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ABSTRACT

There is some concern that infertile men may have a higher frequency of
chromosomal abnormalities in their sperm but there is no direct evidence linking
abnormal semen parameters with chromosomal errors. Using the human sperm / hamster
oocyte fusion technique and fluorescence in situ hybridization (FISH), sperm
chromosomal studies were completed to determine if infertile men with oligo-, astheno-
or teratozoospermia have an elevated risk of chromosomal abnormalities in their sperm.

Sperm chromosomal complements from five 46,XY infertile men were assayed
using the human sperm / hamster oocyte fusion system. The sperm karyotypes from the
infertile men were difficult to obtain because of suboptimal sperm parametérs; however,
a total of 518 karyotypes was analyzed from the five men. These karyotypes showed
increased frequencies of numerical chromosomal abnormalities and total chromosomal
abnormalities, when compared to those obtained from normal men with proven fertility.
The frequency of numerical chromosomal abnormalities was high not only because of
increased numbers of hypohaploid spreads, which may be a technical artefact, but also
because of an increased frequency of hyperhaploid spreads. A conservative estimate of
aneuploidy for the sperm karyotypes obtained from the five infertile men was significantly
elevated at 3.1% (p<0.005) relative to that found in normal men with proven fertility
(0.84%).

Using FISH analysis, 20,000 sperm nuclei were analyzed, for each of 10 infertile
men studied: 10,000 for chromosomes 1, 12, and an additional 10,000 for the sex

chromosomes. Investigation of the autosomes was carried out using two-colour FISH and
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three-colour FISH was utilized for the sex chromosomes with chromosome 1 as an
internal hybridization control. The results obtained by FISH indicated a significant
increase in the frequencies of disomy for chromosome 1 and XY disomy. These results
support those obtained in the sperm karyotypes thereby suggesting that in the ejaculate
of infertile men, there exists a higher frequency of chromosomally-abnormal sperm

relative to that seen in normal men.
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INTRODUCTION

"To God belongs
the kingdom of the heavens and the earth.
He creates whatsoever He wills,
bestows daughters on whosoever He will,
and gives sons to whom He choose.
On some He bestows both sons and daughters,
and some He leaves issueless.
' -Qur’an 42:49-50
For centuries, societies have looked to a number of Holy Books for political,
social, and theological messages which are incorporated into societies values and
beliefs. Fertility is often perceived as a blessing from a higher being and thus infertile
couples are faced with great emotional stress. Infeﬁility, the inability to produce live
offspring after attempting to do so for one year, affects 8% of all Canadian couples
(Royal Commission on New Reproductive Technologies, 1993). In the past, the
female partner was primarily investigated and only after her reproductive capabilities
were determined to be normal was the male partner studied. It is now known that
approximately one-half of the cases of infertility are due to male factors (Chandley ez
al., 1975). The majority of these infertile men are considered untreatable, with
infertility due to oligozoospermia (<2 x 107 sperm/ml), asthenozoospermia (<40%
motile) or teratozoospermia (<40% normal morphology). In an attempt to overcome
these problems by the juxtaposition of sperm and oocytes, some couples with male-
factor infertility are offered in vitro fertilization (IVF). Unfortunately, IVF has a low

rate of success for men with abnormal sperm characteristics (De Krester et al., 1985).

Microinjection of sperm under the zona peliucida (Ng et al., 1991) or into the



cytoplasm (Van Steirteghem er al., 1993) is now performed as an alternative to IVF.

A correlation between cytogenetic abnormalities and oligozoospermia exists
(Chandley er al., 1975), and consequently there are concerns about chromosomal
abnormalities present in the sperm of infertile men. Few studies have investigated the
frequency of chromosomal abnormalities in the sperm of infertile men. Thus, at the
present time, it is unknown whether an infertile couple might carry a greater risk of
having a chromosomally-abnormal child than that of a fertile couple.
A. Chromosomal Abnormalities Associated with Infertility

An individual with a constitutional chromosomal abnormality carries the
abnormality in all the cells within the body. In a mosaic individual, the chromosomal
anomaly is restricted to certain cell populations. Any loss or gain of chromosomal
material in the cells of an individual has an effect; the severity of the effect depends
on the nature of the chromosomal abnormality, the proportion of the cells expressing
the abnormality, and the environmental influence present.

i. Constitutional Chromosomal Abnormalities

a. Liveborn Human Sex Chromosomal Aneuploidies

Sex chromosomal aneuploidy occurs at a higher frequency than any autosomal
aneuploidy found in liveborns. Specifically, one in every 476 liveborn males and one
in every 820 liveborn females has a sex chromosomal aneuploidy, whereas one in
every 737 liveborns has an autosomal trisomy (Nielsen and Sillesen, 1975). The sex
chromosomal aneuploidies which survive to term are 45,X and 47,XXX in females,

and 47,XXY and 47,XYY in males. Though the effects of sex chromosomal
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aneuploidy can be variable, infertility is a problem seen in a significant proportion of
these individuals.

Females with a 45,X karyotype, associated with Turner Syndrome, are rare
relative to the other sex chromosomal aneuploidies as a large proportion die in utero.
Of those that survive, they are characterized with fibrous ovaries containing ovarian
stroma devoid of follicles. Primary amenorrhoea and the lack of secondary sexual
characteristics are also associated with the 45,X karyotype (Lindsten, 1963).

The phenotype of 47,XXX females is variable and physically unremarkable.
Though it was first studied by Jacobs and associates (1959) in two amenorrhoeic
women, most women with this condition menstruate normally and many have children
(Stewart and Sanderson, 1960). However, examinations of 47,XXX women have
shown that their ovaries contain fewer follicles, and are comparable to ovaries seen in
women at or near menopause (Johnson et al., 1961).

Males with the 47,XXY karyotype associated with Klinefelter syndrome are
generally infertile, characterized with aspermatogenesis. The testes of these men are
small, hyalinized and devoid of germ cells. However, fertile tubules have
occasionally been found in the testes of men with Klinefelter syndrome (Skakkebaek et
al., 1969), and spermatozoa have been found in their ejaculate (Foss and Lewis,
1971). The frequency of Klinefelter syndrome amongst the men attending infertility
clinics has been reported to be 10 times greater than the incidence of Klinefelter

‘syndrome observed in the newborn male population (Chandley, 1979).
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The phenotype associated with 47,XYY karyotype is not as well-characterized

as that of men with Klinefelter syndrome. There is considerable variation in the
histological appearance of the adult testis, with some individuals showing normal
spermatogenic activity and others exhibiting varying degrees of impairment in sperm
maturation (Skakkebaek et al., 1973).

b. Liveborn Human Autosomal Aneuploidies

When comparing the aneuploidy frequency in spontaneously-aborted fetuses to
the frequency seen among liveborns, it becomes apparent that embryonic mortality
eliminates the majority of aneuploid fetuses. The relatively small proportion of
autosomal trisomies that survive to term are mainly trisomies of chromosomes 13, 18
and 21. Few infants with trisomies of chromosomes 13 or 18 survive beyond six
months of life; most individuals with trisomy 21 (Down syndrome) survive to
adulthood.

Individuals with trisomy 21 show poorly-developed sexual characteristics and
late sexual development (Smith and Berg, 1976). Female trisomy 21 individuals have
abnormal ovaries containing fewer follicles than normal, and the number of follicles
declines rapidly after the age of three years (Hojager et al., 1978). Male trisomy 21
individuals show a range of phenotypic effects: some men have normal
spermatogenesis and others are azoospermic. However, in trisomy 21 men with
normally-descended testes, there is usually a degree of impaired spermatogenesis, and
although sperm are present in the ejaculate, sperm counts are usually lower than that

seen in normal fertile males (Stearns et al., 1960).



c. Effects of Chromosomal Abnormalities on Sperm

In humans, structural rearrangements occur with a frequency of 1.7 per 1,000
liveborns (Jacobs, 1978). One effect of this type of chromosomal anomaly,
particularly in male heterozygotes, is the disruption of spermatogenesis resulting in
oligo- or azoospermia. Within the literature, there exist numerous reported cases
where spermatogenesis is affected by inversions, reciprocal translocations between the
X chromosome and an autosome or the Y chromosome and an autosome, reciprocal
translocations between two autosomes, or Robertsonian translocations ( Bourrouillou ef
al., 1985; Andersson et al., 1988; Micic et al., 1992; Gabriel-Robez et al., 1986;
Chandley et al., 1986).

Since the first study performed by Ferguson-Smith ez al. (1957) that focused
on men attending infertility clinics, many subsequent studies have focused on these
men and have confirmed that chromosomal and genetic factors make a significant
contribution to human male infertility. Retief and associates (1984) studied
lymphocyte karyotypes from 106 azoospermic men and 390 oligozoospermic men.
They determined that constitutional chromosomal abnormalities were found in 14.1%
of azoospermic men and 5.1% in oligozoospermic men. Within the azoospermic
group, all the abnormalities were associated with sex chromosomal aneuploidy. In the
oligozoospermic men, 10 of the 20 chromosomal abnormalities found involved sex
chromosomal aneuploidy, while the other 10 involved autosomal translocations,
inversions or marker chromosomes. A similar trend was observed by Bourrouillou ez

al. (1985), who reported a major chromosomal abnormality in 10.3% of the 952



oligozoospermic men studied.

Most studies of infertile men have focused on problems associated with the
number of sperm present in the ejaculate. Relatively few studies have determined the
chromosomal content of sperm from men with qualitative disorders
(asthenozoospermia and teratozoospermia). Having recognized the lack of knowledge
available on qualitative disorders, Eiben ez al. (1987) studied infertile,
teratozoospermic males cytogenetically. Of the 109 patients stﬁdied, four men were
found to carry chromosomal anomalies: three were mosaic for Klinefelter syndrome
and one had a balanced translocation. Interestingly, 28 patients (25.7%) of the 109
men studied carried a heterochromatic variant, 9qh+. The authors suggested that this
variant, which was found in a significantly higher proportion of these infertile men as
compared to the control group, may be a factor which disrupts spermatogenesis.
Matsuda and associates (1991) compared the sperm morphology of nine translocation
carriers to that' of infertile men with a normal karyotype. The two groups were
matched for age, sperm concentration, sperm motility and the presence or absence of a
varicocele. There was no significant difference in the percentage of abnormal sperm
and it was concluded that structural chromosomal aberrations have no relation to
sperm morphology. These results support prior findings by Martin and Rademaker
(1988), who found no significant relationship between the proportion of
morphologically-abnormal sperm and the frequency of chromosomally-abnormal sperm
in normal men, and concluded that sperm morphology was not a valid indicator of the

chromosomal content of the sperm.



ii. Mosaicism

It has been suggested that all infertile men should undergo routine cytogenetic
investigation, since it is known that constitutional chromosomal abnormalities occur
frequently in this group of men. Specifically, there is a ten-fold increase in the
frequency of reciprocal translocations, an 18-fold increase in the incidence of
Robertsonian translocations, and inversions are seen 37 tfmes more often in the
infertile male population than in newborn males (Bourrouillou ez al., 1985).
However, cytogenetically-normal lymphocytes in an infertile man does not rule out the
possibility of chromosomal mosaicism. Six large surveys have studied meiotic
anomalies in infertile and sterile men with a somatically-normal karyotype.
Investigations of meiotic anomalies detectable only through studies of meiosis have
determined that the frequency of an anomaly limited to the germ cell line in males
with fertility problems varies between 1.4% (Chandley et al., 1976) and 17% (Hendry
et al., 1976), with a mean of 6.6% (Egozcue ef al., 1983), indicating that even
infertile men with a normal lymphocyte karyotype are at risk for having a
chromosomally-abnormal child as a consequence of cryptic mosaicism.

iii. Predisposition to Chromosomal Abnormalities

Apart from constitutional chromosomal abnormalities and mosaicism, there is a
possibility that infertility is related to chromosomal instability. Studies using
cytogenetic techniques on mitotic chromosomes from lymphocytes obtained from
couples experiencing reproductive wastage reveal that these individuals show a

significantly higher frequency of hypermodal chromosomal spreads (those with an



extra chromosome present) than that found in the normal population (Juberg ez al.,
1985). These results suggest that couples experiencing reproductive wastage may be
predisposed to nondisjunction in mitotic cells; it is possible that this predisposition
may also exist in meiotic cells, affecting gamete production. The abnormal number of
chromosomes within an affected germ cell would lead to an aneuploid conceptus,
which in most cases would be spontaneously aborted. In an attempt to verify these
results, Rosenbusch and Sterzik (1991) investigated men with a normal 46,XY
karyotype who had experienced recurrent reproductive losses. Analysis of sperm
karyotypes, obtained using human sperm / hamster oocyte fusion analysis, did not
reveal a significant difference in the aneuploidy rate from that seen in normal fertile
donors. However, a significantly higher level of chromosome breaks and acentric
fragments was observed in these men relative to a group of men with normal fertility.
Rosenbusch and Sterzik (1991) suggested that increased levels of chromosome breaks
and acentric fragments in the sperm from these men may contribute to fetal
chromosomal abnormalities through the subsequent loss of chromosome pieces in early
embryonic divisions.
B. Pairing Abnormalities During Meiosis

Proper chromosome segregation and distribution during meiosis is essential for
producing viable gametes. Federley (1931) recognized, from a study of interspecific
hybrids, that chromésome pairing was important and failure of the homologs to pair
had detrimental consequences (Miklos, 1974). Subsequently, pairing of chromosomes

during meiosis has been studied in a number of diverse organisms including



Drésophila melanogaster, grasshoppers, and mice (Grell, 1969; Cooper, 1964;
Hewitt, 1973; Rathenberg and Muller, 1973). These organisms have given insight
into the process and importance of chromosome pairing in humans. Two theories of
chromosome pairing associated with infertility have been proposed: i) failure of the
pairing of the sex chromosomes (Miklos, 1974) and/or the autosomes (Burgoyne and
Baker, 1984) and ii) reactivation of the X chromosome (Lifschytz and Lindsley,
1972).

i. Homologous Chromosome Pairing

The pairing associated with the sex chromosomes during male meiosis was
investigated in Drosophila by Sandler and Braver (1954), who carried out experiments
in which the amount of heterochromatin on the X chromosome was varied using
deletions of different sizes. They showed that as the size of the deleted segment
increased, the frequency of X chromosome loss also increased, and that nullisomic
gametes were recovered more frequently than the complementary disomic gametes.
Furthermore, Y-bearing sperm were recovered less often than deleted-X-bearing
sperm. In fact, with increases in the size of the deletion of the X chromosome, the
recovery of the deleted X was more frequent. These results suggest that with reduced
pairing of the sex chromosomes, a subsequent increase in the frequency of loss of the
sex chromosomes occurs. Miklos (1974) proposed that sperm development in many
species, including man, was dependent on pairing of chromosomes. During male
meiosis, Miklos (1974) hypothesized that normal chromosome segregation and

spermatogenic development required the sex chromosomes to pair for post-meiotic
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development to be normal. If this interaction was incomplete and sites on the sex
chromosomes remained unpaired, then nondisjunction was more likely to occur,
increasing the probability of spermatogenic failure. It was suggested that this
disruption within the unpaired regions of the sex chromosomes initiates one of two
alternatives which ultimately leads to cell death: prevention of the normal
condensation and subsequent packaging of chromatin in the sperm head, or activation
of post-meiotic transcription which is not normally present.

Evidence for Miklos’ theory came from prior investigations on infertile men.
Chandley and Edmond (1971) had studied meiotic chromosomes from a sterile man
and had found that in 86% of the cells at diakinesis there were 22 bivalents and two
univalent sex chromosomes. In subsequent divisions, there was a large deficiency of
cells suggesting that meiotic arrest had occurred, resulting in azoospermia. Further
evidence for Miklos’ theory came from the study of the 47,XYY condition in man.
The fertility of these men is variable, but it has been reported that the extra Y
chromosome is usually eliminated prior to the appearance of primary spermatocytes
(Thompson et al., 1967; Evans et al., 1970; Tettenborn et al., 1970; Chandley et al.,
1976). However, Hulten and Parsons (1971) found that up to 45% of the primary
spermatocytes in a 47,XYY patient had a YY bivalent and an X univalent, whereas
49% contained simply an XY bivalent. These results have been confirmed by
Berthelsen er al. (1981) who found in three out of four XYY patients studied, a
- significant portion of germinal cells retained an extra Y chromosome. Nonetheless,

among fertile XYY men whose offspring have been karyotyped, normal XY sons and
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XX daughters have been reported, and the risk of passing an extra Y chromosome to
his sons appears to be negligible (Thompson et al., 1967; Court Brown, 1968; Lisker
et al., 1968; Benet and Martin, 1988). Miklos suggests that infertility in this group
arises mainly from the genetic imbalance resulting from the presence of two Y
chromosomes.

As Miklos’ theory is restricted to an explanation of the pairing of the sex
chromosomes, it is unable to explain infertility seen in men with autosomal
translocations. In structural rearrangements where pairing of the homologs is
disrupted, for example with a ring chromosome, meiotic arrest of spermatocytes
occurs regardless of whether the pairing failure involves the sex chromosomes
(Chandley and Edmond, 1971) or an autosome (Mcliree et al., 1966). If Miklos’
theory about sex chromosome pairing can be extrapolated to the autosomes, a similar
dysfunction in the pairing of autosomal homologs will also lead to problems in
spermatogenesis. Based on the hypothesis presented by Miklos (1974), Burgoyne and
Baker (1984) proposed a mechanism by which gametogenic cells with meiotic pairing
failure were removed. Their theory states that those meiotic pairing sites which
remain unpaired in the homologous chromosomes become activated, setting in motion
a process that eventually leads to destruction of the nucleus. In this theory,
spermatogenic disruption depends on the number of unpaired sites: when a significant
proportion of sites remain unpaired, inappropriate expression of genes occurs and
leads to cell death. Thus, according to Burgoyne and Baker (1984), cell degeneration

is the consequence of pairing failure.
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It is unknown whether synaptic failure results in cell death, or if cell death
occurs prior to pairing anomalies. Setterfield et al. (1988), while studying pairing
errors in male and female mice, noted that spermatocytes exhibit a much lower
frequency of autosomal synaptic failure than that seen in oocytes. They suggested that
a major cause of such breakdown was the physiological conditions pertaining to
oogenesis and argued that the pairing failure is a result of cell degeneration. These
results have been supported in humans by Speed and Chandley (1990), who have
determined that for both male and female chromosomally-abnormal individuals, there
is severe germ cell degeneration even prior to meiotic prophase and before full pairing
is established. However, further studies are required to determine whether cell death
occurs prior to pairing and leads to pairing abnormalities.

Homologous chromosome pairing was further studied by Egozcue et al.
(1983), who investigated meiotic chromosomes in 1100 infertile and sterile males. In
41 of the 1100 men studied (3.27%), there was a synaptic anomaly found: 35 were
sterile, two patients had a normal child (paternity not investigated), two patients had
repeated first-trimester abortions, one patient had a son with Down syndrome, and
another had two mentally-retarded daughters by two different women. In these men,
desynapsis was the most common chromosomal abnormality observed. These results
suggest that not only is pairing important, but the maintenance of the paired state is
critical. Subsequent studies by Navarro et al. (1990) on the sperm chromosomes of
an oligoasthenoteratozoospermic infertile 46,XY man using the human sperm /

hamster oocyte technique showed no difference in the frequency of chromosomal
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abnormalities relative to that seen in their normal group. They suggested that those
spermatogenic cells with pairing abnormalities do not continue through metaphase I
and only normal germ cells, which display correct pairing between homologous
chromosomes, continue spermatogenesis.

Further evidence to support the significance of desynapsis is provided by Speed
and Chandley (1990), whose study of meiotic prophase in human sperm by electron
microscopy determined that higher frequencies of synaptonemal complex
fragmentation existed amongst the chromosomes in infertile men than in a normal
control group. They also found an increased frequency of autosomal pairing
anomalies in sperm obtained from infertile men as compared to control patients with
normal spermatogenesis but unknown sperm counts.

The frequency of crossovers in humans was first estimated using cytological
preparations of sperm and counting the number of chiasmata seen. A total of 52
CIOSSOVErTS wa;s found, with larger chromosomes showing a greater number of
chiasmata than smaller chromosomes (all chromosomes had at least one chiasma)
(Morton et al., 1982). Despite the dissimilarity between the X and Y chromosomes,
it was assumed that a single obligatory recombination event took place in the
pseudoautosomal region located on distal short arms (Chandley ez al., 1984; Cooke et
al., 1985; Simmler er al., 1985). Though recent studies by Schmitt er al. (1994) and
Rappold ez al. (1994) suggest that double crossovers do occur, they are infrequent
during male meiosis and thus in the majority of sperm there is usually only one

crossover between the X and Y chromosomes. With the assumption of only one
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obligatory chiasma, any disruption to the formation of this chiasma would result in an
increased frequency of univalency and consequently nondisjunction (Hassold ez al.,
1991) or sterility (Miklos, 1974).

A question remains to be answered about nondisjunction in male meiosis. Are
the chromosomes of infertile men pairing and failing to recombine, or are the
chromosomes not pairing at all, making recombination impossible? In an attempt to
further investigate recombination, Hassold and associates (1991) studied XY
chromosome nondisjunction in paternally-derived Klinefelter boys (47,XXY) and their
parents. They were able to successfully detect crossing-over in only six of 39 cases
studied. In addition, a genetic linkage map was generated based on meiosis involved
in XY chromosome nondisjunction in these 47,XXY men. The map showed that the
pseudoautosomal region is significantly shorter in these 47,XXY men than that found
in 46,XY men. These results provide some evidence that failure of the sex
chromosomes to recombine is associated with subsequent nondisjunction; however,
these observations may also be a result of the inability of the sex chromosomes to
form and maintain pairing, such that subsequent recombination of the sex
chromosomes is hindered.

ii. XY-Autosome Association

Lifschytz and Lindsley (1972) attempted to explain spermatogenic breakdown
in sterile heterozygous Drosophila males with X-autosome translocations. They
suggested that the translocations between the X chromosome and an autosome may

disrupt normal X-chromosome inactivation during meijotic prophase, resulting in
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biochemical imbalances which would arrest spermatogenesis in Drosophila. Forejt
(1974, 1979) extended Lifschytz and Lindsley’s (1972) hypothesis after seeing
autosomal translocations associating closely with the sex chromosomes in sterile mice.
Forejt suggested that the incomplete pairing of rearranged chromosomes occurred at
pachytene and subsequently resulted in an attraction between unpaired autosomal
regions and unpaired parts of the X and Y chromosomes. With this association, X-
chromosome inactivation was disrupted and transcription of nonpermissible gene
products of the X chromosome occurred, thereby resulting in the final breakdown of
spermatogenesis. As it is known that not all individuals carrying an autosomal
translocations are sterile, Forejt (1979) suggested that the severity of spermatogenic
breakdown depended on the genetic background. Carriers of the same reciprocal or
Robertsonian translocation can thus show variable levels of spermatogenic breakdown.
Meiotic preparations from various human translocations have shown associations
between sex chromosomes and an autosome (Luciani ef al., 1984; Rosenmann et al.,
1985; Luciani et al., 1987; Johannisson ez al., 1987; Guichaoua et al., 1990;
Guichaoua et al., 1992). Several investigators have reported a correlation between the
frequency of association of a translocation to the sex chromosomes with the degree of
spermatogenic disruption (Johannisson ez al., 1987; Guichaoua et al., 1990). The
higher the frequency of association of the translocation with the sex chromosomes, the
higher the degree of spermatogenic arrest.

Though the theories proposed by Miklos (1974) and Forejt (1979) suggest

different mechanisms resulting in the final disruption of spermatogenesis, the two
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mechanisms could interact simultaneously. Both theories rely on the inability of the
homologous chromosomes to pair properly, and it has been suggested that initial
pairing failures could result in asynapsed autosomal arms becoming secondarily
attracted to the unpaired regions of the sex chromosomes (Speed and Chandley, 1990).
C._Potential Treatments for Male-Factor Infertility

Reproductive advances in artificial insemination have resulted in a variety of
procedures aimed at treating female and male-factor infertility. Until the late 1980s,
in vitro fertilization (IVF) was widely applied as the treatment of infertility. The
frequency of successful fertilization after IVF when the infertility is due to the female
is high (60-70% fertilization) but is significantly reduced (20-30% fertilization) in
andrological cases (Tournaye et al., 1992). To increase the fertilization rates in these
cases, sperm have been treated with various agents (Palermo ef al., 1992) and
attempts have also been made to re-inseminate an oocyte after an unsuccessful IVF
treatment (Trounson and Webb, 1984; Boldt ez al., 1987; Pampiglione ef al., 1990;
Fahmy et al., 1991). Fertilization rates of up to 70% have been reported after a
second insemination of mature oocytes (Boldt ez al., 1987); the same fertilization
success rates, however, have not been reported by other investigators (Trounson and
Webb, 1984; Pampiglione et al., 1990; Fahmy et al., 1991).

To facilitate re-insemination, Malter and Cohen (1989) employed the partial
zona dissection (PZD) technique, where a hole is physically drilled through the zona
pellucida using micromanipulation techniques. Fertilization rates were reported to

have improved to 50% but high rates of polyspermy were also seen. Pregnancies and
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births have been obtained after PZD (Cohen ef al., 1991). In an attempt to increase
the fertilization rates obtained with PZD, Ng and associates (1988) inserted multiple
sperm (3-7 sperm) directly into the perivitelline space of each oocyte. This technique,
known as subzonal sperm injection (SUZI) has also been successful, resulting in
pregnancies and live births (Levron ez al., 1992; Imoedemhe and Sigue, 1993; Soong
et al., 1993). However polyspermy is still a concern and for many infertile couples
with male-factor infertility the rates of fertilization are still low (Sakkas et al., 1992;
Fishel, 1992).

Although some couples who experienced no success using IVF have
subsequently had children using PZD or SUZI, fertilization rates have been low and
polyspermy is frequent. Further advances in micromanipulation now allow the
injection of a single immobilized spermatozoan into the ooplasm through
intracytoplasmic sperm injection (ICSI), a technique first introduced by Palermo and
associates (1992). Van Steirteghem et al. (1993) compared the success of ICSI with
that of SUZI in couples unable to be helped by conventional IVF. A total of 2894
oocytes was injected; 37% (1073) underwent SUZI, while 63% (1821) had ICSI.
After SUZI, 92.9% of injected oocytes remained intact, while 86.5% of the injected
oocytes remained morphologically normal with ICSI. However, the fertilization rates
following the procedures were dramatically different: 51% of ICSI oocytes were
fertilized as compared to only 14.3% of SUZI oocytes. The number of embryos
- transferred varied: with SUZI, a single embryo was often transferred, while ICSI

more than half of the transfers involved three embryos. A higher number of embryos
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were transferred for the ICSI procedure because of the higher fertilization rates
resulting in a greater number of embryos available for transfer, a definite advantage to
this technique. Though normal, healthy liveborns have resulted because of SUZI and
ICSI (Cohen et al., 1994; Van Steirteghem et al., 1994), couples undergoing this
procedure are counselled to seek prenatal diagnosis, and further follow-up is being
done to ensure the safety of the technique (Van Steirteghem ez al., 1993).
D. Research Objectives |

The current study was undertaken to examine the chromosomal content of
sperm from infertile men experiencing idiopathic infertility and compare the results to
those obtained from normal fertile donors. Through the study of sperm karyotypes
and aneuploidy detection by fluorescence in situ hybridization (FISH), it is
hypothesized that in infertile males:

1) the frequency of structural abnormalities, as assessed by sper;n karyotyping,
will be increased compared to that of normal donors with proven fertility.

2) the frequency of numerical abnormalities, as assessed by sperm karyotyping,
will be increased compared to that of normal donors with proven fertility.

3) the frequency of disomy for chromosomes 1, 12, X and Y, as assessed by

FISH, will be increased compared to that observed in normal donors.
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II. MATERIALS AND METHODS

A. Infertile Men

i. History and Patient Recruitment

Ten patients experiencing idiopathic infertility were recruited for this study
from the University of Calgary Infertility Clinic in collaboration with Dr. H.A.
Pattinson, and from the Calgary Urology Clinic in collaboration with Dr. M.D.
Carter. The study was approved by the University of Calgary’s ethics committee, and
all donors gave informed consent.

A normal 46,XY karyotype was verified for each patient, through routine
lymphocyte karyotyping by the Cytogenetics Laboratory at either the Alberta
Children’s Hospital or the Foothills Hospital. For each patient, a minimum of three
semen samples were assessed to ensure consistently-abnormal semen characteristics
prior to analysis by either sperm karyotyping or fluorescence in situ hybridization.
All of the ten men were determined to be infertile with no known cause resulting in
their condition. Information regarding childhood diseases, environmental exposures,
substance abuse and prescription drug usage was determined to ensure that each
patient’s infertility was indeed of an unknown origin. All patients were determined
to have a normal endocrinology profile, with normal levels of follicle stimulating
hormone, leutinizing hormone and testosterone.

ii. _Obtaining and Storing Human Sperm

Semen samples were collected in sterile specimen containers and were

immediately liquefied at 37°C. As previous studies by Dr. Renée Martin’s
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laboratory have shown that cryopreservation of sperm does not significantly alter its
chromosomal content (Chernos and Martin, 1989), samples which were not used
immediately were cryopreserved for later use. Semen samples were either washed
immediately and utilized for human sperm / hamster oocyte fusion analysis or
fluorescence in situ hybridization, or else stored for future use by cryopreservation.
To do so, the liquefied semen sample was measured into a mixing cone and an equal
volume of Ackerman’s cryoprotectant was added dropwise to the contents of the
cone, with swirling. The resultant mixture was drawn into plastic freezing straws
(0.50 mi) and the ends were plugged with polyvinylpyrrolidone (PVP) powder. A
large dewar tank was filled to a depth of 2 inches with liquid nitrogen, the straws
were suspended 30 inches above the surface for 25 minutes, and then were lowered
to within 15 inches of the liquid nitrogen for another 25 minutes. The straws were
finally plunged into the liquid nitrogen, and were stored in liquid nitrogen, at a
temperature of -196°C, until needed.
B. Normal Donors

Normal donors were volunteers, recruited and studied in this laboratory during
the past 12 years. The twelve donors whose sperm karyotype data have been used
for comparison to the data from the present study are men of proven fertility, ‘with
more than 100 karyotypes analyzed per donor. FISH results from this study are
compared to fesults obtained from the ten normal men who have been studied in this
' laboratory using fluorescence in situ hybridization analysis. Of these ten donors, the

six men of proven fertility are also among the donors whose sperm karyotype data
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are included.
C. Sperm Karyotyping

The human sperm / hamster oocyte fusion technique, introduced by Rudak ez
al. (1978), modified by Martin (1983), and further modified by Brandriff er al.
(1985b), was utilized to obtain approximately 100 sperm karyotypes from each of the
five patients. TES-Tris (TEST) yolk buffer, which enhances the sperm fertilization
capability, was used to maximize the number of karyotypes obtained.

i. Media Preparation

The composition of all media is given in Appendix A; reagent sources are
listed in Appendix B.

ii. Human Sperm Preparation

Fourteen to seventeen hours prior to the collection of oocytes, cryopreserved
sperm was removed from liquid nitrogen, allowed to liquefy, and mixed with an
equal volume of TEST yolk buffer. This TEST yolk buffer/cryopreservant/sperm
mixture was sealed in a watertight vial, which in turn was placed in a jar containing
water at room temperature. This jar was buried in crushed ice in an ice chest and
stored at 4°C until experiment time. Fifteen minutes before collecting the oocytes,
the TEST yolk buffer/cryopreservant/sperm mixture was retrieved, and diluted to 10
ml with BWW medium (if more than 5 mls of this mixture were present, then it was
diluted to 20 ml). The sperm were washed by centrifugation (6 minutes at 600xG) at
room temperature to remove TEST yolk buffer, cryopreservant, and seminal fluids.

The supernatant was re-centrifuged in a separate tube to recover as many sperm as
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possible, and the resultant supernatant was removed. Pellets from both
centrifugations were combined and resuspended in 10 ml of BWW medium, and were
centrifuged two more times. The final pellet was resuspended in BWW medium to
give a final concentration between 10 and 46 x 10° sperm/ml.  Four to six 20ul
sperm drops were placed in plastic petri dishes, covered with light paraffin oil and
kept at 37°C, 5% CO,, and 95% humidity in the incubator until the oocytes were
ready for co-incubation.

Gloves were worn when handling human semen, and preparations were
conducted in a laminar flow cabinet. Waste containing sperm or seminal fluids was
discarded in biohazard containers.

iii. Hamster Oocyte Preparation

Each experiment required eight female golden hamsters (Mesocricetus auratus)
between the ages of two and five months. The hamsters were maintained on a
controlled light/dark schedule (8am-10pm / 10pm-8am) for a minimum of one week
prior to an experiment. The hamsters were injected intraperitoneally with 25 IU of
pregnant mare’s serum gonadotropin three days prior to the experiment. Sixteen
hours prior to the collection of the oocytes, the hamsters were injected
intraperitoneally with 25 IU of human chorionic gonadotropin.

At experiment time, hamsters were anesthetized and killed by cervical
dislocation, then oviducts were dissected out and collected in BWW medium.
Following a BWW wash, the distended section of each oviduct was punctured and the

cumulus within was removed, using fine forceps, and released into a watchglass
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containing medium. When all the cumulus cell mass was collected, hyaluronidase
was added to a final concentration of 0.1%, resulting in the dispersion of the cumulus
cells within a few minutes and release of the oocytes from the cumulus mass. The
oocytes were separated from the cumulus cells using a micropipet, and were washed
three times in BWW medium. The oocytes were treated with BWW medium
containing 0.1% trypsin to dissolve the zona pellucida and release the first polar‘
body. The zona-free oocytes were washed a further three times in BWW medium
and approximately 30 oocytes were placed in each prepared sperm droplet. On the
average, each hamster yielded 25 to 60 oocytes, resulting in a total of 200 to 500
oocytes per experiment. Oocytes and sperm were co-incubated at 37°C, 5% CO,,
and 95% humidity until fertilization occurred, or to a maxifnum of three hours.

To monitor the progress of fertilization, checks were performed on the
oocytes, with the first fertilization check initiated after one-half hour of oocyte/sperm
co-incubation. Microscope slides were prepared in advance: 4 small blobs of
petroleum jelly were arranged on the slide to support the four corners of a cover slip.
A drop of F10 medium containing five to 10 oocytes was placed into the prepared
space, a coverslip was gently placed on the petroleum jelly blobs. The oocytes were
flattened by pressing on the corners of the cover slip, then were visualized using a
phase contrast microscope at 400x magnification. When at 1eas§ one swollen sperm
head was observed in half of the flattened oocytes, the remaining oocytes were
washed free of sperm in F10 medium and transferred to F10 droplets (50 ul) under

paraffin oil.
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The oocytes from morning experiments were incubated in the F10 droplets for
5-7 hours (after which 0.4 ug/ml of colcemid was added); oocytes from the afternoon
experiments were incubated for 12 hours in F10 (after which 0.8 pg/ml of colcemid
was added). The oocytes were then incubated in F10/colcemid overnight (for
morning experiments) or for an additional 5 hours (for afternoon experiments).
iv. Fixation of Oocytes

* Oocytes were fixed using the method originally outlined by Tarkowski (1966),
with some modifications. After incubation in colcemid, the oocytes were transferred
to a watch glass containing a hypotonic solution of 1% sodium citrate at room
temperature, for approximately 5 minutes. When the oocytes were swollen to 1'/5 to
11/, times their original size, five to ten oocytes were placed on glass slides which
had been precleaned with alcohol. Four drops of fixative (3:1 ethanol:glacial acetic
acid) were dropped onto the oocytes in order to fix the chromosomes onto the slide,
as follows. The first drop of fixative was dropped from a height of 0.5 - 1 cm above |
the slide, followed by a warm, moist breath of air which fixed the oocytes onto the
slide and prevented them from rolling. The position of the oocytes was then noted
and the area encompassing all the oocytes was circled on the underside of the slide
using a diamond pencil. Before the first drop dried, a second drop of fixative was
applied, and the edges of the drop was wiped with lint-free tissue in a 2 cm square
around the oocytes in order to spread the chromosomes. The third drop was added
when a rainbow sheen appeared at the wiped edges of the second drop (just before

the second drop dried), and the leading edges were wiped as for the second drop.
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The fourth drop was applied and wiped in a similar manner, and when the rainbow
sheen appeared, a warm, dry breath was gently blown onto the slide in order to
smoothly evaporate the remainder of the fixative.

After fixation, slides were scanned with a Zeiss phase contrast microscope and
all chromosome spreads were circled using a microscope-mounted diamond etcher.
The slides were allowed to age at room temperature for a period of two weeks.

v. O-banding and Photography of Chromosomes

After aging, the slides were stained with 0.5% quinacrine dihydrochloride (pH
4.4-4.5) for 25 minutes, and we;e rinsed three times in distilled water (pH 4.4-4.5)
for a total of 10 minutes. The slides were then stored at 4°C until photographs were
taken. The chromosome spreads were mounted under a drop of distilled water (pH
4.4-4.5), a coverslip was applied and sealed with paraffin wax. The circled
chromosome spreads were photographed using transmitted fluorescence, on 35 mm
Kodak technical pan film 2415, using a Zeiss WL100 microscope fitted with a 100
watt mercury bulb.

The exposed rolls of film were developed in Kodak D-19 solution for 4
minutes, rinsed in stop bath solution ( 1.5% acetic acid), fixed with Kodak Rapid
Fixer solution for 2 minutes, rinsed with water, washed in Kodak Hypoclearing
solution for 30 seconds, swished through a beaker of water containing a drop of

Kodak Photo-Flo 200, and hung to dry.
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vi. Analysis of Sperm Karyotypes

Photographs of the Q-banded sperm chromosomes were printed on Iiford
Multigrade III paper using an Ilford 2150 RC print processor.

Chromosomes were solid stained before Q-banded karyotypes in the
photographs were analyzed: coverslips were removed from the slides, oil and
quinacrine were removed with a methanol rinse, and the slides then stained for five
minutes in 6% Giemsa stain. The Q-banded chromosomes were identified on the
prints using the Giemsa-stained slides and the chromosomes were karyotyped
according to the International System of Human Cytogenetic Nomenclature (ISCN,
1985).

All human karyotypes were attempted to be analyzed and abnormal karyotypes
were only inclued in the final data if certain conditions were met. Hypohaploid
karyotypes were only kept if the karyotype was compact (with no scattered
chromosomes) and the adjacent hamster karyotype complete. In karyotypes with an
unidentifiable marker or acentric chromosome and a missing chromosome, the
karyotype was listed as containing both a numerical and structural abnormality.
However, if the marker could be identified as a portion of the missing chromosome,
then the karyotype was listed as containing only a structural abnormality.

D. Fluorescence in situ Hybridization (FISH)

Aliquots of either fresh or frozen semen samples were washed three times in

the manner described above for human sperm / hamster oocyte experiments. For the

five donors for whom sperm karyotypes were obtained, the sperm remaining after the
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hamster experiments was concentrated and used for FISH analysis. For the five
remaining men, semen was collected, washed with 10 mM Tris/9% NaCl solution
(pH 8), and concentrated (Martin and Ko, 1994). Because of low sperm counts in
several patients, two or more semen samples were often combined to ensure that the
final concentration of sperm was approximately 50 x 10° sperm/ml.

i. Media Preparation

The composition of all media is given in Appendix A.

ii. Sperm Slide Preparation and Decondensation

After washing and concentrating the semen sample(s) (frequently almost all of
the supernatant was removed), between 2-7 pl of the sample was evenly smeared
over a 1 cm? area on a clean glass slide. The drop was circled on the underside of
the slide with a diamond etcher and allowed to dry for a minimum of 24 hours.

As sperm DNA is tightly compacted, the sperm were decondensed on the
slides at roon.1 temperature in a series of solutions: 22-30 minutcs in DTT, 2.5-3.0
hours in LIS / DTT solution followed by a rinse in 2x SSC. The time required for
the decondensation varied depending on the sensitivity of the semen sample to the
decondensation procedure: sperm samples from some of these men was
hypersensitive to the decondensation, and the usual 30 minutes in DTT and 3 hours
in LIS / DTT solution resulted in exploded sperm heads. Slides were air-dried and
used immediately for FISH or stored for future use.

In order to investigate both autosomes and sex chromosomes, four

chromosome-specific probes were utilized, two for the autosomes and two for the sex
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chromosomes. The probes selected were known to show no cross-hybridization,
were previously proven to be chromosome-specific using lymphocytes, and produced
clearly-defined signals within sperm nuclei.

The four probes used in this study were specific for chromosomes 1, 12, and
the X and Y chromosomes. A chromosome 1-specific satellite II sequence
(pUC1.77), previously thought to be a satellite IIT sequence (Tagarro et al., 1994),
was kindly provided by H.J. Cooke, Edinburgh (Cooke and Hindley, 1979). A
chromosome 12-specific alpha satellite sequence, D12Z3 was obtained from A.
Baldini at Yale University (Baldini ez al., 1990), an X-specific alpha satellite probe,
XC, provided by E. Jabs, John Hopkins University (Jabs ez al., 1989), and a Y-
specific alpha satellite sequence, DYZ3 was obtained from the American Tissue
Culture Collection (ATCC). The autosome-specific DNA probes and the X-specific
sequence were labelled directly, using a fluorochrome-conjugated nucleotide
(fluorescein-14-dUTP (fluorogreen™), rhodamine-4-dUTP (fluorored™), or coumarin-
4-dUTP (fluoroblue™), Amersham), while the Y-specific probe was labelled
indirectly with a hapten-conjugated nucleotide (biotin-14-dATP, Gibco) by nick
translation.

iii. Denaturation of Probe and Sperm DNA

Fluorescence in situ hybridization (FISH) was performed on sperm nuclei
using the technique originally described by Eastmond and Pinkel (1990). Some
modifications have been made and are described by Martin and Ko (1994).

Hybridization mixtures contained 7 ul MM2.1, 30-50 ng of each DNA and 500 ng of
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salmon sperm DNA (Sigma). The probe mix was heated for 5 minutes at 70°C then

snap-cooled in an ice-water bath for a minimum of 5 minutes.

The sperm DNA was denatured by placing the prepared slide in a pre-
hybridization bath for 2 minutes. The slides were snap-cooled and dehydrated for
two minutes in each of three pre-cooled (-20°C) coplin jars, containing 70%, 85%,
and 95% ethanol. The slides were air-dried at room temperature, then prewarmed to
40°C on a slide warmer. The probe mix was applied to the sperm nuclei on the
slide, and a coverslip was placed on top and sealed with rubber cement to prevent
evaporation. The slides were incubated in a dark, humidified chamber at 37°C for
17-21 hours.

iv. Post-Hybridization and Probe Detection

After hybridization, the slide was removed from the incubator, dipped into the
first post-hybridization wash and the coverslip carefully removed. The slide was then
placed in each of three post-hybridization (45°C) washes for 2-5 minutes. (Because
of the degree to which the semen samples were concentrated, there were large
amounts of contaminants present in some samples. When elevated levels of
contaminants were present in the concentrated sample, the length of the post-
hybridization wash time was increased.) The slide was then rinsed in PN buffer at
room temperature, For hybridizations containing a hapten-conjugated probe, a 20 pl
drop of PNM buffer was applied to the slide for 5 minutes in the dark at room
temperature to block nonspecific binding sites. The slide was then rinsed in PN

buffer before proceeding through the detection steps. Care was taken to ensure that
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the slide did not dry during the post-hybridization and detection steps.

When the biotinylated-DYZ3 probe was involved in a hybridization, avidin-
Cy3™ (BioCan) was required in order to visualize the probe. Detection involved
application of 15 pl of avidin-Cy3™ onto the slide under parafilm for 30 minutes at
37°C in a dark humidified chamber. At the end of this time, the slide was
vigorously washed in PN buffer at room temperature. At this point, the protocol was
the same for both hapten- and fluorochrome-conjugated probes. In order to visualize
the sperm boundaries, sperm nuclei were stained with 10ul propidium iodide (Sigma)
and 10 pl DAPI (Sigma), rinsed in PN buffer to remove any excess stain, and
coverslipped under 8.5 ul of antifade. If the biotinylated Y probe did not have clear
red signals, an amplification was attempted: the coverslip was removed gently, and .
the slide was rinsed vigorously with PN Buffer. Goat anti-avidin (15 ul) (Vector)
was applied for 30 minutes under parafilm at room temperature. A vigourous wash
in PN buffer was followed by application of 15 ul of avidin-Cy3™ for 30 minutes at
37°C under parafilm. After a vigorous wash in PN Buffer, propidium iodide was
reapplied as before but the time was reduced to 30 seconds. DAPI was usually not
reapplied unless the sperm boundaries were not distinct. The slide was washed again
in PN buffer and coverslipped in antifade.

v. Analysis of Hybridization

All hybridization slides were examined using a Zeiss Axiophot epifluorescent
microscope fitted with a FITC/rhodamine dual bandpass filter set (Zeiss 51004) and

an AMCA single-colour filter set (Zeiss 487902) with the excitation and emission
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wavelengths, respectively, at 490 nm and 525 nm for FITC, 540-560 nm and 580

nm for rhodamine and at 345 nm and 425 nm for AMCA. The FITC/rhodamine
filter set allowed simultaneous visualization of pale-red propidium iodide-stained
sperm with yellow-green signals (from either the pUC1.77 or the XC) and red signals
(resulting from D12Z3 or DYZ3). The AMCA filter set allowed visualization of the
DAPI nuclear stain (which often facilitated defining individual sperm outlines) and
the fluoroblue™ 1 signal.

Hybridizations for the two autosomes investigated, chromosomes 1 and 12,
were carried out simultaneously using a fluorogreen™ chromosome 1 probe and a
fluorored™ chromosome 12 probe. The hybridizations for the sex chromosomes
utilized three probe colours: a fluorogreen™ X chromosome probe, an avidin-Cy-3™
(red) Y probe, and a fluoroblue chromosome 1 probe for the internal autosomal
control.

A minimum of 20,000 sperm was scored for each patient: 10,000 for
chromosomes 1 and 12 and 10,000 for the sex chromosomes. The scoring data was
only kept if the nullisomy frequency for each probe was less than 2 percent, .
indicating that the probe had a 98% hybridization efficiency. When scoring
autosomes, normal haploid sperm contained one signal of each colour. Sperm
missing one signal were considered nullisomic for that chromosome if the other
signal was present. If neither signal was present, the hybridization was considered to

have been unsuccessful in that particular sperm, and the sperm was not scored.

Where there were two signals of one colour and one signal of the other, a sperm was
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considered disomic, subject to the following criteria: the two signals had to be of
equal intensity, at least one domain apart, and clearly within the sperm head. Sperm
containing two signals of each colour were considered to be diploid (subject to the
same criteria outlined above), and were not included in disomy values.

When scoring the sex chromosomes, normal sperm contained either a red (Y)
or a green (X) signal, disomic sperm contained two signals of the same colour (XX
or YY) or one signal of each colour (XY), and nullisomic sperm did not contain a
green nor a red signal. Use of a fluoroblue™ chromosome 1 probe allowed the
discrimination between diploidy and disomy, and between nullisomy and non-
hybridized cells. The presence of two blue signals, a full domain apart and clearly
within the sperm head, indicates a diploid sperm if two sex chromosomes are also
seen within the sperm. However, one blue signal and two signals for a sex
chromosome is a disomic sperm for the sex chromosomes seen. If a sperm was seen
with only a blue signal and no signal present representing the sex chromosomes, then
the sperm was scored as nullisomic.

E. Sample Size Considerations and Data Analysis

i. Sperm Karyotypes

In order to determine whether infertile men have an increased frequency of
chromosomal abnormalities as compared to normal fertile donors, the two-sample chi
square test (two-tailed test) was used to detect decreases as well as increases in
abnormality rates. The numerical sample sizes required to detect a significant

increase in the normal fertile male frequency of aneuploidy can be calculated using a
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two sided, two binomial proportions test (Rosner, 1986). With a significance level
of 0.05 and a power level of 0.80, the sample size (n=518) is large enough to detect
a 3.9 fold increase in the frequency of aneuploidy in the infertile population.

ii. Fluorescence in situ Hybridization

Approximately 10,000 sperm nuclei were counted for each chromosome
investigated by FISH and this larger sample size allows an increase of 1.4-1.7 times
the normal fertile male frequency to detect a significant increase in the disomy

frequency in the infertile men.
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III. RESULTS

A. Infertile Patient Profiles

The patients recruited for this study were men who were undergoing fertility
investigations after having experienced at least one year of infertility. These men
either had low sperm counts (<20 million sperm/ml), reduced motility (<40%
motile) and/or poor morphology (<40% normal forms). Semen profiles for each of
the ten patients investigated in this study are shown in Table 1.

All patients were between the ages of 28-46 years, with a mean age of 32.8
years. None had any children at the time of study, either naturally or through in virro
fertilization (IVF). The spouse of patient 10 had unsuccessfully attempted IVF, and
those of patients 4 and 6 had both undergone intrauterine insemination (IUI).

Through routine lymphocyte karyotyping, all patients were found to have a
normal 46,XY karyotype, with patient 3 carrying a normal variant for chromosome 15
(missing satellites).

B. Sperm Karvotvpes

Sperm karyotypes were obtained for the first five patients (1-5), using the
human sperm / hamster oocyte fusion assay. The mean age of these five patients was
31.6 years. A total of 30 human sperm / hamster oocyte fusion experiments was
completed, resulting in 518 karyotypes. Since these men’s sperm characteristics were
suboptimal, thé number of experiments required to obtain 100 karyotypes per patient
was higher than that needed for normal donors: between 2 and 11 experiments were

necessary, as compared to 2-5 experiments for a normal donor (Table 2).



Table 1: Semen parameters for ten infertile patients.

Patient Age Count | % % Primary
(10%/ml) Motile Normal Abnormality
Forms
1 30 50 40 24 teratozoospermia
2 29 26 35 29 teratozoospermia
3 35 16 49 51 oligozoospermia
4 30 37 30 41 asthenozoospermia
5 34 13 36 40 oligozoospermia
6 36 10 9 38 oligoasthenozoo-
spermia
7 28 20 40 59 oligozoospermia
8 46 7 26 38 oligoasthenozoo-
spermia
9 28 3 37 27 oligoteratozoo-
spermia
10 32 26 30 38 asthenozoo-
spermia

35
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Table 2: The number of experiments required, and the final number of karyotypes
obtained for each of the five patients investigated using the human sperm / hamster

oocyte fusion technique.

Diagnosis # Experiments # Karyotypes Obtained

Required

teratozoospermia

teratozoospermia 11 91
oligozoospermia 2 138
asthenozoospermia 7 86

oligozoospermia 6 96
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i. Normal Fertile Donors

The normal fertile group consisted of 12 normal, fertile donors, from each of
whom at least 100 sperm Karyotypes had been previously obtained using the human
sperm / hamster oocyte fusion assay. A total of 3585 sperm karyotypes from these
men was used to calculate the values for normal fertile donors. The mean age of this
group of men was 31.2 years.

ii. Infertile Men

A total of 518 analyzable sperm chromosome complements was obtained from
the five somatically-normal, infertile patients. The specific chromosomal
abnormalities in the karyotypes of each patient are presented in Table 3. The
frequencies of numerical and structural abnormalities for each of the five infertile
patients studied are shown in Table 4. Conservative estimates of aneuploidy in each
of the five patients are detailed in Table 5.

For patient 1, eight of the 107 karyotypes obtained were hypohaploid, with a
small chromosome (chromosomes 16 to 22) being lost in more than half of the
hypohaploid sperm complements. The single hyperhaploid complement contained an
extra copy of chromosome 2. Structural abnormalities included marker chromosomes
as well as acentrics, and two of the structurally-abnormal karyotypes also had a
missing chromosome 14 interpreted to be structurally altered and not therefore a
numerical abnormality. Other structurally-abnormal karyotypes contained either a
chromosome break of the X chromosome or a chromatid gap of chromosome 6. A

total of four sperm had multiple breaks and rearrangements.



Table 3: Chromosomal abnormalities in the sperm karyotypes from each of five infertile men.

23,Y,-8,-9, +2mar(C),del(7)(q220131),
ctg(1)(q31),+2aces
_,_,Y,MB+R (1 sperm)

Patient | Structural Abnormalities Numerical & Structural Abnormalities Numerical
Abnormalities
1 22,X,-3,-4,-7,-14,-15,del(1)(q12), +dic, 22, ,-XorY,+ace 22,X,-9
+3mar, +4ace ) 22,X,-11
23,X,-14, +mar(?del(14)(q130r21) 21,Y,-16,dic(1;8)(p;q) 22,Y,-13
23,X,csb(X)(q250r260127) 22,X,-17
23,X,ctg(6)(ql) 22,Y,-18
LY ,MB+R (1 sperm) 22,X,-20
_,_»,MB+R (3 sperm) 22,X,-21
22,Y,-22
24,Y,+2
2 23,Y,+ace 22, ,-Xor-Y
: 23,X,csg(1)(q4) 22,X,-14
23,X,del(9)(q210r22) 22,Y,-D
20,Y,ctg(140r15)(q2),cte(16;17;19;20) 22,X,-21
(complex), +ace 24.Y,+11

8¢



23,Y,csb(9)(q3) 22,Y,-22,+ace 21,X,-2,-3
gg;,zsb(ll)(plli) 22,X,-14,-16,-22, +2mar,ctg(1)(q32), 21,Y,-16,-21
,X,csb(13)(pl1) k 22,X,-9
23,Y,csb(20)(7p2q) cte(19)(p;0) 22,X,-10
23,Y,ctb(20)(q120r13) 22,X,-12,-14, -22,+2mar,ctg(3)(p21), 22,Y,-C .
22,X,cte(9;16)(q12;q11.2)(qr,asy,complete) | +2or3ace (6,7,9,0r11)
23,Y,ctg(1)(q31) 22,X,-15
23,Y,del(19)(q12) 22,Y,-15
_,Y,MB (2 sperm) 22,X,-18
_,_sMB+R (5 sperm) 22,X,-18
22,Y,-18
22,X,-20
22,Y,-20
24,Y,+20
48,XXYY
23,Y,-5,+3
23,X,csb(8or10)(q2) 22, ,-Xor-Y
23,XorY,csb(8)(q210r22) 22, ,-Xor-Y
22,Y,cte(8;19)(p120r21;7p130r?q13) 21, ,-Xor-Y,-17
(tr,incomplete) , 21,X,-3,-21
220r23,X,ctg(1)(q4),ctg(19)(q120r13),%csg 21,Y,-8,-20
(22)(ql1or 12),2cte(21;22)(p12;p13) 22,Y,-12
,X,MB 22,X,-19

_,_>MB+R

6¢



23,Y,+ace

23,Y,csb(5)(p13orid)

23,X,csb(6)(q2), +ace
23,Y,csb(8)(cen),del(21)(p)
23,Y,csg(12)(q24)

23,Y,ctb(10)(q22)
23,Y,del(1)(q),15(q+)(?1q4 > qter), +2ace
23,Y,del(17)(p120r13)
23,Y,del(18)(p11.2)

22,Y,-7,-10,-15, +mar(c)(?10), +dic(15;?)
(pter >q2;7),del(3)(q220r230r24),del(5)
(q310r32), del(6)(q240r25),+20r3ace
_»_MB

LX,MB+R

_s_sMB+R (2 sperm)

20,Y,-9,-11,dic(1;16)(p31;p13),
ctg(13)(q31),+2ace

ov
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Table 4: Mean frequencies of chromosomal abnormalities as determined by sperm
karyotyping for each of the five patients.

Patient Structural Numerical Numerical Total
(%) (%) & (%)
Structural
(%)
1 8 (7.5) 9 (8.4)° 2 (1.9 19
(17.8)
2 6 (6.6) 5.5 0 11
(12.1)
3 15 (10.9) 15 (10.9)1 3 2.2 33
(23.9)¢
4 7 (8.1) 7 (8.1) 0@ 14
(16.3)
5 14 (14.6) 10 (10.4)1 1 (1.0 25
(26.0)7
Mean for 50 (9.6) 46 (8.9)1 6 (1.2) 102
Infertile 19.7)!
Men '
Mean for 353 (9.8) 152 (4.2) 15 (0.4) 520
Normal (14.5)
Fertile Men

* includes one double aneuploid karyotype

* frequency of abnormality is significantly higher than that in normal fertile donors at
p<0.025

' frequency of abnormality is significantly greater than that in normal fertile donors at

p<0.005



Table 5: Conservative estimate of aneuploidy for each of the five infertile men as

determined by sperm karyotypes.

Infertile | Karyotypes | Hypohaploid | Hyperhaploid | Conservative
Patient Obtained Spreads Spreads Estimate
1 107 10 1 1.87%
2 91 4 1 2.20%
3 138 15 3* 4.35%
4 86 7 0 0
5 96 8 3 6.25%*
Infertile 518 44 8 3.1%*
Men
Men 3585 152 15 0.84%
With
Proven
Fertility

*42< 8.5, p<0.005

*Includes one double aneuploid spread

42
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Both numerical and structural abnormalities were observed in two karyotypes. In one,
the sex chromosome was not discernible, and an acentric fragment was present.

In patient 2, hypohaploid spreads accounted for four of five numerically-abnormal
karyotypes. One of these hypohaploid karyotypes was missing a sex chromosome,
two were missing a chromosome from the D Denver group, and one karyotype was
missing chromosome 21. The hyperhaploid spread contained an extra chromosome
11. Both simple and complex structural abnormalities were found in the sperm
karyotypes obtained from patient 2, with one karyotype showing multiple breaks and

rearrangements.

In patient 3, known to carry a normal variant of chromosome 15, hypohaploid
karyotypes found showed spreads missing chromosomes 9, 10, and an unidentifiable C
chromosome (6, 7, 9 or 11). In addition, one karyotype was missing both
chromosomes 2 and 3 and another both chromosomes 16 and 21. Two karyotypes
obtained were missing chromosome 15, three karyotypes were missing chromosome
18 and two others lacked chromosome 20. Twc.) hyperhaploid spreads were found£
one contained an extra chromosome 20 and the other karyotype, 48,XXYY. This 43,
XXYY karyotype could result from a number of possibilities, including a diploid
sperm with nondisjunction of the sex chromosomes, two aneuploid sperm fertilizing
one egg, or one sperm trisomic for the sex chromosome and one euploid sperm
fertilizing the same egg. In addition, one double aneuploid complement was
obtained, which contained an extra chromosome 3 and was missing chromosome 5.

Chromosome breaks, ¢hromatid breaks, exchanges and gaps accounted for a great
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number of the structural abnormalities, seven karyotypes had multiple breaks and
rearrangements, and three complements contained both numerical and structural

abnormalities.

Numerical abnormalities in the sperm karyotypes from patient 4 consisted
solely of hypohaploid complements, with 3 of the 7 hypohaploid karyotypes missing a
sex chromosome. Three sperm complements were obtained with multiple breaks and
rearrangements; other structural abnormalities observed were chromosome breaks,

chromatid exchanges, and gaps.

Of the 96 karyotypes obtained for Patient 5, 26% (25 karyotypes) were
abnormal. Of the 10 numerically-abnormal karyotypes, seven were hypohaploid: two
karyotypes were missing a copy of one of the larger chromosomes (chromosomes 4
and 7), one was missing 3 small chromosomes (chromosomes 16, 17, and 22), two
were missing a D-group chromosome, one karyotype was missing chromosome 19,
and one was missing both a sex chromosome and a chromosome 3. The three
remaining numerical aneuploidies had extra chromosomes: one had an extra sex
chromosome (Figure 1), one contained an extra chromosome 2 and the third showed
an additional D-group chromosome. Structural abnormalities observed included
simple and complex abnormalities involving chromatids and/or chromosomes. Three
sperm were found with multiple breaks and rearrangements, and' one karyotype had
multiple breaks with no rearrangement of the chromosome material. One abnormal

karyotype contained both numerical and structural abnormalities.



Figure 1: Q-banded karyotype from patient 5, containing an extra sex chromosome.

45
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Considering each patient individually, the frequencies of abnormality as
determined by sperm karyotypes were compared to those from normal men with
proven fertility. Patient 1, a teratozoospermic man, showed an increased frequency
only in numerical abnormalities (x®= 5.98, p <0.025). For patients 2 and 4, the
sperm karyotype results show no significant differences in the frequency of
chromosomal abnormalities relative to that obtained from men with proven fertility.
For both oligozoospermic patients (patients 3 and 5), there is a highly significant
increase in both numerical abnormalities ( x>=18.0, p < 0.001 for patient 3;
%2=8.0, p<0.005 for patient 5) and total abnormalities ( x2=13.4, p <0.001 for
patient 3; ¥2=9.0, p <0.005 for patient 5), as determined by sperm karyotyping.
Three of the patients in this study, patients 1, 3 and 5, show an elevated frequency of
numerical abnormalities. An elevated aneuploidy frequency was caused not only by
hypohaploid spreads, but also by hyperhaploid karyotypes (lost and extra
chromosomes are listed individually in Table 3). Since chromosome loss using
Tarkowski’s fixation method does contribute to an elevated frequency of hypohaploid
spreads (Tarkowski, 1966), a high frequency of hypohaploidy may be due to technical
artefact. To avoid including artefactual hypohaploidies, a conservative estimate for
the frequency of aneuploidy was obtained by doubling the observed hyperhaploidy

frequency (Table 5).

The conservative estimate of aneuploidy for men with proven fertility was
determined to be 0.84% (15 hyperhaploid / 3585 karyotypes x 2). Relative to the

fertile donors, patients 1, 2, 3 and 5 have a higher conservative estimate of



47

aneuploidy, but only for patient S is the increase statistically significant (%2=9.0,

p <0.005).

iii. Infertile Patients as a Group

An overall chromosomal abnormality frequency of 19.7% (102/518) was
observed for the five infertile men studied by sperm karyotypes; the frequency of
abnormalities in normal men of proven fertility was significantly lower, at 14.5%
(x*= 9.0, p < 0.005). When comparing the total of all numerical abnormalities
found (including karyotypes from the numerical & structural category) in the infertile
group (52/518, or 10%) relative to the total seen in the fertile group (4.7%), the
infertile group shows a significantly elevated frequency of numerical abnormalities -
(x2 = 26.6, p<0.001). The hypohaploid frequency was determined to be
significantly increased in the group of infertile men relative to that obtained from
normal fertile men karyotypes (x>=17.1, p<0.001). In the infertile group, 8 of the
518 karyotypes obtained were hyperhaploid, yielding a conservative estimate of
aneuploidy of 3.1%, which is significantly higher (x%= 8.56, p<0.005) than that

calculated for the fertile group (0.84%).

The frequency of structural abnormalities in karyotypes from infertile men is
not significantly different from the frequency found in karyotypes from normal men

with proven fertility.
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iv. Teratozoospermic Patients

When considering only teratozoospermic patients, 30 of 198 karyotypes
obtained from Patients 1 and 2 through 15 human sperm / hamster egg experiments
were abnormal. These karyotypes do not show a significant increase in either total
abnormalities, numerical abnormalities or structural abnormalities relative to that

observed in the men with proven fertility.

v. Oligozoospermic Patients

The two oligozoospermic patients in this study, Patients 3 and 5, are of
interest. Of the 234 complements observed, 58 (24.8%) of the karyotypes were
abnormal, with numerical abnormalities accounting for 29 karyotypes (12.4%), and
structural abnormalities in 33 karyotypes (14.1%); four karyotypes with both
numerical and structural abnormalities are included both in numerical and structural
categories. When these results were compared to those obtained from men with
proven fertility, a significant increase is found in the frequencies of both numerical
abnormalities (x2=25.4, p<0.001) and total abnormalities *=17.3, p<0.001).
The six hyperhaploid spreads observed in the 234 karyotypes obtained from the two
oligozoospermic patients yielded a conservative estimate of aneuploidy of 5.1% for
these patients. This frequency of conservative estimate of aneuploidy is significantly

higher than that seen in fertile donors (x*=14.77, p<0.001).
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vi, Sex Ratios

No significant deviation from a 1:1 ratio was observed in the sex chromosome
frequency in any of the 5 patients studied by sperm karyotyping (Table 6). Because
of the relatively small number of karyotypes of obtained for each patient, minor
deviations from the 1:1 ratio are statistically insignificant. Considering the infertile
men as a group, 495 karyotypes were informative for the sex chromosomal content
(sex chromosome content could not be identified in 23 karyotypes). Of these 495
karyotypes, 243 were X-bearing and 252 were Y-bearing. This ratio was not

significantly different from the expected 1:1 ratio.

vii. _Sex Chromosomal Aneuploidy

In total, 8 hyperhaploid spreads were obtained from the five infertile patients,
two of which had an extra copy of the sex chromosome: a double karyotype with two
extra sex chrc;mosomes (48,XXYY) obtained from patient 3, and a 24,XY
complement, obtained from patient 5. In normal, fertile donors, 15 of 3585
karyotypes obtained were hyperhaploid, and three of these contained an extra copy of
a sex chromosome: 24,YY, 26,XYY,+9, and 24,XX. Because the number of
karyotypes with sex chromosomal aneuploidy is so small, a statistical analysis is not

meaningful.



Table 6: Frequency of X- and Y- bearing sperm karyotypes obtained in the five

infertile men studied.

Men With Proven
Fertility

|

Patient X-bearing Y-bearing
1 46.6% 53.4%
2 53.3% 46.7%
3 50.8% 49.2%
4 48.1% 51.9%
5 46.2% 53.8%
Mean For Infertile 49.1% 50.9%
Men
Mean for Normal 50.8% 49.2%

50
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C. Fluorescence in situ Hybridization (FISH)

Fluorescence in situ hybridization (FISH) analysis was completed on a total of
ten infertile men (the first five men in the FISH study were the same patients whose

sperm karyotypes were studied using the human sperm / hamster oocyte fusion assay).
i. Normal Donors

Results from FISH analysis for infertile men were compared to those obtained
from normal donors on whom FISH analysis had been completed for chromosomes 1,
12, X and Y. This normal group consists of 10 men (mean age = 36.3 years): six of
proven fertility and four of unproven fertility, all of whom had had sperm karyotypes
studied previously. Sperm karyotypes from the six men with proven fertility are
among those in the normal group for the sperm karyotypes portion of this study. A
total of 225,494 sperm nuclei from the 10 donors was counted for the four
chromosomes of interest in this study. For chromosomes 1 and 12, a total of 122,803
sperm nuclei were analyzed, and an additional 102,691 sperm nuclei were analyzed
for the sex chromosomes. The disomy frequency determined in normal men of
proven fertility as compared to normal men with unproven fertility was not
significantly different, with the exception of the YY disomy frequency, which was
found to be significantly higher in the men with proven fertility (x*=4.2, p<0.05).
The increase in YY disomy frequency was due to a single donor of proven fertility
who had a much higher frequency of YY disomy than any of the other males studied.

Disomy and diploidy results from these control donors are shown in Tables 7 and 8.
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Table 7: Disomy frequencies (%) as determined by FISH for chromosomes 1, 12, X,
and Y in sperm nuclei from 10 normal donors.

Donor Disomy 1 | Disomy 12 XX YY XY
Disomy Disomy Disomy

1 0.09 0.15 0.17 0.14 0.22
2 0.06 0.15 0.03 0.13 0.16
3 0.15 0.20 0.05 0.23 0.17
4 0.15 0.10 0.10 0.43 0.18
5 0.05 0.17 0.05 0.10 0.08
6 0.08 0.12 0.10 0.21 0.11
7 0.16 0.25 0.07 0.14 0.24
8 0.09 0.16 0.08 0.13 0.19
9 0.18 0.13 0.04 0.22 0.16
10 0.06 0.15 0.04 0.11 0.11

Mean 0.10 0.16 0.07 0.19 0.16

Range 0.05-0.18 | 0.10-0.25 | 0.03-0.17 | 0.10-0.43 | 0.08-0.24




Table 8: The frequency of diploidy (%) determined by FISH analysis for
chromosomes 1 and 12 and the sex chromosomes in 10 normal donors.

53

Donor Chromosome 1/12 Sex Chromosome
Analysis Analysis
1 0.15 0.11
2 0.06 0.05
3 0.05 0.11
4 0.08 0.10
5 0.12 0.05
6 0.17 0.17
7 0.51 0.33
8 0.17 0.31
9 0.04 0.09
10 0.31 0.07
Mean 0.13 0.14
Range 0.04-0.51 0.05-0.33
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ii. Ten Infertile Men

a. Disomy Frequency Obtained for Investigated Chromosomes

For the ten infertile men studied by FISH, a total of 205,213 sperm nuclei
have been analyzed: a total of 102,656 were studied for chromosomes 1 and 12, and

102,557 for the sex chromosomes. The results are presented in Tables 9 and 10.

To determine whether the results obtained for individual patients were
significantly different from that obtained for normal donors, the Chi-square test was

applied. These results are presented in Table 10.

It can be seen in Table 10 that FISH results for Patients 7, 8 and 10 show no
significant increase in the frequency of disomy for any of the chromosomes
investigated, but do show a significant decrease in the frequency of YY disomy.
Patients 4 and 9 show a significant increase only in the frequency of XY disomy.

Only patient 1 has all disomy frequencies in the normal range.

Of the 10 infertile men investigated, six show a highly significant increase in
the frequency of XY disomy and four show a highly significant increase in the
frequency of disomy for chromosome 1. Only patient 5 shows a significant increase
in the frequency of disomy for chromosome 12. Interestingly, a significant decrease
in the frequency of disomy for chromosome 12 was seen for patient 8, while patients
2, 4,5, 7, 8 and 10 all show a highly significant decrease in the frequency of YY

disomy. Though in the normal men studied there is one anomalous male (donor 4)
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Table 9: Disomy frequencies (%) for chromosomes 1, 12, and the sex chromosomes
as determined by FISH analysis of sperm nuclei from infertile men.

men

Patient Disomy 1 { Disomy 12 XX YY XY
Disomy Disomy Disomy

1 0.16 0.12 0.10 0.10 0.18

{ 2 0.19 0.22 0.10 0.09 0.36

3 0.25 0.19 0.11 0.12 0.31

4 0.08 0.16 0.05 0.08 0.47

5 0.22 0.28 0.05 0.06 0.34

6 0.18 0.20 0.09 0.15 0.65

7 0.12 0.21 0.10 0.07 0.20

8 0.06 0.05 0.03 0.05 0.13

9 0.12 0.23 0.11 0.17 1.39

10 0.04 0.13 0.02 0.07 0.13

Mean for 0.14 0.18 0.08 0.10 0.42
Infertile

Men
Range for 0.04-0.25 0.05-0.28 0.02-0.11 0.05-0.17 0.13-1.39
Infertile
Men

Mean for 0.10 0.16 0.07 0.19 0.16

Normal




Table 10: Chi-square analysis of the disomy frequency obtained for each of the
infertile patients as compared to the values obtained from 10 normal donors.
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results obtained from 10 normal men.

Patient || Disomy 1 | Disomy 12 | XX Disomy | YY Disomy | XY Disomy
x2 value %2 value 2 value x? value 2 value
1 2.53 0.59 1.97 3.40 0.08
2 6.28 1.82 0.40 4.73% 18.84
3 8.36 0.536 1.06 2.03 10.03
4 0.26 0.003 0.28 5.70* 47.70
5 11.60 7.83 0.41 7.68* 15.10
6 4.67 1.11 0.12 0.56 104.52
7 0.18 1.15 0.52 6.46* 0.55
8 1.20 6.71%* 1.95 10.82* 0.48
9 0.36 0.26 1.10 0.08 269.13
10 2.81 0.28 3.03 6.37* 0.40
All 8.02 1.53 0.07 29.80* 87.11
Infertile

y below that seen in the results obtained from normal men.
Bold values indicate a significant increase in the frequency of disomy as compared to
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with an unusually high YY disomy frequency of 0.43, patients 2, 4, 5, 7, 8 and 10 all
fall below the low end of the disomy range values seen in the normal group. No

patients showed a significant change in the frequency of XX disomy.

As a group, the infertile men’s FISH results show a significant decrease in the
frequency of YY disomy (x2=29.80, p<0.001), and also a highly significant increase
in the frequency of disomy for chromosome 1 (x*> =8.02, p<0.005), and XY disomy

(x® =87.11, p<0.001).
b. Sex Ratios

When analyzing the frequency of X-bearing versus Y-bearing sperm nuclei for
each patient, four of the ten patients (patients 4, 5, 6 and 9) investigated showed a
significant deviation from the expected 1:1 ratio (Table 11). The frequency of X- and
Y-bearing sperm does not deviate from the expected ratio when the infertile men are

taken as a group.

c. _Diploidy Frequency

The frequncy of diploidy as determined by FISH for the investigated
chromosomes is shown in Table 12. The diploidy frequency for each patient, as
determined during the analysis of both the autosomes and the sex chromosomes
showed slight variations. The mean diploidy frequency for the infertile patients was

found to be 0.16 during both autosomal and sex chromosomal content analysis.



Table 11: Sex ratio in the sperm of 10 infertile patients, as determined by FISH.
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Patient Total Sperm Total-X Bearing | Total-Y Bearing
Nuclei Analyzed Sperm Nuclei Sperm Nuclei
1 10072 5100 (50.60%) | 4882 (48.47%)
| 2 10389 5141 (49.48%) | 5145 (49.52%)
" 3 10183 5085 (49.94%) | 4973 (48.84%)
|| 4% 11103 5677 51.13%) | 5271 (47.47%)
| 5% 10062 5363 (53.30%) | 4622 (45.93%)
6 10184 5164 (50.71%) | 4846 (47.58%)
7 10079 4981 (49.42%) | 5028 (49.89%)
8 10181 4969 (48.81%) | 5086 (49.96%)
9% 10127 5129 (50.65%) | 4728 (46.60%)
10 10015 5080 (50.81%) | 4858 (48.51%)
Mean for All 102395 52698 (51.46%) | 49439 (48.28%)
Infertile Men '

L

The frequency of X- and Y- bearing sperm which is significantly different from the
expected 1:1 ratio (x2210.10, p<0.01).
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Table 12. Diploidy frequency (%) as determined by FISH analysis of chromosomes 1

and 12 and the sex chromosomes in 10 infertile men.

Patient Chromosome 1/12 Sex Chrom9some
Analysis Analysis
1 0.05 0.09
2 0.20 0.36
3 0.15 0.12
4 0.18 0.08
5 0.23 0.04
6 0.06 0.20
7 0.24 0.28
8 0.04 0.01
9 0.34 0.32
10 0.11 0.09
Mean for Infertile Men 0.16 0.16
Range for Infertile Men 0.04-0.34 0.01-0.36
Normal Donor Range 0.04-0.51 (0.13) 0.05-0.33 (0.14)
(Mean)




IV. DISCUSSION

A. Sperm Karyotypes

To date, a number of investigators have utilized sperm karyotypes to determine
the incidence of sperm chromosomal abnormalities in normal men. - The frequency of
chromosomal abnormalities in sperm from normal men has been determined to range
from 5% (Rudak et al., 1978) to 15.9% (Mikamo ez al., 1990). Only three
laboratories have analyzed greater than 5,000 karyotypes for normal men (Brandriff
and Gordon, 1990; Mikamo et al., 1990; Martin and Rademaker, 1990) (Table 13).

Examination of sperm karyotypes obtained from human sperm / hamster oocyte
fusion allows the visualization of both structural and numerical abnormalities from an
individual sperm. Similar total chromosomal abnormality frequencies have been found
by groups which investigate sperm karyotypes. The frequencies of structural
abnormalities reported are similar amongst all three groups. The frequency of
numerical abnormalities varies amongst investigators - a result which is not altogether
surprising, since technical artefact is implicated in the loss of chromosomes during
chromosome fixation. However, the conservative estimate of aneuploidy, determined
by doubling the hyperhaploid frequency, is similar amongst the three laboratories
ranging from 1.14-1.96%. A major limitation of this technique is that relatively small
numbers of sperm can be studied because of the enormous investments of time (and
funds) required. In addition, the necessity for the sperm to successfully fertilize eggs |
~ limits the technique’s usefulness in studying suboptimal sperm, so few studies have

investigated the chromosomal content of sperm from men
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Table 13. Comparison of results obtained from the three largest studies utilizing the
human sperm / hamster oocyte fusion assay to analyze the sperm of normal men.

# Total % % % %
STUDY | Donors | Karyo- | Abnormal | Numerical C.E.2 Structural
types
Brandriff & 24 5997 ~9.4 2.3 1.96 ~8
Gordon,
1990
Mikamo ez 26 9280 15.9 1.3 1.36 14.6
al., 1990
Martin & 87 7191 13.2 3.9 1.14 8.8
Rademaker,
1990+
unpublished

conservative estimate of numerical abnormalities (2 x % hyperhapioidy)
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with reproductive problems. Poor semen characteristics reduces the proportion of
hamster oocytes penetrated by the sperm of infertile men, making sperm karyotypes
more difficult to obtain.

i.  Sperm Chromosomal Abnormalities

The frequency of chromosomal abnormalities, as determined by sperm
karyotyping for each of the five 46,XY men with idiopathic infertility, was compared
to the frequency of chromosomal abnormalities obtained from normal men of proven
fertility. The frequency of hypohaploid karyotypes obtained from infertile patients
was significantly higher than that found in normal fertile donors (*=17.1,
p<0.001). An excess of hypohaploid karyotypes has been observed by a number of
investigators analyzing sperm karyotypes (Martin et al., 1987; Martin and Rademaker,
1990) and human lymphocyte karyotypes (Ford ez al., 1988). Chromosome loss
during the fixation process is believed to account for a large proportion of lost
chromosomes; Ford et al. (1988), however, have shown anaphase lag to be a
mechanism by which chromosome loss occurs in human lymphocyte cultures. The
lagging of chromosomes or chromatids during anaphase, and their subsequent
elimination through micronuclei, results in two hypoploid cells or one normal and one
hypoploid cell, respectively. Hence it is possible to have a greater number of cells
missing a chromosome than displaying an extra chromosome. Because it is difficult to
determine whether a hypohaploid karyotype is the result of anaphase lag or technical
artefact, researchers question the validity of using hypohaploid karyotypes in

evaluating the chromosomal aneuploidy of sperm. Instead, the frequency of
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hyperhaploidy is doubled to arrive at a conservative estimate of aneuploidy. In this
study, the frequency of hyperhaploidy was significantly elevated in the karyotypes
obtained from the five infertile patients (%= 8.37, p<0.005) giving a conservative
estimate of aneuploidy of 3.1% (x*>= 8.56, p<0.005). Analysis of sperm
karyotypes from each of the five infertile patients, particularly those from the
oligozoospermic men (patients 3 and 5), showed increased frequencies for both total
abnormalities and numerical abnormalities relative to normal fertile donors (Table 4).

Oligozoospermia and its more severe form, azoospermia, have been the focus
for many investigators studying male factor infertility. Pairing abnormalities in the
autosomes and the sex chromosomes have been implicated in the disruption of
spermatogenesis in infertile men. Egozcue et al. (1983) reported that in infertile
males, there is an increased frequency of pairing disruptions during meiosis, resulting
in meiotic arrest during spermatogenesis, causing these cells to fail to continue
through sperrﬁatogenesis and leading to subsequent oligo- or azoospermia.

The present study shows that chromosomally-abnormal sperm are present in the
ejaculate of infertile men, particularly the oligozoospermic men. The sperm
karyotypes obtained from the two oligozoospermic males (patients 3 and 5) show an
increased frequency of hyperhaploidy (Table 5). A total of six hyperhaploid spreads
was obtained from these two men; four of the hyperhaploid spreads contained an extra
autosome (chromosomes 2, 3, D and 20), and two contained a sex chromosome
anomaly (24,XY and 48,XXYY), indicating that nondisjunction can occur in both

autosomes and sex chromosomes. Several researchers (Egozcue et al., 1983; Navarro
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et al., 1990) have speculated that pairing abnormalities result in reduced sperm counts
as the resultant cells undergo meiotic arrest, suggesting that spermatogenesis is
completed only in those cells in which meijotic pairing and segregation of
chromosomes is normal and correct. Although it is impossible to determine from an
examination of sperm karyotypes whether a pairing abnormality has occurred during
spermatogenesis, the elevated frequency of hyperhaploidy observed in this study may
give credence to the possibility that some cells which experienced nondisjunction,
perhaps due to pairing abnormalities in meiosis, are arrested during meiosis resulting
in oligozoospermia while other aneuploid cells are capable of completing
spermatogenesis.

ii. Comparative Results from Studies on Men Experiencing Reproductive

Problems
a. Habitual Spontaneous Aborters
Rosenbusch and Sterzik (1991) studied sperm chromosomes of ten
constitutionally-normal men whose partners had experienced recurrent spontaneous
abortions. Prior sperm analysis for each man had shown that the sperm were
morphologically normal and the semen parameters were generally normal. A total of
308 sperm chromosome complements was analyzed for the ten men in the habitual
abortion group. These results were compared to 413 karyotypes obtained from a
control group which consisted of 15 fertile donors whose partners had no prior history
of spontaneous abortions. Comparison of these karyotypes to those obtained from

normal men showed some interesting trends. The frequency of numerical
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abnormalities found in the study group (3.6%) was not statistically higher than that
determined for the normal group (1.9%). However, the frequency of structural
abnormalities obtained from the karyotypes for men whose partners experienced
reproductive wastage was found to be significantly higher (14.6%) than that
determined for normal men (7.0%). The structural abnormalities found included
higher levels of chromosome breaks (5.8% versus 2.4% in normal donors) and
acentric fragments (8.1% versus 2.4% in the normal group).

In our investigations of men with idiopathic infertility who have not knowingly
experienced reproductive wastage, the frequencies of structural abnormalities in the
sperm chromosomes are not significantly different from those seen in normal men
with proven fertility. However, the frequency of numerical abnormalities, particularly
hyperhaploidy, is significantly greater than that found in the normal group.

Although at first glance the results obtained by Rosenbush and Sterzik (1991)
differ from those obtained in this study, it is important to take several factors into
account before comparing the data. First, the number of karyotypes for both the -
control group and the habitual aborters were relatively small in the Rosenbush and
Sterzik study, which may explainAthat study’s elevated frequency of structural
abnormalities, found in both spontaneous aborters and controls. Second, when
considering only the habitual aborters in the Rosenbush and Sterzik study, 5 (1.6%) of
the 308 karyotypes obtained were hyperhaploid. Doubling this percentage to obtain a
conservative estimate of aneuploidy gives a value of 3.2%, which is very close to the

significanty-elevated conservative estimate of aneuploidy (3.1%) observed for the
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infértile men in this study.
b.__Infertile man with Oligoasthenoteratozoospermia

Navarro and associates (1990) studied the sperm chromosomes of one infertile
man using the human sperm / hamster oocyte fusion system. The 46,XY male was
characterized with oligoasthenoteratozoospermia: a sperm count of 1.4 million
sperm/ml, 66% of the sperm immotile and only 15% with normal motility. The
percentage of abnormal forms is not specified. Although the man was an alcoholic,
etiology for the infertility was listed as unknown. Meiotic preparations showed
abnormal pairing of the bivalents from the beginning of prophase I in a proportion of
metaphase I cell preparations, and absence of metaphase II figures. Surprisingly, with
such poor sperm characteristics, Navarro et al. (1990) were able to obtain 30 sperm .
chromosome karyotypes. Twenty-four of the 30 karyotypes were normal. The six
abnormal karyotypes obtained included: one karyotype with structural abnormalities,
one hypohaploid karyotype with structural abnormalities, and four hypohaploid
karyotypes. The frequency of structural abnormalities is not significantly different
from that found in normal men. The frequency of total abnormalities (6/30, or 20%
of the karyotypes) is high relative to those obtained by other groups investigating
sperm chromosomes (Table 13), but due to the possibility of technical artefact
artificially inflating the rate of hypohaploidy, the significance of this value is
questionable.

Before comparing our results to those of Navarro ef al. (1990), it is important

to recognize that although the diagnosis was one of idiopathic infertility, the role of
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alcohol as a cause of infertility cannot be eliminated. In addition, the small sample
size (30 karyotypes) makes it difficult to accurately ascertain the frequency of
chromosomal abnormalities in the sperm of this oligoasthenoteratozoospermic patient.
Although meiotic pairing abnormalities were found in the sperm of the infertile
patient, chromosomally-normal sperm cells were found in the ejaculate. Navarro and
associates (1990) suggested that cells experiencing pairing problems do not proceed
beyond metaphase I and that only normal germ cells continue through
spermatogenesis. The results of the present study indicate that in the infertile men
studied, the sperm present in the ejaculate does contain a higher frequency of
chromosomal abnormalities as compared to men of proven fertility. Thus, if a
spermatocyte experiences pairing difficulties resulting in subsequent chromosomal
abnormalities, the spermatocyte may still be able to continue through spermatogenesis
and be present in the ejaculate.

iii. Sex Ratios

Deviations from the Mendelian expectation in human sex ratios have been
noted. Specifically in livebirths resulting from IVF, several reports have documented
excessive numbers of male births (Al-Shawaf and Craft, 1989; Steer et al., 1989;
Thatcher ez al., 1989), with a sex ratio as high as 1.83 reported by Thatcher ez al.
(1989). Though the sex ratios observed in this study of sperm karyotypes obtained
from five infertile men do show a slightly greater number of Y-bearing sperm (243 X-
" bearing: 252 Y-bearing) the difference is not significantly different from the expected

1:1 ratio (Table 6).
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iv. _Sperm Selection

Within. the female genital tract, only a portion of the sperm in an ejaculate are
successful in reaching the site of fertilization (Mortimer, 1979; Nestor and Handel,
1984; Redi et al., 1984). Highly motile, morphologically-normal sperm have a
greater chance of passing the cervix than morphologically-abnormal and/or nonmotile
sperm. Several studies (Foldesy et al., 1984; Redi et al., 1984; Brandriff et al.,
1986a; Estop et al., 1988) have investigated the genetic content of the two groups of
sperm to determine whether genetically-abnormal sperm are able to fertilize an egg.
Utilization of the human sperm / hamster oocyte fusion system allows an in vitro
system where both motile and nonmotile sperm are placed in proximity to oocytes.
Brandriff e al. (1986a) showed that the chromosomal content of highly-motile sperm
did not differ from the chromosomal content of unselected sperm. Similarly, Martin
and Rademaker (1988) found no significant relationship between the frequency of
morphologically-abnormal sperm and the frequency of chromosomally-abnormal
sperm. These results suggest that there is no selection based on chromosomal content
in the human sperm / hamster oocyte fusion technique, and that (with allowances for
artefactually-induced hypohaploidy) the technique should reflect the chromosomal
content of sperm in vivo.

When comparing semen characteristics of the infertile patients in this study
(Table 1) to the number of experiments required to obtain approximately 100
karyotypes (Table 2), sperm selection does not appear to interfere with the results.

For example, the sperm from patient 2 is primarily defined as teratozoospermic, with
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normal morphology in only 29% of the sperm present. However, 11 human sperm /
hamster oocyte fusion experiments were required to obtain a total of 91 karyotypes.
Although it was extremely difficult to obtain karyotypes for this patient, the sperm
karyotypes proved to have no significant increase in the frequency of chromosomal
abnormalities. A similar evaluation of the sperm from patient 3, a mildly
oligozoospermic patient, shows that only two experiments were required to obtain 138
karyotypes. Interestingly, it is also patient 3 that shows a significant increase in the
frequencies of chromosomal abnormalities relative to the normal group. Though the
results here suggest that sperm selection does not play a role in human sperm /
hamster oocyte fusion analysis, further studies are needed to determine whether sperm
selection does exist both ir vitro and in vivo.
B. _Fluorescence in situ Hybridization (FISH) Studies

Analysis of sperm from infertile men using both sperm karyotyping and
fluorescence in situ hybridization (FISH) permits us to take advantage of the strengths
inherent in each of the techniques. Obtaining large numbers of sperm karyotypes for
each man investigated was impractical because of the enormous technical time
required in the human sperm / hamster oocyte fusion assay, whereas FISH allowed
analysis of thousands of sperm in a short period of time. Reduced sperm motility,
poor morphology and low sperm counts - which wreak havoc with the fusion assay -
were of no consequence when using FISH. . Conversely, although only numerical
abnormalities for the investigated chromosome pairs can be ascertained when using

FISH, the utilization of sperm karyotypes in our study allowed the determination of
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the overall frequency of both structural and numerical abnormalities. The FISH
results were then used to confirm the numerical abnormalities observed in the
karyotypes on a much larger sample size. The utilization of FISH to determine
aneuploidy in sperm cells allowed the elimination of any questions regarding sperm
selection, as washed sperm were fixed in place on a slide for the hybridization, and
both normal and abnormal sperm were treated, side by side, under identical
conditions. In addition, the inherent internal control present when using two-colour
hybridizations for autosomal investigation and three-colour hybridizations for
investigations of the sex chromosomes allowed the differentiation between non-
hybridization and nullisomy, and between disomy and diploidy. As such, when using
two- or three-colour FISH a sperm must have at least one signal to be considered
efficiently hybridized. Finally, strict criteria are utilized to determine whether a
sperm nucleus contains two like-coloured signals so as to minimize inter-observer
variability. ’fwo like-coloured signals must be at least one-domain apart to ensure that
a stretched segment of decondensed chromatin is not misinterpreted as two signals.
All signals must also be clearly within the sperm nuclei. However, the major
disadvantages of this technique stem from the subjectivity inevitable as different
observers score sperm nuclei and the difficulty in not being able to directly view the
chromosome being analyzed.

i. One-colour versus Multicolour FISH

FISH has been now utilized to study the disomy frequencies of chromosomes

1,3,4,6,7,8, 11, 12, 15, 16, 17, 18, X and Y (Guttenbach and Schmid, 1990;
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Guttenbach et al., 1994; Bischoff et al.,1994; Spriggs et al., in press). However, the
majority of these chromosomes have been studied using one-colour FISH. One-colour
FISH studies helped provide preliminary information on sperm aneuploidy and
allowed the exploration of a new method from which limited amounts of less costly
information as to the chromosomal content of sperm could be extracted, but increased
availability of multicoloured probes and dual/triple bandpass filters mean that much
more accurate information can now be obtained using multicolour FISH. Since a
single chromosome-specific probe is used in each hybridization, one-colour FISH does
not allow the differentiation between non-hybridized and nullisomic sperm (neither of
which would contain a signal) nor between disomic sperm and diploid sperm (both of
which would contain two signals). Indeed, two-colour FISH studies now show that
diploid sperm can account for a significant portion of sperm nuclei that contain two
like-coloured signals (Bischoff er al., 1994; Spriggs et al., in press). Furthermore,
the frequency of diploid sperm is highly variable amongst donors so the value
obtained for one donor cannot be extrapolated to other donors.

ii. Disomy Frequencies Obtained by Other Laboratories Using Multicolour

FISH

A number of investigators have studied sperm aneuploidy in normal men using
FISH but only three other groups have utilized two- and three-colour FISH to
determine the disomy frequency of various chromosomes (Table 14). The four groups
report similar frequencies of disomy for the sex chromosomes. With the exception of

Bischoff et al. (1994), all the values for XX disomy fall within a narrow range (0.04-
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0.07%). The generally-higher values of disomy reported by Bischoff e al., (1994)

are probably due to the omission of a criterion included by all other groups: a
minimal distance of one domain between two like-coloured signals, which would lead
to overestimation of disomy frequencies (Martin and Rademaker, in press). Similarly,
YY disomy frequencies fall within a narrow range with the exception of Spriggs et al.
(in press) who observed an unusually-high incidence of YY disomy (0.43%) in one of
five donors analyzed. If this donor is ignored, the mean frequency for YY disomy
decreases to 0.14%. The XY disomy frequencies determined by all four investigators
range from 0.09% to 0.15%.

iii. Frequency of Autosomal Aneuploidy in Infertile Men

Autosomal aneuploidy was investigated using two-colour FISH for
chromosomes 1 and 12. The disomy frequency for chromosome 1 was significantly
elevated in four of the ten infertile men studied (Table 10). Of the four patients
(Patients 2, 3, 5 and 6) with a significant increase in the frequency of chromosome 1
disomy in their semen sample, three are patients who have reduced sperm counts -
(Patients 3, 5, and 6) as determined by semen analysis (Table 1). These results
suggest that chromosome 1 may have a predisposition to improper disjunction in these
infertile patients. Considered as a group, the ten infertile men also show a significant

increase in the disomy frequency for chromosome 1, suggesting that in men with
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Table 14. Disomy frequencies (%) reported by other laboratories on sperm nuclei
from normal men, utilizing two-colour FISH for investigation of chromosomes 1 and
12, and three-colour FISH to investigate the sex chromosomes.

STUDY Disomy 1 | Disomy 12 | XX Disomy | YY Disomy | XY Disomy
Wyrobek et al. - - 0.04 0.04 0.09
1993
Williams e - - 0.04 0.06 0.09
al.” 1993
Bischoff et al. - 0.30 0.38 0.08 0.13
1994
Spriggs et al. 0.10 0.16 0.07 0.21 0.15
(in press)

* Disomy frequency of XX and YY determined using two-colour FISH; frequency of
XY disomy was determined using three-colour FISH.
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idiopathic infertility, sperm chromosomes may contain more abnormalities than are
seen in normal men.

Disomy frequency of chromosome 12 was significantly increased only for
donor 5 and the infertile men studied as a group do not show an increased frequency
of disomy for chromosome 12 when compared to the values obtained for normal men
investigated by FISH in our laboratory. Once again, the mean chromosome 12
frequency value reported by Bischoff er al., (1994) (0.30%) is higher than the disomy
12 frequency obtained for Patient 5 (0.28%) - and as explained above, the higher
value is probably due to the lack of a one-domain criterion in the Bischoff laboratory.

iv. _Frequency of X- and Y-Chromosome Aneuploidy in Infertile Men

In human males, it is possible to differentiate meiosis I (MI) and meiosis II
(MII) nondisjunction because of the heterogametic nature of the sex chromosomes.
The presence of both an X chromosome and a Y chromosome within a sperm nucleus
indicates that the sex chromosome segregation error occurred during MI. In contrast,
MII nondisjunction results in gametes containing two X chromosomes or two Y
chromosomes. In six of the ten infertile men investigated, the frequency of MI error
(represented by XY disomic sperm nuclei) was significantly elevated when compared
to the frequency found in normal donors. In addition, when results from all ten
infertile men were grouped together, the mean XY disomy frequency was significantly
higher than that seen in normal donors. In fact, these results indicate that meiosis 1
error occurs more frequently than meiosis II error in infertile men, and that the

frequency of nondisjunction in meiosis I is significantly higher than that reported
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previously in normal men.

When considering MII error, the frequency of XX disomy is not sig_niﬁcantly
different from that seen previously in normal men. However, the frequency of YY
disomy is significantly decreased in the infertile men as a group. When the mean
frequency of YY disomy obtained for the ten infertile men (0.10%) is compared to
values reported by other groups (Table 14), it becomes evident that the frequency
obtained in this study is within the range of values obtained for normal men.

The frequency of sperm nuclei containing a sex chromosomal abnormality aésociated
with meiosis I or II error differs from the frequency of these events in liveborns and
aneuploid fetuses. Aneuploid fetuses and liveborns have been examined to determine
the parent of origin and the meiotic stage during which the nondisjunction occurred.
While paternal origins of autosomal aneuploidies account for 5-10% of trisomic
conceptuses (Antonarakis, 1991; Sherman ez al., 1991; Nothen et al., 1993; Fisher ez
al., 1993), a greater number of sex chromosomal aneuploidies result from paternal
nondisjunction. Although only 7% of 47,XXX liveborn females result from paternal
meiosis II errors (May et al., 1990), paternal errors account for 100% of 47, XYY
males, 50% of 47,XXY males (Lorda-Sanchez ef al., 1992), and 80% of 45,XO
fetuses and liveborns (Hassold ef al., 1992). The frequency of 47,XXY sex
chromosomal aneuploidies in pregnancies is estimated to be 0.05% (Jacobs er al.,
1989). Since 50% of these are of paternal origin, 0.025% are caused by paternal
meiosis I nondisjunction. As expected, the frequency of XY-bearing sperm in our ten

normal donors studied by FISH was found to be higher (0.16%) (Table 7), reflecting
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the high rate of fetal wastage, and possibly the postzygotic loss of extra chromosomal
material. Conversely, chromosomally-abnormal sperm may be unable to penetrate the
oocyte.

When assessing the sex chromosomal aneuploidy frequency in infertile men, of
primary significance is the increased frequency of meiosis I error. As there may exist
an increased frequency of XY disomic gametes and of the complementary nullisomic
gametes in the sperm of infertile men, the frequency of paternal origin of 47,XXY
and 45,X0O fetuses would be expected to be higher in the idiopathic infertile male
population. The actual prevalence of these sex chromosomal aneuploidies in children
born to couples experiencing infertility is difficult to determine since some infertile
couples have success spontaneously, with intrauterine insemination (IUI), through IVF
or using other procedures. An examination of IVF pregnancy outcomes is not an
accurate source of information about the children of infertile men, as a majority of
these patients have causes of infertility other than idiopathic male infertility.
Furthermore, IVF offers limited success to patients with male-factor infertility (De
Krester et al., 1985). In the future, a more relevant study would determine the
frequency of 47,XXY and 45,XO in liveborns resulting from either sub-zonal sperm
insertion (SUZI) or intracytoplasmic sperm injection (ICSI). Both techniques are
offered to couples for whom conventional IVF has failed because of the inability of
the sperm to fertilize oocytes or for those who have been previously excluded from
assisted reproductive technologies because of suboptimal semen profiles. Although

both of these advances are new and relatively few children have been born, a recent
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study reported by Cohen e al. (1994) found that in 647 cycles in which microsurgical
fertilization procedures were preformed via either (SUZI) or partial zona dissection
(PZD), 127 patients delivered a total of 162 babies. In a questionnaire sent out to
these patients, of the 116 patients who participated in the study (accounting for 143
babies), eight babies were found to have major malformations (5.4%). This is higher
than that reported in the general population (3.7%), but statistically insignificant
because of the small sample size. It is interesting to note that one of the eight major
abnormalities was a sex chromosomal aneuploidy (47,XXY) whose father had been
diagnosed with oligoasthenoteratozoospermia.

Van Steirteghem and associates (1994) have now reported results of 600
treatment cycles of SUZI and ICSI performed on couples who had failed standard IVF
or had insufficient sperm present for IVF. A total of 421 embryos was transferred,
resulting in 63 pregnancies. At the time of publication, 22 babies were born from
these 63 preg'nancies and only one major congenital abnormality was found in one
child of a set of twins: cheilopalatoschisis (cleft lip and palate) and duplication of the
renal calyces. Further evaluation is still needed, and though centers such as the one
directed by Van Steirteghem in Brussels require each patient to sign a consent form
stating that they will have prenatal diagnosis, some patients do not comply because of
the small risk of losing the pregnancy that they have worked so hard to achieve. Asa
result, the possibility exists that other seemingly-normal 47,XXY boys or 45,X girls
may be born who do not have their chromosomal abnormalities detected until much

later in life.
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The most unusual pairing of human chromosomes is that between the sex
chromosomes during male meiosis. Despite morphological dissimilarities, the X and
Y chromosomes recombine as a result of a single obligatory crossover in the
pseudoautosomal region (Rouyer ez al., 1986). The pseudoautosomal region seems to
be responsibie for the initiation of pairing and the formation of the synaptonemal
complex between sex chromosomes (Hassold et al., 1991; Mohandas et al., 1992).
Because of the unique features associated with crossing over in the sex chromosomes,
studies have focussed on abnormalities known to generate anomalous sex chromosome
disjunction. Speed and Chandley (1990) studied infertile men with a normal 46,XY
karyotype who had reduced sperm counts, by investigating meiotic prophase using
electron microscopy. They noted that there appeared to be a reduced extent of XY
synapsis in these infertile men relative to normal men studied in a similar manner.

'Further studies by Hassold et al. (1991) of men with a 47 ,XXY karyotype determined
that there was a significant reduction in the recombination normally seen in the XY
bivalent. Hassold’s group concluded that this reduced recombination leads to an
increased frequency of nondisjunction of the sex chromosomes. Similarly, the XY
bivalent in the infertile man may have an increased tendency to non-disjoin, perhaps
due to failure of the sex chromosomes to recombine. An increased frequency of
chromosomally-abnormal sperm containing both an X and a Y chromosome could be
expected, and our investigation of the sperm nuclei of infertile men confirms an

elevated frequency of XY disomy.
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Structural rearrangements or deletions in the XY pairing region have been
associated with the breakdown of spermatogenesis between MI and MII (Chandley and
Edmond, 1971; Gabriel-Robez et al., 1990). However, in chromosomally-normal
infertile men, Speed and Chandley (1990) observed cells where the X and Y
chromosome failed to remain paired during MI. They suggested that initial pairing
failures may be brought on by poor physiological conditions in spermatocytes
(Setterfield et al., 1988), resulting in sperm degeneration. Speed and Chandley
(1990) also noted the presence of an enlarged proteinaceous stalked body on the Y
long arm during late zygotene in oligozoospermic patients. The significance of this is
as yet undetermined; however, the enlarged stalk is located close to the gene for
spermatogenesis, AZF, (Tiepolo and Zuffardi, 1976) and may thus be implicated. In
Drosophila hydei (Vogt and Henning, 1986) and Drosophila melanogaster (Bonaccorsi
et al., 1988), proteins are found to bind to newly-formed lampbrush loops following
RNA transcription for the repetitive DNA sequences of male fertility factors on the Y
chromosome. Speed and Chandley (1990) speculated that during transcription of AZF
during spermatogenesis, protein binding may also be occurring and accumulation of
protein could arise when maturation of the germ cells is impaired.

Although Miharu and associates (1994) have investigated the disomy frequency
in infertile men utilizing FISH, it is difficult to compare their results to those obtained
in the present study due to major differences in the structure of the studies. Miharu’s
group used one-colour FISH to determine the disomy frequency of chromosomes 1,

16, X and Y (so XY disomy could not be observed), and two-colour FISH of
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chromosomes 17 and 18 was used to determine the diploidy frequency in order to
extrapolate from these probes the incidence of diploidy for chromosomes 1, 16, X and
Y. The infertile men studied by Miharu’s group show more heterogeneity than the
infertile patients in the present study, with 5 oligozoospermic men, 6 men with
unexplained infertility and 1 with antisperm antibodies. In addition, a relatively small
number of sperm nuclei were studied per donor (mean of 4291 sperm nuclei per donor
for each of the investigated chromosomes). Given the above factors, it is perhaps not
unexpected that there was no significant difference between the frequencies of
aneuploidy found in the study’s infertile men and fertile donors, and the authors
concluded that aneuploidy was not a major contributor to infertility. One factor in
particular is noteworthy: an adequate sample of sperm nuclei per donor must be
studied in order to accurately evaluate the frequency of disomy, given that on average
(for each chromosome analyzed), a single disomic sperm is observed per thousand
sperm examined.

v. Sex Ratios

The sex ratio, as determined by FISH on the sperm of ten infertile men,
showed that there were significantly more X-bearing sperm than Y-bearing sperm in
three of the ten patients studied (patients 4, 5, and 6) (Table 11). Although the X-
and Y-bearing sperm are expected to be in a 1:1 ratio, Spriggs et al. (in press) also
report a normal donor in whom the frequency of X-bearing sperm is significantly
higher than that of Y-bearing sperm. When considering the infertile men as a group,

the frequency of X-bearing sperm is slightly higher than that of Y-bearing sperm
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(Table 11), but this difference is statistically insignificant.

vi. Frequency of Diploidy

Utilizing two- and three-colour FISH allows the differentiation between diploid
cells and disomic sperm. Other investigators have emphasized the importance of
determining the diploidy frequency (Williams ez al., 1993; Bischoff et al., 1994;
Miharu et al., 1994), and the mean frequencies of diploidy reported by these groups
range from 0.15% to 0.45%. In the present investigation, diploid sperm were noted
during analysis of both autosomes (chromosomes 1 and 12) and sex chromosomes, for
all ten infertile men (Table 12). The mean frequency of diploidy for these men was
determined to be 0.16%, which is within the range reported for normal men.

Individual frequencies of diploidy were fairly consistent, whether measured
during the analysis of chromosomes 1 and 12, or during X- and Y-chromosome
analysis. However, inter-patient variability in diploidy frequencies was observed,
emphasizing the need to utilize multicolour-FISH in each sperm sample investigated to
distinguish between diploid and disomic cells.

By using sex chromosome-specific probes, the proportion of diploid sperm
resulting from complete failure of MII can be calculated. Williams et al., (1993)
determined that 75% of diploid cells were due to MII nondisjunction. In contrast,
Spriggs et al., (in press) found that only 20% of diploid cells were due to MII error,
and 33% of diploid cells (45/138) were due to complete failure of MII division in the
present study, suggesting that failure of MI rather than MII may be responsible for the

majority of diploidy in sperm cells.
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C. Comparison of Multicolour FISH and Cytogenetic Data

As stated previously, a study of sperm karyotypes allows the examination of all
chromosomes present in a sperm, for both structural and numerical abnormalities.
However, only a small sample size can be studied because of financial and time
constraints, and although results indicate that sperm selection is not a factor in
penetration of oocytes, it is difficult to prove conclusively. The inclusion of
fluorescence in situ hybridization (FISH) allows a large sample size to be analyzed for
numerical abnormalities in selected chromosome pairs, and completely eliminates the
possibility of a selection bias in the sperm assessed.

A few trends become evident when comparing sperm karyotype and FISH
results from the five patients (patients 1-5) studied using both methods. Of the 518
karyotypes obtained, sex chromosome content was analyzable in 495 karyotypes: 243
were X-bearing and 252 were Y-bearing giving the expected 1:1 ratio (Table 6).
Eight (1.5%) of the 518 karyotypes contained an extra chromosome, a frequency
which was significantly elevated over the incidence in normal fertile donors. Two of
the eight hyperhaploid karyotypes contained a sex chromosome anomaly.

Table 15 shows the results obtained for men with idiopathic infertility
compared to those obtained in our laboratory from normal men with proven fertility,
to all the karyotypes obtained in our laboratory from normal men, and to the results

obtained by Brandriff and Gordon (1990) for sex chromosomal aneuploidy.
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Table 15. Sperm karyotype data for X- and Y-chromosome aneuploidy

Study # #XX | #YY | #XY Other # Missing
Karyo- (%) (%) (%) XorY
types (%)
Infertile men in 518 0 0 1 48, XXYY 6
this study 0.2) (1.16)
Fertile, normal 3585 1 1 0 26, 12
donors in this (0.03) | (0.03) XYY,+9 (0.33)
study )
Brandriff & 5997 0 2 3 - 11
Gordon, 1990 (0.04) |. (0.06) (0.21)
Martin and Rade- | 7191 2 1 2 26, XYY, 19
maker, 1990 and 0.03) | 0.01) | (0.03) +9 (0.26)

unpublished data
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In the present study of infertile men, despite the relatively small sample size,
the frequency of sex chromosomal aneuploidy in sperm karyotypes is high: the
frequencies of both XY disomy (0.2%) and the corresponding nullisomic gamete
(1.16%) are elevated. An analysis of the results obtained from FISH on the same five
men shows the average frequency of XX disomy, YY disomy and XY disomy to be
0.08%, 0.09% and 0.33%, respectively. The frequency of XY disomy is elevated
significantly from that seen in the normal group, as is the corresponding sperm
karyotype value.

Sperm karyotype and FISH results are in general agreement: both show an
increased frequency of sperm containing an extra autosome or sex chromosome. The
increased aneuploidy frequency found in sperm karyotypes and the increase in
chromosome 1’s disomy frequency as obtained by FISH supports the hypothesis that
pairing disruptions may be generalized beyond the sex chromosomes, affecting all
chromosomes. (Egozcue et al., 1983).

D. Conclusions

Investigation of men with idiopathic infertility resulting in oligo-, astheno- or
teratozoospermia suggests that their sperm contain an elevated frequency of numerical
chromosomal abnormalities associated with both the autosomes and the sex
chromosomes as determined by sperm karyotyping. These results are supported by
further studiés on a larger sample size of sperm nuclei from 10 infertile men using
fluorescence in situ hybridization. The frequencies of chromosome 1 and XY disomy

was significantly elevated in these men with idiopathic infertility. Pairing
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abnormalities during spermatogenesis have been implicated in several studies of sperm
from infertile men. The sperm of infertile men in this study show an increased
frequency of aneuploidy; whether this is a consequence of abpormal meiotic pairing of
homologous chromosomes remains to be determined. These chromosomally-abnormal
sperm are present in the ejaculate, and may increase the risk to these men of fathering
offspring with trisomies and sex chromosomal abnormalities. Fetal selection against
autosomal abnormalities is high, so the frequency of liveborns with autosomal
trisomies may remain low. However, selection against sex chromosomal abnormality
in the fetus appears to be less stringent, resulting in a signiﬁcantly-decreaséd
frequency of sex chromosomal aneuploidy in spontaneously aborted fetuses (Hassold,
1986). With the increased frequency of sex chromosomal aneuploidy in the sperm of
men with idiopathic infertility observed in this study, there is a concern that there may
be an elevated occurrence of sex chromosomal abnormalities seen in liveborns fathered
by these men. Because of this, couples with male-factor infertility may benefit from

prenatal counselling coupled with prenatal or preimplantation diagnosis.
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VIi. _APPENDICES

A. Media and Solutions for the Human Sperm / Hamster Oocyte Fusion Assay

BWW Stock Solution

g/L
NaCl 5.540
KC1 0.356
CaCl, (pellets) 0.189
KH,PO, 0.162
MgS0,.7H,0 0.294
Pyruvic acid, Na salt 0.028
Dextrose 1.000
ml/L
Antibiotic Stock Solution 1.0
0.5% Phenol Red 0.5
Acid Hepes 9.5
Base Hepes 10.5
Distilled H,O To raise to 100 ml
Maintain solution at 4°C for a maximum of two weeks.
BWW Working Solution
NaHCO;,3 0.2106 g
DL-Lactic Acid, Na Salt (60% syrup) 0.37 ml
Human Serum Albumin (Fraction V) 05¢g
BWW Stock Solution 100 ml

Mix and dissolve crystals, then filter-sterilize through a cellulose acetate/nitrate
membrane (pore size 0.22 um).



Antibiotic Stock Solution For BWW

Penicillin-G, Na Salt
Streptomycin sulfate

Freeze in 1 ml aliquots.
Acid Hepes (2M Hepes in distilled H,0)

Hepes
Distilled H,O

Base Hepes (2M Hepes in 3M NaOH)

NaOH

Hepes

Distilled H,O

F10 Working Solution (15% Fetal Bovine Serum)

Ham's F10
Fetal Bovine Serum (heat inactivated at 56°C for 30 minutes)
Antibiotic Stock Solution

Antibiotic Stock Solution for F10 Working Solution

Penicillin-G, Na Salt
Streptomycin Sulfate

Hyaluronidase Solution (0.2%)

Hyaluronidase (Type 1-S)
BWW Working Solution
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10° TU/ml
50 mg/ml

47.66 g
To raise to 100 ml

12¢g
47.66 g
To raise to 100 ml

42.5 ml
7.5 ml
0.5 ml

10° 1U/ml
5 mg/ml

3 mg
1.5 ml
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Working concentration will be halved as it is added to an equivalent volume of BWW
Working Solution.

Trypsin Solution (0.1%)

Trypsin (Type XII) 3 mg
BWW Working Solution ' 3 mil

Colcemid Solutions

For Afternoon Experiments (0.8 ug/ml)
Colcemid (Gibco, 10 ug/ml) 0.2 ml

F10 Working Solution 2.3 ml

For Morning Experiments (0.4 ug/ml)
Colcemid (Gibco, 10 ug/ml) 0.1 ml

F10 Working Solution . 2.4 ml

Both are added to equivalent amounts of F10 Working Solution, however, the
concentration of the colcemid is halved.

Sperm Count Diluent

NaHCO, 58
35% Formaldehyde ’ 1 ml
0.9% NaCl 100 ml

Mix and store at 4°C.
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Ackerman's Cryopreservant

Bacto Egg Yolk Enrichment-50% 40 ml
Glycerol 30 ml
Glycine 20g
Glucose ~ 2.6¢g
Sodium Citrate 23¢g
Distilled H,0 98.7 ml

Heat inactivate at 56°C for 30 minutes. Adjust pH and store at -20°C in aliquots.

Test Yolk Buffer Salt Stock

TES 2.1629 g
Tris 0.5135 g
Dextrose 0.1000 g
Streptomycin Sulfate 0.0125 g
Penicillin-G, Na Salt 0.0075 g
Distilled H,O Raise to 50 ml

Freeze in 10 ml aliquots.

TEST Yolk Buffer

Fresh Hen’s Yolk . 2.5 ml
TEST Yolk Buffer Salt Stock 10 ml

Mix and centrifuge (1200xG) for 10 minutes. Decant the supernatant and adjust the
pH with solid Tris. Store 1 ml aliquots at -20°C.
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Giemsa Solid Stain (5-6% n_Gurr Buffer)

Harleco Gimesa Stain 3ml
Gurr Buffer 50 ml

Skim off oxidized surface prior to use. Needs to be made fresh daily.
Gurr Buffer

1 Gurr® Buffer Tablet (pH 6.8) in 1 litre distilled H,0. Adjust the pH to 4.4 and
store at 4°C.

Quinacrine Dihyrochloride

Quinacrine Dihyrochloride 0.25¢g
Distilled H,O 50 m!

May be maintained at 4°C for up to one week. The container is wrapped in foil to
protect from the light.

B. Media and Solutions for Fluorescence in situ hybridization

Dithiothreitol (DTT) 10 mM DTT in 0.1M TRIS

Lithium salt (LIS) / DTT solution 10mM LIS, 1mM DTT in
0.1 M TRIS

MM2.1 55% formamide, 1x SSC,

10% dextran sulfate

Pre-hybridization bath 70% formamide, 2x SSC
(pH 7.0)

Post-hybridization wash 50% formamide, 2x SSC



PN buffer

PNM buffer

Avidin-Cy3™
Propidium iodide
DAPI

Goat anti-avidin

C. Reagents'

Bacto Egg Yolk Enrichment (50%)
CaCl, (pellets)

Colcemid (10 ug/ml)
Formaldehyde

D-Glucose (Dextrose)

DL-Lactic Acid, Na Salt (60% Syrup)
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(pH 7.0)

0.1m NaH2P047H20, 0.1
M NaH,PO,2H,0, pH 8,
0.1% nonidet P-40

PN Buffer plus 5% nonfat
dry milk and 0.02% Na
azide

3.3 pg/pl in PNM buffer
25 ng/ ml in PN buffer
0.000125 ug/pl in PN buffer

0.01 mg/ml in PNM buffer

Difco 3347-73-8
Fisher C-614
Gibco G.D. 1024
BDH B10113
Fisher D-16

Sigma 14263



Ethanol

Fetal Bovine Serum (Cellect Silver)

Giemsa Stain

Glacial Acetic Acid

Glycerol

Gurr® Buffer Tablets (pH 6.8)

Glycine

1X Ham’s F10 with L-Glutamine

Hepes

Human Choronic Gonadotropin

Human Serum Albumin (Fraction V)

Hyaluronidase (Type 1-S)

KH,PO,

MgSO,.7H,0

NacCl

Na Citrate
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Flow 29-161-49

Harleco 620

Fisher A38-4

Hopkins and
Williams 065568

Flow 12-403-54

Sigma H3375

A.P.L. Ayerst

Sigma A2386

Sigma 3506

Fisher P-382

Fisher M-63

Fisher S671-500

Fisher S279



NaHCO,

NaOH

Penicillin-G, Na Salt

Phenol Red

Polyvinylpyrollidone

Pregnant Mares’ Serum Gonadotropin

Pyruvic Acid, Na Salt (Type II)

Quinacrine Dihydrochloride

Streptomycin Sulfate

TES (N-tris [Hydromethyl]methyl-
2-aminoethanesulfonic acid)

Tris (Trizma® Base-Tris
[HydroxymethylJaminomethane)

Trypsin (Type XII)

107
Fisher S233

Fisher S318B

Sigma P-3032

EM PX0530-3

Sigma G4877

Calbiochem 5510

Sigma Q-0250

Sigma S-6501

Sigma T-1375

Sigma T-1503

Sigma 2884



