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Preface

The goal of male gametes is to deliver a fully intact and functioning paternal genome
to the oocyte. To fulfill this aim, the process of chromatin maturation during sper-
miogenesis must be correctly completed to guarantee DNA protection during the
long journey to reach the oocyte and to properly decondense and form the male
pronucleus after fertilization. In this scenario, any condition or agent that can inter-
fere with this complex process represents a threat to safe embryo formation and
development and to the birth of healthy offspring. Concerns about these risks
acquire particular relevance in the present era of assisted reproduction techniques
that bypass several, if not all (as in the case of intracytoplasmic sperm injection),
natural barriers designed to prevent fertilization by sperm that has significant
genetic damage.

This book presents an overview of the various types of damage that may affect
the genetic material of the male gamete. Genetic damage in spermatozoa can occur
during spermatogenesis or during transit in both male and female genital tracts, or
it may be due to aging, environmental or iatrogenic conditions, or to the protocols
used in cryopreserving and selecting spermatozoa in assisted reproduction tech-
niques. Two chapters of the book are dedicated to the “hot topic” of sperm epig-
enome and epigenetic damage that may generate important and unexpected
transgenerational effects. In addition, since so far the only proposed therapy to pre-
vent sperm DNA damage is the administration of antioxidant compounds, the last
chapter of the book is dedicated to this controversial issue.

We wish to thank all the authors for their invaluable contributions to the book.
They are all expert scientists in the field, and we appreciate their willingness to offer
their knowledge in this important branch of reproductive medicine. We hope that
this book will help researchers in the field of reproduction and serve as a reference
for medical and technical staff working in laboratories investigating assisted repro-
duction techniques.

Florence, Italy E. Baldi
M. Muratori
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Chapter 1
Structure of Chromatin in Spermatozoa

Lars Bjorndahl and Ulrik Kvist

Abstract The specialized structure of the sperm chromatin has a dual function — first
to protect the DNA from damage during storage and transport to the oocyte, and
then to enable a rapid and complete unpacking of the undamaged paternal genome
in the ooplasm. It is evident that zinc has a pivotal role in maintaining the structural
stability and in enabling a rapid decondensation at the appropriate time. It is important
for the sperm chromatin structure that the spermatozoa are ejaculated together with
the zinc-rich prostatic secretion. Early exposure to zinc-binding seminal vesicular
fluid can deplete the sperm chromatin of zinc and most likely induce surplus forma-
tion of disulfide bridges, likely to cause incomplete and delayed decondensation of
the sperm chromatin in the oocyte. A premature decrease in sperm chromatin struc-
ture stability is likely to increase the risk for damage to the DNA due to increased
access to the genome for DNA damaging compounds. The status of the sperm
chromatin structure can vary in vitro depending on the exposure to zinc-depleting
conditions when spermatozoa are stored in semen after ejaculation. When sperm
DNA damage tests are evaluated and validated, it is therefore essential to also take
into account the dynamics of zinc-dependent and zinc-independent sperm chromatin
stability.

Keywords Sperm chromatin structure ® Sperm DNA e Zinc ¢ Ejaculation ¢ Prostatic
secretion ® Seminal vesicular secretion ® Sperm DNA fragmentation ® Sperm DNA
damage * Disulfide bridges ¢ Protamine thiols
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Significance and Consequence of the Unique Sperm
Chromatin Structure

The spermatozoon is a highly specialized cell. It is the only type of cell designed to
transfer from one individual to another. Due to the challenges imposed on cells able
to survive such a transition, a number of important adaptations of cell organization
and functions must take place to make it possible for the cell to survive and fulfill
its mission. The basic functions were evolved some 600 million years ago, when
meiosis and reproduction with gametes first arose. The detailed mechanisms of
these functions are still not fully understood, but their significance can be imagined:
maintenance of cell homeostasis (water content, electrolyte composition) in an
environment where conditions can vary and jeopardize, for instance, the best adap-
tion of sperm motility or preparations for contacting and passing the coronary cells,
penetrating of the zona pellucida in mammalians and the final connection to the
oocyte, and the following fusion of cell membranes and delivery of sperm messages
to the oocyte. The specific mission of the spermatozoon is to transfer the haploid
genome undamaged to the oocyte. It appears that this is accomplished through a
chromatin structure that is completely different from that of somatic cells. The safe-
keeping of the DNA is based on the sperm-specific packaging of the DNA. In somatic
cells the transcription of the DNA code is controlled by epigenetic modulations of
DNA as well as modifications of histone tails. In the mature spermatozoon, DNA
replication and transcription are terminated due to an exchange of DNA binding
histones for, in human, two types of protamines (P1 and P2, respectively). Besides
inactivating DNA functions, the incorporation of protamines allows a tighter packag-
ing of the DNA fibers, rendering the mature sperm nucleus a volume estimated to
be approximately one-sixth that of a somatic cell nucleus. The condensed state is
believed to create an almost water-free, crystalline structure. Absence of water is
important to decrease the risk of damage to the DNA. For instance, ionizing radiation
is known to create reactive compounds from water, compounds that, in turn, due to
the high degree of chemical reactivity, can cause DNA strand breaks. Another risk
with a high content of water within a DNA-containing cell organelle is that water-
soluble compounds are more likely to obtain access to the DNA and thereby have an
increased ability to react with the DNA molecules.

From this background the importance of the condensed state of the sperm nucleus
for a successful sperm function is obvious. But it is not only the formation of the
condensed state that is important. Once the sperm nucleus has been delivered into
the ooplasm, the condensed nucleus must decondense rapidly to release the DNA for
formation of a paternal pronucleus. Any abnormal change in the structural organization
can cause delays or defects in the delivery of the paternal DNA. Furthermore, any
damage to the DNA during the transition from the testicle to the oocyte cannot be
repaired until the DNA is accessible for DNA repair systems in the ooplasm. The risk
of error during the repair process increases with the number of DNA strand breaks in
an individual sperm nucleus.
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The human sperm chromatin structure is thus based on the incorporation of
protamines 1 and 2 in the nuclear matrix. Still, in humans, it appears that not all histones
are exchanged in this process, and it has been hypothesized that incomplete histone
exchange could explain the lower degree of chromatin compaction found in human
spermatozoa. There are investigations indicating that subnormal levels of histone
exchange can be more common among subfertile men and, therefore, one of several
possible causes of decreased fertility. Another possible interpretation of remaining his-
tones in the human sperm chromatin is that “normal” histones can be located in minor
DNA structures that link protamine-organized, larger parts of the DNA (Ward 2010).

Thus, abnormal sperm chromatin packing could cause problems by two different
mechanisms. One is the increased vulnerability of the DNA due to subnormal
condensations and stabilization of the chromatin. The other is what could best be
described as a supernormal compaction or superstabilization. Supernormal compac-
tion of the sperm chromatin would jeopardize the timing of the rapid delivery of the
sperm DNA in the ooplasm. It is therefore essential that both factors that reduce and
those that increase the normal compaction of the sperm chromatin be considered to
understand the causes of reduced male fertility potential. Comprehensive knowledge
and understanding of the normal male reproductive physiology and disorders that
can interact with normal sperm function is essential if progress is to be made in the
area of male contribution to subfertility.

Agents Interacting with Sperm Chromatin Structure

First an overview of agents that can contribute to changes in the normal structural
stability of the human sperm chromatin.

Sperm Protamines

Protamines in mammals contain both free -NH, and —SH groups. This gives a
chemical basis for salt bridges where, for instance, Zn>* can participate. Arginines
are the dominating component (45-48 %) of both protamines (P1 and P2) in human
sperm chromatin (Gusse et al. 1986). Arginines introduce a profusion of positively
charged -NH;" groups into the protamines — groups that neutralize the negative
charges of the phosphate groups of the DNA backbone. In this way, a high degree of
compaction of adjacent chromatin fibers can be achieved (Balhorn 2007). Histidines
introduce imidazole groups, and cysteines introduce thiol (-SH) groups. These
groups form the basis for ion bridges involving zinc ions. In the absence of Zn**,
thiol groups can form disulfide bridges between them (Kvist et al. 1980; Bal
et al. 2001). Serines and threonines have the propensity to become phosphorylated,
i.e., these amino acids can bind negatively charged phosphate groups. Thus, when
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Fig. 1.1 Schematic view of DNA double helix in sperm chromatin and its relation to protamine
compounds, indicating possible role of zinc to connect protamines: one zinc per protamine molecule
for every ten base pairs (turn of the helix) of the DNA. If negative charges of phosphate groups
in DNA are neutralized by protamines, tight packing of sperm DNA chromatin fibers is possible.
With permission from Revised guidelines for human embryology and andrology laboratories (2006)

phosphorylated serines and threonines can provide a basis for negatively charged
repulsive forces and when dephosphorylated, they do not hinder the compaction of
adjacent chromatin fibers. Phosphorylation of serine and threonine units can therefore
be an important mechanism for allowing a rapid decondensation by repulsion of
chromatin fibers while unpacking the DNA in the oocyte.

Zinc

Zinc is assimilated into the sperm chromatin during spermiogenesis at the stage where
the compaction of the nucleus is initiated. A general first sign of zinc deficiency
is an arrest of the formation of spermatozoa at a certain point of spermiogenesis,
leading to a total lack of elongated spermatozoa (Barney et al. 1968). The content of
zinc in the chromatin is on a magnitude of 8 mmol Zn*"/kg (Kvist et al. 1985). Using
a method to determine subcellular levels of atomic elements, X-ray microanalysis,
the sperm head was found to contain up to one zinc atom for every five sulfur atoms.
Since each human protamine molecule contains approximately five sulfur atoms, the
zinc-to-sulfur ratio is 1/5 — one zinc ion for every protamine molecule. One protamine
compound can provide 20 positively charged groups (-NH;*) that can neutralize the 20
negatively charged phosphate groups of 10 base pairs of the DNA. Since one turn
of the DNA-protamine helix equals ten base pairs, the human sperm chromatin has
one zinc ion for each turn of the DNA (and therefore also for each protamine molecule).
It is therefore not unreasonable to presume that zinc ions can contribute to the
DNA-protamine structure by linking protamines with salt bridges (Bench et al. 2000;
Kjellberg 1993) (Fig. 1.1).

Another piece of evidence for the idea that interaction between zinc and prot-
amine thiols could constitute a base for a stable but still rapidly reversible chromatin
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stability lies in the finding that the detectable amount of chromatin thiols decreases
during sperm maturation in the epididymis and reappears after sperm exposure to
DTT(dithiothreitol). The original interpretation of these findings was that thiols
become engaged into S-S bridges due to the fact that DTT is a compound that can
break strong covalent disulfide bridges (Calvin and Bedford 1971). However, an
alternative interpretation is more valid: Zn?* interacting with thiols in, for instance,
salt bridges could also make the thiols undetectable. Furthermore, exposure of the
sperm chromatin to DTT can bind zinc, and therefore free thiols could be detected
after DTT exposure. In favor of this interpretation is that epididymal spermatozoa
show more thiols if preexposed to acid or ethylenediaminetetraacetate (EDTA)
treatment, both of which can act as zinc binding agents (Calvin and Bleau 1974;
Calvin et al. 1973; Kvist and Eliasson 1978). Furthermore, spermatozoa exposed to
DTT are deprived of zinc but not magnesium (Kvist and Eliasson 1978).

Chromatin of Ejaculated Spermatozoa

Immediately after ejaculation the chromatin of human spermatozoa can be rapidly
decondensed by simple zinc removal with EDTA, which chelates cations like Zn*
(Kvist 1980a, b; Roomans et al. 1982), simultaneously with exposure to the anionic
detergent sodium dodecyl sulfate (SDS), which removes membranes and forces a
repulsion of chromatin fibers (Bjorndahl and Kvist 1985). Since disulfide breaking
agents are not required to achieve chromatin decondensation in spermatozoa imme-
diately after ejaculation, it is justified to conclude that at ejaculation the human
sperm chromatin has a zinc-dependent chromatin stability.

In vitro, the inherent, zinc-dependent stabilization of the chromatin is rapidly lost
and replaced by another type of stability (Kvist and Bjorndahl 1985). The second
type of stability (superstabilization) is more likely based on disulfide bridges since
agents specifically able to break those covalent bindings are required to achieve
decondensation, while simple Me?* binders cannot induce unpacking of the chromatin.
This alteration of the structural stabilization is enhanced when zinc is removed from
the sperm chromatin in vitro. Furthermore, the change into a superstabilized state
of the chromatin is largely counteracted when spermatozoa are stored in an environ-
ment with high bioavailability of Zn**.

A reasonable mechanism that could explain a dual role for zinc, both (1) stabilizing
the chromatin structure and (2) preventing the development of a superstabilization,
is that zinc forms salt bridges between protamine thiols (Fig. 1.2). A salt bridge that
comprises Zn>* and thiols has a binding strength equivalent to that of a covalent
disulfide bridge. Therefore, a zinc-thiol-based salt bridge could serve a double
purpose as a temporary, reversible stabilizer of the sperm chromatin structure.
Simultaneously the to thiols prevents the oxidization of these thiols into disulfide
bridges. Furthermore, removal of zinc by agents in the ooplasm would allow a rapid
decondensation of the sperm chromatin structure without an excessive need for
disulfide breaking agents.
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Fig. 1.2 Schematic representation of dual action of zinc: Zn>* (Zn) stabilizes the structure and simul-
taneously prevents formation of disulfide bridges: formation of salt bridges with thiols (—S) of the
protamines. Binding of zinc (e.g., by EDTA in vitro) enables two biologically opposite outcomes:
immediate decondensation if chromatin fibers are induced to repel (e.g., repulsion induced by
addition of SDS in vitro); otherwise, thiols freed from Zn** can become engaged into disulfide
bridges (-S-S-) creating a superstable chromatin. With permission from Bjérndahl and Kvist (2010)
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Alteration of Sperm Chromatin Structural Stability In Vitro

Normally, spermatozoa are expelled with the prostatic fluid most likely directly
onto the cervical mucus protruding from the cervix. Therefore, the prostatic fluid
must be regarded as the physiological vehicle for ejaculated spermatozoa. However,
when the ejaculate is collected for ART purposes or for research, the common prac-
tice is to collect the whole ejaculate in one single container. Thus, the secretion from
the seminal vesicles is also included and able to interact with the spermatozoa. The
content of zinc in the sperm head and the nature of the chromatin stabilization there-
fore will be affected by the more or less random and always altering properties of
the seminal fluid that each ejaculated spermatozoon is surrounded by (Bjorndahl
and Kvist 2003). It is too often ignored that ejaculate is not a homogenic and homeo-
statically regulated fluid like blood plasma. (The unfortunate term seminal plasma
has probably misled scientists to make an erroneous parallel between blood plasma
and seminal plasma.) Ejaculate is just a heterogeneous mixture of discharged secre-
tions from the prostate, the seminal vesicles, the epididymis, the testes, and a diver-
sity of small glands in the male reproductive tract. The contents of the seminal
plasma actually vary between different parts of the ejaculate, during ejaculation,
during liquefaction, and after ejaculation. Moreover, the composition varies among
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Prostatic
citrate

Fig. 1.3 Schematic overview of zinc availability in prostatic fluid. Normally prostatic fluid has a
high availability of zinc due to the secretion of free zinc and citrate-bound zinc. Spermatozoa
ejaculated in prostatic fluid retain their chromatin zinc due to the high availability of zinc in the
fluid. With permission from Bjorndahl and Kvist (2010)

men and among ejaculates from the same man. Therefore, the golden standard
for semen laboratories (World Health Organization 2010), with a collection of the
entire ejaculate in one single container allowing a mixture of all secretions and
interactions with the spermatozoa, will cause largely increased heterogeneity of the
structural stabilization of the sperm chromatin.

To better understand the remodeling in vitro of the sperm chromatin structure
stabilization after ejaculation, it is important to acknowledge the significance of the
sequence of ejaculation and how the zinc content of the sperm chromatin content is
affected by prostatic fluid and seminal vesicular fluid (Bjorndahl et al. 1991;
Bjorndahl and Kvist 1990). Normally, most spermatozoa are ejaculated in the first
third of the ejaculate, together with the slightly acidic, zinc-rich prostatic secretion.
The prostatic fluid has a high biological availability of Zn?* that is likely to prevent
a loss of chromatin zinc (Fig. 1.3). The last two-thirds of the ejaculate contain
mainly seminal vesicular fluid. The addition of secretion from the seminal vesicles
raises the pH, which causes an increase in the affinity of citrate for zinc, resulting in
less free zinc. Moreover, the seminal vesicular fluid also contains high molecular
weight (HMW) zinc ligands, which have a high affinity for zinc (Fig. 1.4). Thus,
during liquefaction in vitro seminal plasma develops into a zinc-chelating medium
able to deplete spermatozoa of zinc (Arver and Eliasson 1982; Bjorndahl and Kvist
1990; Bjorndahl et al. 1991). A magnitude of the zinc binding property of the semi-
nal plasma is the percentage of seminal zinc content bound to HMW ligands.
Among fertile donors the proportion of HMW bound zinc was less than 10 %. In
contrast, the proportion varied between 2 % and 67 % among 115 men in subfertile
couples (Kjellberg 1993). Altogether, seminal vesicular secretion changes the semi-
nal plasma into a zinc-binding medium, although the total concentration of zinc in
seminal plasma may appear to be normal.

In conclusion, spermatozoa exposed to seminal plasma are exposed to highly
variable conditions. The variations appear between different samples, and by the
duration of exposure to the seminal plasma, due to variations in the zinc-containing
prostatic fluid and the zinc-chelating seminal vesicular fluid and the dynamics in the
mixture of these fluids (Lundquist 1949; Arver 1982a, b).
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Complete ejaculate after liquefaction

Prostatic
citrate

Zn** Zn**  Zn?* zp?t
seminal vesicular proteins

Fig. 1.4 Schematic overview of zinc availability in whole ejaculate in vitro after liquefaction of
seminal fluid. Seminal vesicular fluid contains high molecular weight proteins with high affinity
for zinc, and its pH is alkaline, which increases the zinc binding capacity of citrate. The availability
of zinc therefore decreases after addition of seminal vesicular fluid because this fluid creates a
zinc-binding medium. With permission from Bjorndahl and Kvist (2010)

It is of clinical interest that some men in subfertile couples have an abnormal
sequence of ejaculation, where most spermatozoa are ejaculated together with
mainly seminal vesicular fluid, leading to a loss of zinc from the sperm chromatin
(Bjorndahl et al. 1991; Bjorndahl and Kvist 1990). This can in turn lead to changes
in the accessibility of the DNA. A likely cause of this disorder could be an obstruc-
tion of the ejaculatory ducts (Fisch et al. 2006) or prostatic oedema (Kjellberg
1993). In both cases the spermatozoa will not reach the urethra until forced by the
contractions and emptying of the seminal vesicles. Such an abnormal sequence of
ejaculation cannot be detected by routine semen analysis, although the main finding
would be decreased sperm motility. Indeed, whether the spermatozoa are mainly
expelled in the last ejaculate fractions together with the seminal vesicular fluid
or the first, sperm-rich ejaculate fractions are dominated by seminal vesicular fluid,
the result is a decreased sperm motility. Examination of a split ejaculate with an
assessment of accessory sex gland markers is the only means to unmask an abnor-
mal sequence of ejaculation (Bjorndahl and Kvist 2003).

Implications for the Interpretation of Sperm
DNA Damage Tests

An increasingly popular topic is the study of sperm DNA damage or DNA fragmen-
tation. The basis for this interest is very sound since it focuses on the message the
sperm is supposed to deliver to the oocyte. The classic basic semen analysis would
probably not yield any information that is directly linked to the status of the DNA
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of spermatozoa that are likely to participate in fertilization. Of course, a very poor
efficiency of sperm production and transport is likely to give rise to spermatozoa with
poorly protected DNA. In contrast, it cannot automatically be presumed that sperm
with good motility and morphology will always have an undamaged message.

However, when interpreting results from all sorts of sperm DNA damage tests,
the structural organization of the sperm chromatin must be acknowledged. Basically,
tests originally developed for somatic cells (with a completely different chromatin
structure) have been modified to provide access to the DNA within the sperm
nucleus. No real attention has been given to the highly variable structural stability
in different spermatozoa — alterations of methods to get access to the DNA can actu-
ally cause damage to the DNA, especially if the structure is already compromised
by premature zinc extraction. In contrast, a superstabilized chromatin is less likely
to give a correct response in a test system — a false negative result can occur as a
result of decreased access to sperm DNA (Pettersson et al. 2009; Tu et al. 2009;
From Bjork et al. 2009).

Conclusion

e The freshly ejaculated human sperm chromatin is stabilized by salt bridges
in which zinc binds between thiols and possibly imidazole groups of histidine.
This type of salt bridge resists chromatin decondensation by exposure to the
detergent SDS in vitro.

e Zinc binding to thiols prevents the oxidation of thiols into disulfide bridges.

 Partial or premature withdrawal of zinc, simultaneously with partial decondensa-
tion of the chromatin, can leave the DNA more exposed to agents that can dam-
age the DNA.

e Withdrawal of zinc from the sperm chromatin within the ooplasm, or as part of
an in vitro experiment close to ejaculation, enables a rapid chromatin deconden-
sation if chromatin fibers are simultaneously induced to repel.

e Withdrawal of sperm chromatin zinc without simultaneous repulsion of chromatin
fibers may result in oxidation of thiols into disulfide bridges (superstabilization),
which could delay the delivery of DNA in the oocyte and thereby cause a defect
zygote development. Furthermore, decreased access to sperm DNA due to excess
formation of disulfide crosslinking is also likely to hinder detection of DNA breaks
by assays like Comet, Tunel, and SCSA techniques and give false negative results.
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Chapter 2
Genomic Changes in Spermatozoa
of the Aging Male

Chiara Chianese, Sara Brilli, and Csilla Krausz

Abstract Modern society is witnessing a widespread tendency to postpone
parenthood due to a number of socioeconomic factors. This ever-increasing trend
relates to both women and men and raises many concerns about the risks and con-
sequences lying beneath the natural process of aging. The negative influence of the
advanced maternal age has been thoroughly demonstrated, while the paternal age has
attracted comparatively less attention. A problematic issue of defining whether advanced
paternal age can be considered an independent risk factor, not only for a man’s fertility
but also for the offspring’s health, is represented by the difficulty, linked to reproductive
studies, in characterizing the impact of maternal and paternal age, separately. Researchers
are now trying to overcome this obstacle by directly analyzing the male germ cell, and
emerging data prove this sperm-specific approach to be a valid tool for providing novel
insights on the effects of aging on the spermatozoa and, thus, on the reproductive out-
come of an aging male. The purpose of this chapter is to summarize most of what is
known about the relationship between male aging and changes in the spermatozoa, giv-
ing special focus on the events occurring with age at the genomic level.

Keywords Aging male ® Spermatozoa ® Genomic anomalies

Introduction

History provides fascinating episodes of men fathering children at very old ages.
In 1935, a 94-year-old man was the oldest age-of-paternity case reported by a sci-
entific publication (Seymour et al. 1935). Other examples of greatly aged fathers
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have appeared more recently, such as that of two Indian farmers, Nanu Ram Jogi,
who fathered his twenty-first child at age 91 in 2007, and Ramjit Raghav, who
became the world’s oldest dad, giving birth to his first child at the age of 94.

Beyond anecdotal curiosity, it is interesting to note that in industrialized countries
delayed parenthood is becoming an increasingly widespread social phenomenon.
Many factors account for this trend, but referring to literature citations increasing
life expectancy, economic stability, and career ambitions represent the most relevant
issues for parenthood postponement, raising not a few concerns about age-associated
risks and consequences. Indeed, the process of aging can be ascribed to a number of
endogenous and environmental factors inducing DNA damage.

As demonstrated by epidemiological data, the last decades saw a considerable
increase in the mean age of childbearing mothers, reflecting for women a birth rate
shift toward 35 years of age and older. A similar tendency shows up in the paternity
rate, which has been continuously rising since 1980, in parallel with a decrement of
paternity among men between 25 and 29 years old (Martin et al. 2007). In fact, the
percentage of men fathering children over 35 years old has been markedly rising
from 15 % to 25 % during the last 40 years, as has the number of men aged between
50 and 54 desiring to conceive children (Fisch 2009). In line with these data, a rise
in the number of fathers over 60 is predicted to happen over the next 10-20 years
(US Census Bureau 2005).

The effect of delayed motherhood has been studied to such an extent that it is
now possible to acknowledge advanced maternal age as the most important risk
factor for infertility, spontaneous abortions, and genetic defects among offspring.
Only lately has male age attracted more attention in this regard, but whether a
comparable age-dependent effect also exists for delayed fatherhood remains to be
fully elucidated. There is suggestive epidemiological evidence that paternal age
correlates with an increased incidence of abnormal reproductive outcomes and
heritable defects (Tarin et al. 1998; de la Rochebrochard and Thonneau 2002),
including several types of genomic modification. In particular, there is growing
evidence that advancing male age is associated with an increased frequency of
certain genetic and chromosomal defects in spermatozoa (Crow 2000; Shi and
Martin 2000; Tiemann-Boege et al. 2002; Bosch et al. 2003; Sloter et al. 2004).
The last-named authors prove that the male germ cell represents a direct target of
study for a straightforward identification of merely paternal risk factors, overcom-
ing the difficulty, often present in reproductive studies, in distinguishing between
the impact of maternal and paternal ages. Nevertheless, it is as yet impossible to
even define a general consensus of what can be considered advanced paternal age,
although some studies and the precautionary measures taken for sperm donations des-
tined for assisted conception advise a threshold of 40 years old (de la Rochebrochard
et al. 2003).

This chapter aims at summarizing data available on male age-related effects in
spermatozoa, describing with specific focus how the sperm genome can be modified
during meiosis of aging men.
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Chromosomal Alterations in the Aging Male

Chromosomal aberrations were among the first observed manifestations of decreased
genome integrity with age. Studies comprising chromosomal analyses from human
peripheral blood lymphocytes corroborate these observations, demonstrating that
the occurrence of various genomic changes (i.e., aneuploidies, translocations, acen-
tric fragments, chromosomal loss, micronuclei formation) increases linearly with
the age of the individuals (Sloter et al. 2004). In light of these data, concerns have
arisen that certain types of chromosomal alterations may increase with age in male
germ cells as well.

Aneuploidies

In humans, aneuploidies represent the most common heritable chromosomal
anomaly, with approximately 0.3 % of infants born with an altered number of
chromosomes (Hassold 2001). This genomic rearrangement derives mainly from
nondisjunction during meiotic divisions [both meiosis I (MI) and meiosis IT (MII)]
and its primary reproductive consequence is spontaneous abortion. Analyses on
fetal material retrieved from abortuses show that 60 % of all aneuploidies consist
in 45, XO monosomy and trisomies of chromosomes 16, 21, and 22 (Hassold
2001). A subset of aneuploidies involving sex chromosomes as well as trisomies
13, 21, and 18 make it to birth and lead to typical developmental and morphologi-
cal defects.

Several studies proved maternal age to be a risk factor for trisomy formation,
although the nature of such a relationship is not unequivocally definable: in fact, the
effect of maternal age is differently exerted among chromosomes, increasing either
linearly (e.g., trisomy 16) or exponentially (e.g., trisomy 21). The characterization
of such an age-dependent connection for individual trisomies has not progressed
much for men due to the relatively low number of trisomy cases determined to be
paternally derived. Moreover, whether paternal age is associated with the generation
of aneuploidies is still controversial due to the paucity of data available on the affected
offspring because most abnormal embryos are lost and because studies performed so
far were limited by the difficulty in separating paternal from maternal effects (Wiener-
Megnazi et al. 2012). Cytogenetic data from human oocytes, fertilized eggs, preim-
plantation embryos, and spermatozoa allowed to compensate for the issue of
discriminating the pure paternal effect. The approach of targeting solely the germ cell
genome, extracting parent-specific information, indicates that most constitutional
aneuploidies are generated de novo during parental meiosis.

The first data about the chromosomal content of human spermatozoa date back
to 1978 and derive from the insemination of hamster eggs with human spermatozoa,
a cytogenetic method known as the hamster-egg penetration test (Rudak et al. 1978).
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This study showed that 2-3% of spermatozoa from normal men carried an aneuploid
karyotype. Other large hamster-egg studies followed, but an effect of the donor’s
age on the rate of aneuploidies was not found (Estop et al. 1995; Brandriff et al.
1988); this was probably due to a bias related to the study population, which
included only a few men aged over 40 years old. Finally, two more studies based on
the same method reached divergent conclusions: in one, a significantly negative cor-
relation was found between the rate of aneuploidy and the donor’s age (Martin and
Rademaker 1987), while in the other study the authors observed a significantly
higher incidence of hyperploid spermatozoa from a comparison between seven old
donors (aged between 59 and 74 years old) and five young donors (aged between 23
and 39 years old) (Sartorelli et al. 2001).

In the early 1990s, fluorescent in situ hybridization (FISH) replaced the hamster-
egg method for the detection of sperm aneuploidy, introducing the advantage of a
quicker labour- and cost-saving analysis of greater amounts of spermatozoa. With
regard to sperm autosomal aneuploidies, FISH data show modest evidence for a
paternal age effect. One study (Martin et al. 1995) reported an increase with age in
disomy 1 in the spermatozoa of men aged from 21 to 52 years old, although none of
the following studies confirmed their result. Another study found a significant cor-
relation between a decreased incidence of chromosome 18 sperm disomy and
increased age (Robbins et al. 1997). In contrast, studies on chromosome 21 sperm
disomy all converge on the independence of such a rearrangement from men’s age,
with the exception of only one small study (Rousseaux et al. 1998) in which the
authors found that advanced age correlated with a higher incidence of sperm
disomy 21.

A different scenario is offered by FISH studies on sex chromosomes, for which
more distinct evidence exists for an age-related increase in aneuploidies in male
germ cells. In the literature, 11 sperm FISH studies are available on the effects of
paternal age on the frequency of aneuploidy formation within spermatic X and Y
chromosomes, and only 2 reached a negative conclusion with respect to the age—
aneuploidy link. The rest provide evidence that errors in MI and MII are more likely
to occur with the advancement of age. As for nondisjunctions in both MI and MII,
the literature reports a general positive paternal age effect by which men aged over
50 have about a two- to threefold higher risk of carrying spermatozoa with a 24, XY
karyotype as a consequence of MI errors (Guttenbach et al. 2000; Bosch et al. 2001;
Asada et al. 2000; Griffin et al. 1995; Lowe et al. 2001) and a two to threefold higher
frequency of producing X or Y disomic spermatozoa as a consequence of MII errors
(Kinakin et al. 1997; Martin et al. 1995; Robbins et al. 1997; Rubes et al. 1998).

Multiprobe FISH analyses have proven their utility in the detection of sperm
diploidy, the incidence of which in association with paternal aging is still controver-
sial. For instance, the literature offers a number of studies reporting an age-related
increase of the frequency of diploid sperm in older men compared to younger men
with about a twofold increased risk. However, several other studies do not reach the
same conclusion because they report no association between sperm disomy formation
and advanced paternal age (Sloter et al. 2004).
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Structural Aberrations

Although the incidence of structural chromosomal abnormalities is lower compared
to aneuploidies at birth (0.25 % versus 0.33 %, respectively) (Hassold 1998), a
study based on chromosome heteromorphisms first estimated that 80 % of such de
novo rearrangements are of paternal origin (Olson and Magenis 1988). These data
were supported by subsequent findings on paternally derived aberrations. Thomas
et al. observed a paternal derivation of de novo unbalanced structural chromosomal
abnormalities detectable by light microscopy, with 84 % interstitial deletions and
58 % duplications and rings (Thomas et al. 2006). Even more recently, de novo
microdeletions associated with de novo reciprocal translocations as well as cases of
complex chromosomal rearrangements were determined to be paternally derived in
all cases. Likewise, array comparative genomic hybridization (aCGH) analyses
helped in determining that all de novo deletions identified in men carrying balanced
translocations and abnormal phenotypes derived from the fathers (Baptista et al.
2008). Other studies reported that both a recurrent de novo translocation, i.e., t(11;22),
and nonrecurrent balanced reciprocal translocations were almost entirely of paternal
origin, with 100 % for the former and 96 % for the latter being inherited from the
fathers (Kurahashi et al. 2009; Ohye et al. 2010; Thomas et al. 2012).

Concerning the aging male, the literature provides conflicting evidence of a
paternal age effect for structural rearrangements. The incongruence emerges
between case studies noting that structural aberrations spontaneously occur in children
conceived by older fathers and population-based studies in which such a correlation
does not appear to be real (Sloter et al. 2004). Although the paternal contribution
still seems rather high, information on structural aberrations in human male gametes
is still scarce. This is partly due to the overall lower occurrence of such rearrange-
ments among live births that render the paternal effect enormously complicated to
define. However, the mounting development of assays that allow the detection of
structural chromosomal aberrations directly within spermatozoa represents an
important incentive for the evaluation of those factors, such as age, that will poten-
tially increase the formation rate of anomalies in a man’s sperm population.

The first clue of a relationship between the incidence of structural aberrations in
male germ cells and paternal age comes from rodent studies. There is consistent
evidence that structural aberrations in rodent spermatozoa increase with age,
although the pre- and postmeiotic spermatogenetic compartments seem differently
affected, with late-step spermatids, and not primary spermatocytes, showing a
greater fold increase in the frequency of abnormalities between old and young mice
(Pacchierotti et al. 1983). These data are supported by two micronucleus assays
(Allen et al. 1996; Lowe et al. 1995) focusing on the age effect on the frequency of
aberrations in round spermatids of mice and hamsters, respectively, and both leading
to the conclusion that older animals have a significantly higher frequency of unstable
aberrations in their spermatids compared to young animals.

Concerning human semen, the hamster-egg method in the first instance revealed
itself as a relevant tool for the detection of spermatozoa bearing structural
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chromosomal abnormalities such as unrejoined breaks and acentric fragments, of
which 75 % resulted in unstable aberrations. The examination of 1,582 sperm
chromosomal complements from 30 fertile men divided into six age groups ranging
from 20 to 24 years to older than 45 years reported a fourfold increase in the total
structural chromosomal abnormalities for older men (Martin and Rademaker 1987).
The reanalysis of these data by Sloter et al. (2004) demonstrates that this effect is
mainly due to the significant increase in chromosomal breaks, but not in acentric
fragments, indicating the greater susceptibility to aging of postmeiotic DNA-repair-free
spermatids. Another human-sperm/hamster-egg study (Sartorelli et al. 2001),
including several men between 59 and 74 years old, reported a significantly higher
frequency of acentric fragments and of complex radial figures in sperm comple-
ments of older donors compared to younger donors.

Notwithstanding its importance in producing the aforementioned results, the
hamster-egg method is inefficient to measure the frequency of deletions and dupli-
cations as well as of the so-called stable rearrangements, i.e., translocations, inver-
sions, insertions, isochromosomes, small deletions, and small duplications, in the
spermatozoa and thus has been replaced by the FISH strategy. An age-related effect
was observed for the frequency of centromeric deletions of chromosome 1 in a cohort
of 18 men aged 20-58 years old (Mclnnes et al. 1998); likewise, a significant
age-related increase was reported for the frequency of spermatozoa with duplications
and deletions at the centromeric and subtelomeric regions of chromosome 9 in a
cohort of 18 men aged 2474 years old (Bosch et al. 2003). Another FISH-based
analysis demonstrated a significant increase in the frequency of spermatozoa carrying
breaks and segmental duplications and deletions of chromosome 1 among older men
compared to younger men. In particular, older men showed twice the frequency of
segmental duplications and deletions in chromosome 1 in their spermatozoa.
Similarly, the researchers found a significant age-related increase in the frequency
of spermatozoa carrying breaks within the 1q12 fragile-site region that was almost
doubled in older men (Sloter et al. 2007). A more recent study based on a multi-
color, multichromosome FISH strategy was performed on the semen of ten male
donors 23-74 years old and found that older patients had a higher rate of structural
abnormalities (6.6 %) compared to younger men (4.9 %); interestingly, although
both duplications and deletions occurred more frequently in older men, an excess of
duplications versus deletions was observed in both groups. In addition, the authors
demonstrated a nonlinear distribution of duplications and deletions along the chro-
mosomes and observed an inclination toward a higher susceptibility to rearrange-
ments in larger chromosomes (Templado et al. 2011).

Overall, both human and animal studies suggest that the increased trend of delaying
fatherhood could predict an augmented risk of delivering offspring liable to pater-
nally derived genetic diseases resulting from chromosomal aneuploidies or structural
aberrations, assuming that spermatozoa bearing such rearrangements are as capable
of fertilizing as normal spermatozoa. However, animal models provide evidence for
a paternal age effect mostly on chromosomal breaks, duplications, and deletions
rather than chromosomal numeric alterations. Along these lines, duplications appear
to occur more frequently than deletions, suggesting a mitotic rather than meiotic
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origin for some of these sperm de novo abnormalities. As for stable rearrangements,
it has been hypothesized that they would originate during spermatogenic mitotic
divisions or during meiosis.

Doubtlessly, further research is needed to identify whether there are specific
environmental or paternal host factors that are associated with paternally transmis-
sible chromosomal abnormalities. Another fascinating challenge is posed by the
lack of knowledge about whether there exist specific types of chromosomal abnor-
malities that are produced at a specific stage of germ cell production, the relative
contribution that spermatogenetic mechanisms might exert on the development of
chromosomal aberrations, and how both processes are affected by age.

Sperm DNA Damage

What makes DNA damage an extensively investigated topic is the irreplaceable
nature of the DNA molecule. Vital information about cellular content and function
is sheltered in the DNA, rendering it a crucial target for age-related degeneration.
For instance, damage in the DNA can cause cell cycle arrest, cell death, or mutations
the accumulation of which may lead to deregulation of transcription pathways,
reduced fitness, and, ultimately, the aging phenotype. In spermatozoa, DNA damage
could show up in the form of DNA fragmentation, abnormal chromatin packaging,
and protamine deficiency potentially leading to cell impairment, and a number of
studies have contributed to our understanding of whether an association with male
aging exists. Higher levels of double-stranded DNA breaks were reported in older
men (Singh et al. 2003), and a gradual age-related upward trend has been proposed
for DNA fragmentation (Wyrobek et al. 2006) since the DNA fragmentation index
(DFI) more than doubled in men between 20 and 60 years old. As for DNA frag-
mentation, data in the literature are not completely homogeneous concerning its
relationship with paternal age, but there is undeniable ever-increasing evidence for
a DFT augment with advancing age (Belloc et al. 2009; Plastira et al. 2007; Schmid
et al. 2012; Vagnini et al. 2007).

In the myriad of DNA changes that occur as a consequence of aging, several
theories collocate oxidative stress among those mechanisms predicted to play a
causal role. Similarly to somatic cells, the continuous generation of reactive oxygen
species (ROSs) produces oxidative damage, especially in spermatozoa, because of
their high content of polyunsaturated fatty acid in the cell membrane (Aitken and
Krausz 2001). Since ROSs production is likely to increase with age, it is plausible
to hypothesize that, in men of advanced age, growing oxidative stress might be
responsible for the age-related augment in sperm DNA damage. Moreover, changes
in the efficiency of mismatch repair, base excision repair, nucleotide excision repair,
and double-strand break repair mechanisms might endure the effect of aging and
present themselves as cofactors in age-inflicted DNA damage. In conclusion, pater-
nal age does indeed appear to be an additional factor that is positively correlated
with an increase in DNA damage in spermatozoa deriving from men of both fertile
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and infertile couples (Sartorius and Nieschlag 2010). Clearly, further research
should be conducted to better define not only the nature but also the mechanisms
underlying age-related changes in DNA and the extent of the damage that could be
consequently produced.

Effect of Father’s Age on Disease Risk

It is now fully recognized that children born from older parents are exposed to a
much higher risk of having genetic disorders. This has been extensively proven for
women delivering children at advanced ages, as witnessed by the strong maternal
age effect for Down syndrome. However, there is an ever-growing evidence that
paternal age also confers to offspring a susceptibility to a broad range of conditions,
including spontaneous dominant disorders, congenital anomalies, neurological
diseases (i.e., schizophrenia and autism), and some types of childhood cancers.

De Novo Mutation Rate in Male Gametes

Paternal aging is considered the major cause of new mutations in human popula-
tions (Crow 1999). Indeed, it is common knowledge that male germ cells undergo
continuous cell divisions, which clearly accumulate with age, consequently lead-
ing to an accelerated mutation rate in spermatozoa. This could be due to several
mechanisms, the first of which are the alterations of age-sensitive processes such
as DNA replication and repair (Crow 2000). Moreover, the accumulation of
mutagens from either external or internal sources, which would certainly increase
with age, might also contribute to the increased occurrence of DNA replication
inaccuracy.

Information available on de novo mutation rates mainly derives from studies in
which the direct examination of parent-to-child transmission is limited to testing
specific genes or regions, whereas the innovative whole-genome, sequencing-based
studies are still inadequate to address this question. A recent study by Kong et al.
addressed this issue by performing an estimate of the genome-wide mutation rate
by sequencing the entire genomes of 78 parent-offspring trios (Kong et al. 2012).
In particular, they focused on single nucleotide polymorphisms (SNPs), showing
that the transmission of mutations to children is mainly due to fathers, and this
behavior seemed closely linked to the paternal age. Considering that in this study
the father’s average age was 29.7 years old, the mean of the de novo mutation rate
of SNPs was 1.20 x 10~ per nucleotide per generation (Kong et al. 2012). This effect
increased with the father’s age (approximately two mutations per year), and the risk
that children carrying harmful mutations, which could potentially lead to pathological
conditions, increased proportionally.
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Although in some circumstances the evidence for an association with advanced
paternal age is not always consistent and reproducible, this is not the case for a
small group of conditions known as paternal age effect (PAE) disorders, of which
Apert syndrome and achondroplasia are considered the best representative exam-
ples. PAE disorders include some other disorders due to specific mutations in the
fibroblastic growth factor receptor (FGFR) genes: mutations in FGFR2 cause Apert,
Crouzon, and Pfeiffer syndromes, mutations in FGFR3 cause achondroplasia, than-
atophoric dysplasia, hypochondroplasia, and Muenke syndrome. All these condi-
tions are caused by substitution: transition/transversion at CpG dinucleotides or
transition/transversion at non-CpG dinucleotides at key points within the growth
factor receptor-RAS signaling pathway. These syndromes are characterized by
autosomal dominant transmission; 1:30,000/130,000 birth prevalence for new muta-
tions; paternal origin of mutations; strong paternal age effect; and a high apparent
germ line mutation rate. Apert syndrome is a form of acrocephalosyndactyly, char-
acterized by malformations of the skull, face, hands, and feet. In most cases there
are two different mutations in the germ line occurring in the FGFR2 gene: C to G at
position 755, and C to G at position 758, which cause, respectively, a serine to tryp-
tophan and a proline to arginine change in the protein (Wilkie et al. 1995).
Achondroplasia is a common cause of dwarfism, and more than 99 % of the cases
are caused by two different mutations in the FGFR3 gene. In about 98 % of the
cases, a G to A point mutation at nucleotide 1138 of the FGFR3 gene causes a
glycine-to-arginine substitution (Rousseau et al. 1996) and a G to C point mutation
at nucleotide 1138 causes about 1 % of cases. These point mutations originate from
unaffected fathers, suggesting that these events take place in the spermatogonial
stem cells during spermatogenesis. The common explanation for these effects is the
copy-error hypothesis, which postulates an accumulation of recurrent mutations in
specific DNA hotspots. Although this process may play a specific role, alone it
cannot explain these paternal age effects (Goriely and Wilkie 2012). Using a new
polymerase chain reaction approach, it was possible to reveal that, although the
mutational events in Apert syndrome are rare, when they take place, they become
enriched because the encoded mutant proteins confer a selective advantage on sper-
matogonial cells, originating the so-called protein-driven selfish selection (Goriely
et al. 2005). This mechanism is better known for somatic mutations that occur
during neoplasia rather than in germ line diseases. In fact, if the same mutations that
take place in PAE disorders occurred in somatic cells, they would lead to neoplasia:
755C>G and 758C>G substitutions in the FGFR2 gene define endometrial cancer,
and 1138G>A and 1138G>C in the FGFR3 gene cause bladder cancer (Goriely
and Wilkie 2012). Thus, it is important to consider that these mutational events may
lead to both a specific syndrome and an oncogenetic process.

In conclusion, what are the long-term consequences of selfish selection? It seems
that with age, spermatozoa of all men are progressively enriched with PAE muta-
tions, even though PAE disorders fortunately have a low reproductive fitness; con-
versely, other mutations that define mild syndromes can be transmitted over many
generations, representing a contribution to genetic variability.
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Telomeres: The Bright Side of Aging

Telomeres are specific DNA sequences enclosing a number of (TTAGGG), repeats
located at the ends of all chromosomes. Although their function is not yet fully
established, it is widely known that telomeres are involved in the protection of chro-
mosomes from fusion, recombination, and degradation. In many tissues, telomere
length (TL) is shortened by successive cell divisions, and consequently it tends to
progressively diminish with age. Therefore, TL changes are believed to be impli-
cated in cell senescence and aging as well as tumorigenesis and DNA repair (De
Meyer et al. 2007; Unryn et al. 2005). Consistent with this, elderly people, whose
leukocytes display shorter telomeres due to their advanced age, are presumably sub-
jected to a higher morbidity and reduced life expectancy.

Although it is well known that TL reduces with age in most proliferating tis-
sues, spermatozoa represent the exception to the rule. For instance, there is sub-
stantial evidence that sperm TL dynamics follows a fascinating divergent trajectory
that entails the elongation of sperm telomeres with age (Aston et al. 2012; Baird
et al. 2006; Kimura et al. 2008). This notion provides a completely novel facet of
the effects that might be exerted by paternal age and demonstrates that sometimes
clouds do have a silver lining. In fact, emerging data provide growing evidence that
older fathers will transmit to their offspring longer leukocyte telomeres (Arbeev
et al. 2011; De Meyer et al. 2007; Unryn et al. 2005). In addition, a recent study
performed on delayed human reproduction found that such an association between
paternal age and offspring’s TL is cumulative across multiple generations since the
paternal grandfather’s age predicts longer telomeres in grandchildren at their
father’s birth (p=0.038) (Eisenberg et al. 2012). The most common explanation for
telomere lengthening among offspring of older fathers is the high telomerase activ-
ity in the testes (Baird et al. 2006; Kimura et al. 2008). Aston et al. (2012) suggest
that sperm TL elongation is dependent on an overactivation of telomerase in male
germ cells, leading to TL lengthening at every replication cycle (estimated
value=2.48 bp/replication). However, it remains to be defined why testicular
telomerase would lead to the progressive lengthening of sperm telomeres rather
than just maintain a stable length. Kimura et al. (2008) proposed that testicular
telomerase exerts a preferential effect on long telomeres. This might depend on
the fact that spermatozoa displaying short telomeres undergo a negative selection
that with age progressively leads to their disproportional extinction (Kimura
et al. 2008).

In light of these data, telomere lengthening might be considered the bright
side of aging because delayed fatherhood would not only imply negative conse-
quences, but could also confer positive traits to future generations conceived by
aged fathers such as higher survival and lower risk of developing TL-related
diseases.
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Conclusions

Human aging includes a number of time-related processes occurring throughout
adult life that guide a wide range of physiological changes that increase an indi-
vidual’s vulnerability to death and weaken normal functions and intensify one’s
susceptibility to a number of diseases. The ever-spreading phenomenon of postpon-
ing parenthood till older ages represents one of the multiple aspects of the aging
process, given the recognition of advanced parental age effects.

While extensive evidence has proven maternal age to be a major and independent
negative factor for fertility, the effects of paternal age remain poorly understood.
However, there is growing evidence that advanced paternal age correlates with a
number of complications, and 40 years old has been proposed as the “amber light” in
a man’s reproductive life. Reproductive studies suggest that male aging does not
affect a couple’s fecundity as an independent factor but that its effects manifest them-
selves in combination with maternal age or in the presence of altered spermatogen-
esis. This information might depend on the difficulty in discriminating paternal from
maternal age effects, implying the need to direct further research straight to the male
germ cells. This sperm-specific approach helped to define a pure paternal age effect
on a multitude of issues discussed throughout this chapter (Fig. 2.1). Current data in
the literature suggest that the spermatozoa of aged men apparently more frequently

Aging Male Gamete

ATelomere Length

N Chromosomal aberrations:
- Structural anomalies

- Numerical anomalies (?) #de novo DNA

mutation rate
?DNA Damage:
- DNA fragmentation

A Life expectancy (?)

Higher risk of:
- Spontaneous abortion
- PAE disorders
- Malformations (?)

Fig. 2.1 Graphical summary of various consequences reportedly derived from the process of
aging in the male gamete
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undergo age-related modifications, potentially leading to various consequences. The
occurrence of such alterations in male germ cells has rather important implications
because any damage to reproductive cells might produce permanent effects not only on
the fertility status of the questioned patient but also on the health and viability of the
offspring, with potential consequences on the fitness of future generations.
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Chapter 3
Chromosomal Aberrations and Aneuploidies
of Spermatozoa

Paola Piomboni, Anita Stendardi, and Laura Gambera

Abstract Chromosomal abnormalities are relevant causes of human infertility,
affecting 2—14 % of infertile males. Patients with seminal anomalies could be
affected by improper meiotic recombination and increased sperm chromosome
aneuploidy. Since the transmission of a haploid chromosomal asset is fundamental
for embryo vitality and development, the study of sperm chromosomes has become
fundamental because intracytoplasmic sperm injection allows fertilization in cases
of severe male infertility.

In this chapter we summarize the data on the incidence of sperm aneuploidy,
detected by fluorescence in situ hybridization (FISH), in infertile men with normal
or abnormal karyotype. The possibility of reducing sperm chromosomal imbalance
is also reported.

Among control males, the lowest aneuploidy rate was detected (range:
0.09-0.14 % for autosomes; 0.04-0.10 % for gonosomes). In infertile patients with
normal karyotype, the severity of semen alteration is correlated with the frequency of
aneuploidy, particularly for X and Y chromosomes. Among patients with abnormal
karyotype, 47,XXY and 47,XYY carriers showed a high variability of sperm aneu-
ploidy both for gonosomes and autosomes. In Robertsonian translocation carriers,
the increase in aneuploidy rate was particularly evident for total sex disomy, and
resulted mainly from interchromosomal effect (ICE). In reciprocal translocation
carriers, a high percentage of unbalanced sperm (approximately 50 %) was detected,
perhaps mostly related to ICE.

P. Piomboni (D<) L. Gambera
Department of Molecular and Developmental Medicine, University of Siena,
Viale Bracci 14, 53100 Siena, Italy

Center for Diagnosis and Treatment of Couple Sterility, S. Maria alle Scotte Hospital,
Viale Bracci 14, 53100 Siena, Italy
e-mail: paola.piomboni@unisi.it

A. Stendardi
Department of Molecular and Developmental Medicine, University of Siena,
Viale Bracci 14, 53100 Siena, Italy

E. Baldi and M. Muratori (eds.), Genetic Damage in Human 27
Spermatozoa, Advances in Experimental Medicine and Biology 791,
DOI 10.1007/978-1-4614-7783-9_3, © Springer Science+Business Media New York 2014



28 P. Piomboni et al.

Sperm chromosomal constitution could be analyzed to obtain more accurate
information about the causes of male infertility. It would be worthwhile to evaluate
the benefits of a therapy with recombinant Follicle Stimulating Hormone (rFSH) on
sperm chromosome segregation in selected infertile males.

Keywords FISH ¢ Sperm aneuploidy ® Male infertility ® Abnormal karyotype

Introduction

Chromosomal abnormalities are a relevant cause of human infertility, affecting
2-14 % of infertile males and have been clearly demonstrated to increase proportionally
with the severity of the spermatological phenotype. Both numerical and structural
chromosomal aberrations are major contributors to pregnancy loss (Egozcue et al.
2000a), perinatal death, congenital malformations, mental retardation, and behavioral
anomalies (Hook 1985; Hecht and Hecht 1987), the latter accounting for the 0.8—1 %
of live births (Gardner and Sutherland 2004).

Among the abnormalities, trisomy of chromosomes 13, 18, and 21 and aneuploidies
of the sex chromosomes constitute the most important load of congenital abnor-
malities. In most cases, autosomal trisomies originate in maternal germ cells,
whereas sex chromosome aneuploidies are frequently of paternal origin, occurring
during spermatogenesis (Sloter et al. 2004).

The term spermatogenesis indicates the processes by which primordial germ cells,
namely spermatogonia, become haploid sperm cells. Spermatogonia divide by mitosis,
giving rise to primary spermatocytes, which undergo a meiotic process. Meiosis
includes two successive cell divisions without DNA replication. During the first
and second meiotic divisions, homologous chromosomes separate to form haploid
gametes. At the end of spermatogenesis, the haploid spermatid nucleus contains 23
chromosomes with one chromatid. Soon after, they are transformed into spermatozoa
by a morphogenetic process, spermiogenesis. Recently, several lines of evidence have
linked unexplained male infertility to meiotic defects in pairing, synapsis, and recom-
bination and to an increase in aneuploid sperm (Tempest and Martin 2009).

Errors during mitotic or meiotic divisions may lead to aneuploid gametes,
in which autosomes or the sex chromosomes are affected. Aneuploidy, the most
frequently detected cytogenetic abnormality, is defined as the condition of having
fewer or more than the euploid number of chromosomes. Aneuploidies in male
gametes may be caused by two main mechanisms: (1) nondisjunction of chromatid
pairs during mitosis or meiosis II or nondisjunction of homologous chromosomes
during meiosis I; (2) chromosome lagging near the equator at anaphase followed by
chromosome loss (Ford et al. 1988).

The incidence of sperm aneuploidy increases proportionally with the severity of
the male-factor sterility, including Y chromosome microdeletions, as confirmed by
various studies suggesting that, in selected cases, the paternal contribution to aneu-
ploidy in the developing conceptus could be more relevant than expected from
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Fig. 3.1 Fish analysis using different centromeric-DNA probes for the simultaneous detection of
chromosome 18 (aqua), X (green) and Y (red). Euploid sperm nuclei with 18,X (green circles),
and 18,Y (red circles) complements are observed

general data on aborted fetuses and live births (Gianaroli et al. 2005; Magli et al.
2009; Mateu et al. 2010; Kahraman et al. 2006; Harton and Helen 2012).

This is particularly true in cases of assisted reproductive techniques, such as
intracytoplasmic sperm injection (ICSI), that have improved the chances of
achieving pregnancy also for patients with severe seminal anomalies (Van
Steirteghem et al. 1993, 1996), despite an increased incidence of embryo aneu-
ploidies (Verpoest and Tournaye 2006; Tesarik and Mendoza 2007). In particular,
it appears that men with severe factor infertility treated by ICSI have an increased
risk of generating offspring with unbalanced chromosomal constitution (Rimm
et al. 2004; Wen et al. 2012).

The clinical use of aneuploidy screening should be recommended in patients
affected by Klinefelter syndrome, structural rearrangement of karyotype, severe
teratozoospermia, nonobstructive azoospermia, as well as in patients with recurrent
pregnancy loss or unexplained repeated in vitro fertilization (IVF) failures.

The development of the FISH technique, which uses a chromosome-specific
DNA probe detected by fluorescence microscopy, and its application to the study of
sperm aneuploidy has made possible the screening of a large number of germ cells
in a relatively short time. In addition, the simultaneous use of different probes
allows for the evaluation of aneuploidy frequency for different human chromosomes
in normal (Fig. 3.1) and pathological conditions (Figs. 3.2 and 3.3) (Egozcue et al.
1997; Downie et al. 1997; Guttenbach et al. 1997a; Rives et al. 1999; Carrel 2008;
McLachlan and O’Bryan 2010). Since 1990, this technique has been used to ana-
lyze chromosome aneuploidies in sperm, and many papers have been published on
sperm aneuploidies even in control individuals (Downie et al. 1997; Guttenbach
et al. 1997a; Egozcue et al. 1997; Rives et al. 1999). Nevertheless, FISH has its
limits due, for example, to the degree of chromatin condensation since condensa-
tion efficiency is directly correlated with fluorescent signal quality (Vidal et al.
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Fig. 3.2 DAPI counterstaining (a) and FISH analysis (b) showing a disomic 18,YY sperm

Fig. 3.3 DAPI counterstaining (a) and FISH analysis (b) showing a diploid 18,18,YY sperm

1993; Egozcue et al. 1997). Moreover, FISH does not enable one to appreciate the
difference between nullisomy (the absence of a chromosome) and the absence of
hybridization, despite the fact that if one of the probes gives a correct signal, the
absence of a signal from the other probe may be considered evidence of nullisomy
(Holmes and Martin 1993; Bischoff et al. 1994). Furthermore, FISH on decon-
densed sperm head only provides information about anomalies in the chromosome
number, while the analysis of chromosome structural rearrangement is still com-
plex due to the use of locus-specific probes not always able to hybridize. In
these latter cases, sperm karyotyping, single-sperm polymerase chain reaction, or
single-sperm typing should be applied to improve the identification of recombina-
tion in specific genome areas (Martin 2008).

Sperm karyotyping through a fusion assay was originally used, with the drawback
of the technique being that it is laborious, technically difficult, and only allows for
studying sperm that are able to fuse with a hamster oocyte, yielding results on a rela-
tively small number of cells. The advent of FISH revolutionized the study of sperm
chromosome constitution, mitigating many of these problems, except that it no longer
allowed the whole chromosome complement to be studied in a single cell or structural
aberrations to be picked up without the use of specially designed probes.

Nevertheless, not all 24 chromosomes (22 autosomes plus X and Y chromo-
somes) can be easily assessed in a single cell, and a limited number of fluorocromes
are available; therefore 3—5 signals at most are technically feasible.
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FISH Analysis in Normozoospermic Males as Reference
Value for Aneuploidy Frequency

Sperm chromosomal aneuploidies have been investigated by FISH in normal donors
by various authors. Unfortunately, it is not always easy to compare the results of
these studies and identify a reference value, mainly because of the differences in the
frequency and distribution of aneuploidies. This heterogeneity can be ascribed to
differences in application of the technique, such as sperm decondensation, scoring
criteria, storage of samples, types of probe, number of sperm scored, or data analysis
and reporting and donor selection criteria (e.g., normozoospermic, normozoospernic
and fertile, fertile, or healthy men).

To provide some useful information on this topic, we compared data from 19
different studies selected on the basis of donor characteristics and techniques
(Gambera et al. 2011). According to donor selection criteria, we distinguished three
subgroups: normozoospermic — a total of 55 donors with reported normal semen
parameters according to the World Health Organization (WHO) (1999, 2010) or
Kruger morphology (1986) criteria but without information about fertility; normo-
zoospermic and fertile — including 57 normozoospermic donors of proven fertility;
fertile — including 37 donors with proven fertility but without information about
semen parameters. In these studies sperm aneuploidies were evaluated using spe-
cific probes for all chromosomes, with the most investigated being 13, 18, 21, X,
and Y chromosomes mainly because aneuploidies of these chromosomes do not
preclude embryo development and survival. Overall information about sperm chro-
mosome quantitative alteration was given as the total frequency of aneuploidies.
The weighted mean of autosomal disomy for each chromosome ranged from a mini-
mum of 0.05 % to a maximum that varied somewhat in the different groups:
0.14+0.06 % in normozoospermic and fertile, 0.23+0.08 % in the normozoosper-
mic group, and 0.09+0.09 % in fertile (Table 3.1).

Disomies for chromosomes 13, 18, and 21 have been extensively studied and
provide a statistically significant background for the interpretation of results. The
disomy rate for each chromosome varied only slightly in the three groups and
between groups. However, chromosome 21 disomy had a significantly higher inci-
dence in the normozoospermic group, suggesting greater susceptibility to nondis-
junction for this chromosome.

Sex chromosome disomies were also investigated, and XY disomy frequency
increased more than twice in comparison with XX and YY disomies. Therefore, it
seems that errors in meiosis I, giving rise to sperm with XY chromosomes, should
be more frequent than errors in meiosis II, which generate X or Y disomic sperm
(Fig. 3.2). On the other hand, it must be considered that errors in meiosis I give rise
to two disomic and two nullisomic sperm, while errors in meiosis I may produce a
disomic sperm and a nullisomic one. The diploidy rate, evaluated by three fluores-
cent probes, one for autosomes and two for sex chromosomes, was not statistically
different among the three groups.
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