., 2008). As such, the beneficial effect of
varicocelectomy remains to be verified with larger, prospective
studies.

It has been proposed that sperm DNA damage may be caused by
seminal oxidative stress resulting from antioxidant deficiency, although
the evidence in this respect is largely indirect. As such, a number of
investigators have evaluated the effects of dietary antioxidant sup-
plementation on sperm DNA integrity. Most of these clinical studies
have evaluated men with high levels of sperm DNA damage. In
these men, treatment with antioxidant supplements is generally associ-
ated with reduced levels of sperm DNA damage and/or improved fer-
tility potential (Kodama et al., 1997; Greco et al., 2005a, b; Menezo
et al., 2007; Tremellen et al., 2007; Gil-Villa et al., 2008). However,
these dietary antioxidant studies were small and have not evaluated
the mechanism of action of antioxidants: the only end-point that
was measured is the integrity of the sperm DNA or pregnancy rate.
Moreover, most studies evaluated the effects of a short treatment
course (with no long-term follow-up), were not randomized and
failed to include a placebo-control group. As such, vitamin sup-
plements (antioxidants) can be offered to men with the understanding
that limited clinical outcome data are not yet available to support
their use.
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Several clinical studies have examined the relationships between
sperm DNA damage and reproductive outcomes in the context of
natural and ART pregnancies. on the basis of a systematic review
and meta-analysis of these studies, sperm DNA damage was found
to be associated with lower natural, IUl and IVF pregnancy rates,
but not with ICSI pregnancy rates (Collins et al., 2008; Zini and
Sigman, 2009). Interestingly, the literature strongly suggests that
sperm DNA damage is associated with an increased risk of pregnancy
loss in those couples undergoing IVF or ICSI (Zini et al., 2008). Surpris-
ingly there are no data relating sperm DNA damage to late fetal devel-
opment or post-natal health in humans (Zini et al., 2008).
Nonetheless, the true clinical utility of sperm DNA damage assays
remains to be firmly established as the available clinical studies are gen-
erally small, heterogeneous and poorly designed, and many do not
control for female factors (Collins et al., 2008; Zini and Sigman, 2009).

While current data suggest that impaired sperm DNA integrity may
have the greatest effect (and hence, greatest clinical utility) on IUI
pregnancy rates and on pregnancy loss following IVF and ICSI, larger
(adequately powered), properly designed and controlled prospective
studies are absolutely required to confirm these results. An evaluation
of the impact of sperm DNA damage on late fetal and post-natal
health is also vital.

Summary and recommendations

Recommendation |: Fundamental research
is urgently required

Significant and fundamental questions remain to be answered as part
of a detailed understanding of the basic structure of chromatin and
its repackaging during spermatogenesis, sperm maturation, ejaculation
and during unpackaging in the oocyte. Although we do know how
sperm chromatin packaging differs from that of somatic cell chromatin,
we do not understand the specifics of how that packaging occurs. We
are at the beginning of our understanding and uncertain where in the
lifecycle of the cell the DNA damage originates, and uncertain of the
causes (e.g. oxidative in nature) or the nature of the damage (e.g.
single and/or double strand breaks and/or DNA cross linking).
Other basic questions remain unanswered: does the origin and
nature of the damage suggest less/more severe consequences! How
does the oocyte recognize and repair the damage? Is there a threshold
of repair? Is there a degree of damage beyond the oocyte’s ability to
repair? Additionally, exciting areas are now emerging such as the pres-
ence of histones, mature mRNAs and newly described microRNAs in
sperm chromatin. Fundamental research is absolutely required to
address the key questions.

Recommendation 2: Standardization of
clinical assays

There are clear differences in protocols assessing DNA integrity and
surprisingly a general lack of awareness of adequate controls both in
clinical and epidemiological research. Due to the lack of standardiz-
ation in methods, it is difficult to determine whether variations in find-
ings are real (related to biology) or due to differences in method.
Presently, none of the protocols appear to address the problem of
different types of chromatin stabilization. Standardized methods that

allow comparison of results from different laboratories are urgently
required. For a correct interpretation of data, it is also essential to
understand and control for sperm chromatin changes occurring after
ejaculation and to distinguish between genuine DNA damage and arti-
facts due to lack of reagent access to DNA.

Only with standardized protocols and appropriate external quality
control (EQA) is it reasonable to implement findings worldwide. For
clinically useful cut-off limits, it is also a requirement that the par-
ameter can distinguish between affected and unaffected individuals.
To evaluate that, correlations are not adequate—predictive values,
likelihood ratios as well as odds’ ratios should be calculated to validate
the usefulness of a certain parameter. ROC curves can be used to
identify possible cut-off levels. Properly controlled studies with suffi-
ciently high numbers of participating patients are more likely to be
multicentre studies, which of course require standardized methods
and EQA.

An EQA scheme should be developed, similar to that for Basic
Semen Analysis run by the ESHRE Special Interest Group in
Andrology.

Recommendation 3: Animal models

Models using animal studies should be developed to make predictions
for long-term clinical outcomes of ART. Animal models offer the
ability to perform multi-generational analyses of the consequences
of ART, and to identify potentially hazardous molecular and biological
affects of ART. We have highlighted several examples to illustrate how
important animal studies can be for predicting the future conse-
quences of human ART. The relative ease with which animal studies
in ART can be performed compared with the same investigations in
human patients suggests an obvious need for the expansion of this par-
ticular type of research.

Recommendation 4: High quality clinical data
is urgently required

While current data suggest that impaired sperm DNA integrity may
have the greatest effect (and hence, greatest clinical utility) on [UI
pregnancy rates and on pregnancy loss following IVF and ICSI, signifi-
cantly larger (adequately powered), properly designed and controlled
prospective studies are absolutely required to confirm these results.
Future studies should also aim to assess the relationships between
sperm DNA damage and late reproductive outcomes (pregnancy
loss, delivery rate and neonatal health) in view of the worrisome post-
natal effects observed in animal studies. Sound clinical strategies for
sperm DNA testing and subsequent counselling of couples seeking
infertility therapies can only be developed after such studies have
been undertaken. It is likely that to perform these trials large multicen-
tre studies will be required.

Recommendation 5: Long-term follow-up of
art children

It is essential that long-term comprehensive follow-up studies on ART
children are performed to ascertain the safety of the procedures we
are currently using. To date, there is a paucity of such studies. In
general those available have limited power and do not provide com-
prehensive outcomes. We recommend that follow-up studies of chil-
dren are performed as a matter of urgency and should include, where

610z Asenuer gz uo Jasn snbuy eipues Aq /¥€/69/v28/v/SZN0rasqe-a|oie/daiwny/woo dno-oiwspeoe//:sdny wolj pepeojumoq



834

Barratt et al.

appropriate, cross linking of databases. It is likely that with increasing
developments in ART such follow-up studies will need to be continu-
ally updated and will involve international consortia.

The requirement for dedicated funding for
research in reproductive medicine and
infertility

We have identified real progress and presented further fascinating
challenges. However, a fundamental impediment to advancement
over the past three decades has been the absence of reproductive
medicine and infertility research as a strategic priority for national gov-
ernments and agencies. This has resulted in a paucity of funding. A
prerequisite of achieving the above recommendations is for national
and international agencies to realize the importance of both basic
and clinical research in this area and, to deliver substantial long-term
financial support. We anticipate that identifying areas for future
research is an essential starting point in meeting this challenge.
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