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Abstract
Chromosome segregations were studied in spermatozoa from pericentric inversion
heterozygotes for chromosomes 2and 17 using fluorescence in situ hybridization
analysis. Both inversions had breakpoints in G-light bands, and the inverted segment was
greater than 2/3 of the total length of the chromosome.
The inversion 2carrier had a55.9% frequency of chromosomally balanced sperm
and 34.5% recombinant sperm (with a1:1 ratio of the two recombinant products)..
The inversion 17 donor had a73% frequency of normal sperm. The qarm
breakpoint, between the unique subtelomeric sequences and ATJ'AGGG telomeric
repeats, resulted in apparent nonclassical recombinant chromosomes in 23% of sperm.
The Miller-Dicker critical region was absent in 11% of sperm, and in both of his
offspring.
Disomy frequencies of inverted chromosomes were relatively high compared to
other investigated autosomes, suggesting apredisposition to nondisjunction. There was
no evidence for an interchromosomal effect for the targeted chromosomes.
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INTRODUCTION

1. Chromosomal Abnormalities
A normal human being has 46 chromosomes in somatic cells (diploid cells) and
23 chromosomes in germ cells (haploid cells). Of all species, humans have the highest
frequency of chromosomally abnormal conceptions, with estimates of up to 50% of
conceptions being abnormal (Abruzzo and Hassold, 1995; Boue et al., 1975).
Chromosomal abnormalities are seen in 50% and 20% of first and second trimester
spontaneous abortions, respectively, and are responsible for genetic disorders in 1/150
live births (Jorde et al., 1999a). An incorrect number of chromosomes in acell
(numerical chromosomal abnormality) is referred to as either polyploidy or aneuploidy,
depending on whether the loss or gain involves an entire haploid set of chromosomes or a
single chromosome, respectively. A minimum often to fifteen percent of human
conceptions have numerical chromosomal abnormalities (Hassold and Hunt, 2001).
Rearrangement of any segment of agiven chromosome can cause abnormalities
known as structural abnormalities. Chromosomal rearrangements arise from instability in
certain areas of the human genome. Chromosomal rearrangements include deletions,
duplications or inversions within achromosome (intrachromosomal rearrangements),
translocations between two different chromosomes (interchromosomal rearrangements),
and insertions within achromosome or between different chromosomes. In patients with
reproductive problems, the frequency of chromosomal aberrations is higher than in the
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general human population. It is also recognized that reproductive problems such as
spontaneous abortion and subfertility are higher in balanced chromosomal rearrangement
carriers than in the general population (Duzcan et al., 2003). This thesis discusses
pericentric inversions, one of the subgroups of chromosomal rearrangements.

2. Inversions

2.1. Definition and Types of Inversions
A chromosome inversion is an alteration in the sequence of genes resulting from
two breaks in asingle chromosome, followed by 180° rotation and reunion of this
segment. There are two types of inversions, depending on whether or not the inversion
involves the centromere. Pericentric inversions occur when one break takes place in the
short (p) arm and the other in the long (q) arm (therefore involving the centromere). The
short arm :long arm ratio of this chromosome is likely to change in apericentric
inversion. In paracentric inversions, both breaks and the reunion occur within the same
chromosome arm, the centromere is not involved, and thus there is no change in the
chromosome arm ratio (Yang et al., 1997). These can be more difficult to detect
cytogenetically and are sometime difficult to differentiate from intrachromosomal
insertions or shifts.

3

2.2. Frequency of Inversions

In general, chromosome inversions are relatively common within the human
population, with estimated frequencies of 1-2% for pericentric inversions (de La Chapelle
et al., 1974; Kaiser, 1984), [1-1.5% of the general population has pericentric inversions
involving the common chromosome 9inversion polymorphism (Mutton and Daker,
1973)], and 0.0 1-0.05% for paracentric inversions (Pettenati et al., 1995). However,
submicroscopic or subtle paracentric inversion polymorphisms such as those found in
chromosomes 4p (Giglio et al., 2002), 8p (Broman et al., 2003; Giglio et al., 2001), and
15q11-q13 (Gimelli et al., 2003), have not been included in estimates of the frequency of
paracentric inversions. When these inversions are included with other paracentric
inversions, paracentric inversions are among the most common chromosomal
rearrangement found in humans (Brown et al., 1998).

2.3. Disturbance in Meiosis and Consequences
There is no phenotypic effect on the majority of balanced inversion heterozygotes.
However, when an inversion disrupts acritical gene, an associated disorder phenotype
may be expressed in these carriers (Estop et al., 1994; Pettenati et al., 1995; Price et al.,
1987; Stankiewicz et al., 2001; Tadin et al., 2001). These are particularly apparent in
patients with X-linked disorders such as mental retardation, Duchenne muscular
dystrophy and hemophilia A (Abeliovich et al., 1995; Jorde et al., 1999b; Shashi et al.,
1996).

4

There are reproductive risks for inversion heterozygotes, due to meiotic
recombination when an inverted chromosome pairs with its normal homologue. In
pericentric inversions, in order for the normal and inverted chromosomes to pair during
meiosis I, the inverted chromosome forms an inversion loop so that gene-for-gene pairing
can occur. Thus the loop involves the centromere (Fig. 1). Another possibility can occur
when the inverted segment is very long relative to the length of the chromosome. In the
pachytene stage, the inverted chromosome pairs gene-for-gene with the normal
homologue along the length of the inverted segment, leaving distal flanking regions
unpaired, and forming amore or less normally-shaped synaptonemal complex (SC) (Fig.
2) (Dutrillaux et al., 1973; Koehler et al., 2004; Winsor et al., 1978). In either of these
pairing scenarios, an odd number of crossovers within the inverted segment results in one
gamete bearing anormal chromosome, one with an inverted chromosome, and two
gametes with recombinant monocentric chromosomes: duplication of the region outside
of the inversion segment of one arm of the inverted chromosome and deletion of the
terminal segment of the other arm, and vice versa (Fig. 3).
In paracentric inversions, the meiotic pairing loops do not include the centromere,
and occur within one arm only (Fig. 4). If an uneven number of crossovers within the
loop occurs, the four resulting gametes will contain one normal, one paracentric inverted,
one dicentric, and one acentric chromosome (Fig. 5). By the end of meiosis I, the
acentric chromosome will generally be lost because it lacks acentromere, leading to a
nullisomic gamete. The dicentric chromosome will have one of three fates: 1) the entire
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dicentric chromosome may be lost completely, also leading to anullisomic gamete, 2) the
intact dicentric chromosome moves to one pole, resulting in agamete with apartial
duplication /deletion of the inverted chromosome, 3) the two centromeres of the dicentric
move to different poles, forcing abreak in the dicentric chromosome. In this instance,
depending on where the break occurs, there may be duplications and deletions of other
parts of the inverted chromosome in addition to the deletion inherent in the original
dicentric (Madan, 1995; Martin et al., 1983).
The likelihood of acrossover within the inverted segment is affected by the length
of the inverted segment and by the location of the breakpoints (Ashley, 1988), and the
frequency of crossovers within this inverted segment (Pal et al., 1987). In addition, the
length of the chromosome and the specific inverted segment in agiven chromosome
affect recombinant gamete formation (Daniel, 1981). Recombinant gametes affect the
viability of the resultant concepti through the amount of unbalanced information in the
genome (Kaiser, 1984) as well as the gene sequences on the new recombinant
chromosome (Martin et al., 1983). In ashort inversion, asynapsis within the inverted
segment is likely and crossing over rarely occurs, leading to normal or balanced gametes
and anormal fetus. If an inversion loop does occur in asmall inverted segment and an
uneven number of crossovers occurs within the loop, gametes with large duplicated /
deleted segments are produced; an embryo with such adegree of imbalance would be lost
early in the pregnancy (Daniel, 1981; Kaiser, 1984; Martin et al., 1983; Winsor etal.,
1978). However, in arelatively long inversion segment, synapsis usually occurs; the
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physical length of the segment increases the chances of acrossover and recombinant
chromosomes. In these gametes, the duplication /deletion segments resulting from an
odd number of crossovers are small, and the resultant fetus may be viable until term
(Amiel et al., 2001; Anton et al., 2002; Kaiser, 1984; Winsor et al., 1978). If an even
number of crossovers takes place in the same two chromatids within the inverted
segment, the resultant chromosome will recover without duplication or deletion to
produce anormal conception. If, however, more than two chromatids are involved in an
even number of crossovers, all gametes will be recombinant.
In general, the unbalanced recombinant chromosomes from pen-or paracentric
inversions can cause infertility in the heterozygous carriers, repeated spontaneous
abortions and/or children born with mental and physical handicaps if gametes bearing
these recombinant chromosomes are involved in fertilization (Gardner and Sutherland,
2004; Madan, 1995).
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2.4. Reproductive Risk for Inversion Carriers
2.4.1. Pericentric Inversions
Pericentric inversions have been reported in all human chromosomes, and are
usually ascertained after the heterozygous carriers of these inversions experienced
reproduction problems (Jenderny et al., 1992; Lucas et al., 1985; Winsor et al., 1978).
However, some chromosomes are more often implicated than others in pericentric
inversions, and certain chromosome regions are predisposed to breaks which result in
pericentric inversions (Kleczkowska et al., 1987). Breakpoints occur preferentially in
chromosomes 1, 2, 3, 5, 8, 9, 10, 12, 13, 18, 19, X and Y; it was found that inversions
occurred at the same breakpoints on the same chromosomes in many unrelated families
(Kaiser, 1984).
In one study of pericentric inversion carriers, spontaneous abortions occurred at a
frequency of 13.7% (Kleczkowska et al., 1987). Other studies also found ahigh
frequency of spontaneous abortions among familial pericentric inversions (Angle et al.,
2000; Djalali et al., 1986; Haagerup and Hertz, 1992; Herva and de la Chapelle, 1976;
Imai and Tamaya, 1996; Lindberg et al., 1992; Pth et al., 1987; Rivas etal., 1987;
Schroer et al., 1980). Indeed, pericentric inversion carriers are typically ascertained after
experiencing at least one spontaneous abortion in studies dealing with the chromosomal
segregation of pericentric inversion carriers (Anton et al., 2002; CoIls et al., 1997;
Jendemy et al., 1992; Martin et al., 1994; Navarro et al., 1993).
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Subfertility and infertility in pericentric inversion carriers have been reported
many times (Batanian and Hulten, 1987; Gabriel-Robez et al., 1987; Giraldo et al., 1981;
Guichaoua et al., 1986; Kaiser, 1984; Mikhaail-Philips et al., 2004; Petit and Fryns, 1983;
Tomomasa et al., 2000; Toth et al., 1982). Studies which calculated the reproductive
fitness in different types of chromosomal rearrangement carriers found that sterility in
these carriers appeared to be higher than in the normal population, but this was not
statistically significant (Jacobs et al., 1975; Morton et al., 1975).
2.4.2. Paracentric Inversions
Paracentric inversions, like pericentric inversions, have been reported in all
human chromosomes. Paracentric inversions are more prevalent in some chromosomes
than in others, suggesting apredisposition of certain regions to breakage and reunion.
The most commonly reported chromosomes with paracentric inversions are
chromosomes 1, 3, 5, 6, 7, 11, and 14. On the other hand, paracentric inversions in
chromosomes 4, 16, 17, 18, 19,20,21,22, and Y were the least common. Paracentric
inversions of 18p, 19q, 20q, and Yp have never been reported, suggesting that the length
of the segment and distribution of bands hinder the recognition or formation of
inversions. The short arm of chromosome 6was the most frequently implicated in
paracentric inversion cases (Pettenati et al., 1995).
In many cases, paracentric inversions were ascertained during investigations for
recurrent abortions or early pregnancy wastage that were caused by the unbalanced
products of meiosis in paracentric carriers after an uneven number of crossovers
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(Bateman et al., 1986; Bocian et al., 1990; Devine et al., 2000; Fryns et al., 1986;
Lamberti and Massa, 1987; Lin et al., 1987; Madan, 1995; Mules and Stamberg, 1984;
Schmid et al., 1985; Stetten and Rock, 1983; Yang-Feng et al., 1985). Thirty five percent
of the cases in one study were ascertained due to spontaneous abortions (Groupe de
Cytogeneticiens Francais, 1986). Another study found that approximately 21% of cases
were ascertained as aresult of recurrent abortions (Madan, 1995). However, most
paracentric inversions were ascertained fortuitously during prenatal diagnosis (Groupe de
Cytogeneticiens Francais, 1986; Madan, 1995).
A French cytogenetic laboratory study (Groupe de Cytogeneticiens Francais,
1986) showed that paracentric inversion carriers have normal reproductive fitness without
bias for males or females. Madan (1995) suggested that heterozygous paracentric
inversion males have no reproductive problems. Unlike pericentric inversion carriers,
paracentric inversion carriers are less likely to be subfertile. However, subfertility of two
brothers carrying aheterozygous paracentric inversion which resulted in recurrent
spontaneous abortions and failure to reproduce has been reported (Devine et al., 2000).

2.5. Offspring of Inversion Carriers
2.5.1. Pericentric Inversions
Fortunately, the actual risk of pericentric inversion carriers producing children
with recombinant chromosome is much lower than the theoretical risk (Martin et al.,
1983). In chromosomal segregation studies of pericentric inversion carriers, many cases
were ascertained after having an abnormal child with arecombinant chromosome
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resulting from an odd number of crossovers in the inverted segment (Martin, 1991, 1993;
Yakut et al., 2003). Similarly, case reports of children born with disorders, found to be
from recombinant chromosomes, have led to the ascertainment of many parents who are
pericentric inversion carriers (Fineman et al., 1978; Kawashima and Maruyama, 1979;
Martin et al., 1983; Pai et al., 1987; Trunca and Opitz, 1977).
Among children with recombinant chromosomes who survive until term,
duplications/deletions of chromosome 8occur most frequently (Barnes et al., 1985;
Smith et al., 1987). In most cases, these offspring have ancestors with aHispanic
background (Smith et al., 1987; Sujansky et al., 1993).
Although offspring carrying recombinant chromosomes of pericentric inversions
of chromosome 7rarely survive to term, two children in one family had mental and motor
retardation resulting from aduplication /deletion recombinant chromosome 7(Winsor et
al., 1978). Two other cases have been reported for the same chromosome duplication /
deletion (Delicado et al., 1991; Ramer et al., 1991). Another case has been reported with
aduplication /deletion of chromosome 7, resulting from acrossover in the inverted
region of chromosome 7in the father, apericentric inversion carrier, during gamete
formation (Ishii et al., 1997). Despite the fact that chromosome 9is the most frequently
implicated chromosome in pericentric inversions, few cases have been reported of
offspring with recombinants of chromosome 9(Honea, 1977; Mattei et al., 1983).
Pericentric inversions of chromosome 2have been reported to increase the risk for
spontaneous abortions but not for unbalanced recombinant offspring (Djalali et al., 1986).
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However, afew cases of offspring with arecombinant chromosome 2have been found in
families with aparent heterozygous for apericentric inversion of chromosome 2(Angle
et al., 2000; MacDonald and Cox, 1985; Magee et al., 1998; Richter et al., 1989).
Three cases of offspring with Miller-Dieker syndrome have been reported in
parents with pericentric inversions of chromosome 17 (Greenberg et al., 1986; Kingston
et al., 1996; Yokoyama et al., 1997).
In general, the estimated risk of having alivebom offspring with recombinant
chromosomes resulting from aheterozygous inversion parent is 5-10% (Daniel et al.,
1988; Groupe de Cytogeneticiens Francais, 1986; Sherman et al., 1986; Stene, 1986;
Sutherland et al., 1976). Approximately 83% of offspring with recombinant
chromosomes were found to have aduplication of the long arm and adeletion of the short
arm (Ishii et al., 1997). The same finding, duplication of the qarm and deletion of the p
arm but not vice versa, was previously reported by Fineman et al (1978) and Pai et al
(1987). In addition, mothers were found to be at ahigher risk than fathers for having
offspring with recombinant chromosomes (Ishii et al., 1997). In contrast, Kaiser (1984)
found that both pericentric inversion females and males were at the same risk for having
children with recombinant chromosomes. The two studies (Ishii et al., 1997; Kaiser,
1984) collectively did not report recombinant offspring from pericentric inversion
carriers for chromosomes 1, 12, 19 and Y. However, arecent study has reported two
cousins with aduplication of the qarm and adeletion of the parm of chromosome 12,
both resulting from aparent who was acarrier of apericentric inversion (Lagier-
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Tourenne et al., 2004). In addition, another study reported two members of afamily who
had the same type of duplication /deletion recombinant of chromosome 12 (Speleman et
al., 1993).
2.5.2. Paracentric Inversions
The risk to paracentric inversion carriers of offspring with recombinant
chromosomes has been estimated to be very low or negligible(Callen et al., 1985;
Gardner and Sutherland, 2004; Madan, 1995; Madan and Nieuwint, 2002; Pangalos,
1988; Whiteford et al., 2000). In alarge study of anmiocytes in families with
chromosomal rearrangements, there were no unbalanced offspring from paracentric
inversion parents (Daniel et al., 1989). However, cases of paracentric inversions have
been ascertained among the parents of offspring with recombinant chromosomes (Lin et
al., 1987; Pettenati et al., 1995). Although Petteni et al. (1995) found ahigh risk (3.8%)
of paracentric inversion carriers producing offspring with recombinant chromosomes,
many groups (Madan and Nieuwint, 2002; Sutherland et al., 1995; Warburton and
Twersky, 1997) dispute this finding because no distinction was made between paracentric
inversions and intrachromosomal paracentric insertions. The risk may increase if the
paracentric inversion segments are long and occur in acrocentric chromosomes
(Whiteford et al., 2000).

Recombinant offspring can be classified into two large groups, depending on
whether concepti carry dicentric, or duplication /deletion chromosomes. Dicentric
chromosomes are produced as aresult of an odd number of crossovers within the loop

18

during meiosis in paracentric inversion carriers. Some cases of offspring with dicentric
chromosomes have been reported (Lefort et al., 2002; Mules and Stamberg, 1984;
Pettenati et al., 1995; Whiteford et al., 2000; Worsham et al., 1989); in these cases, only
one centromere is active (Gardner and Sutherland, 2004; Lefort et al., 2002).

However, monocentric chromosomes with interstitial duplications, deletions, or
both duplications and deletions may be produced from paracentric inversion
heterozygotes after chromatid breakage or due to other pairing mechanisms. Such
pairing mechanisms include an unequal crossover at the base of the inverted loop or aUtype exchange within the inverted loop (Feldman et at., 1993; Hoo et at., 1982; Phelan et
at., 1993; Sutherland et al., 1995). An interstitial deletion in aconceptus from a
paracentric inversion carrier parent has been reported three times (Sparkes et at., 1979;
Speevak et at., 1985; Yang et al., 1997). It is suggested that duplication occurs in some
cases as aresult of an unequal crossover at the base of the meiotic loop in heterozygous
paracentric inversion carriers (Courtens et al., 1998; Hoo et al., 1982; Phelan et al.,
1993). A duplication /deletion has been found in two sibs of one family. Each sib's
recombinant chromosomes have adifferent partial duplication /deletion because of
different breakpoints in the dicentric chromosome. These recombinant chromosomes
were formed during meiosis in their mother, aheterozygous paracentric inversion carrier
(Valcarcel et at., 1983).

2.6. Meiotic Segregation in Inversion Carriers
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2.6.1. Pericentric Inversions
Although it is very important for men with pericentric inversion chromosomes to
know the probability of producing normal or balanced gametes (and therefore the
probability of producing anormal child), few studies have been done. A total of 7cases
have been studied using the human sperm/harñster oocyte system (Balkan et al., 1983;
Coils et al., 1997; Jendemy et al., 1992; Martin, 1991, 1993; Martin et al., 1994; Navarro
et al., 1993). This technique provides information about both numerical and structural
chromosome abnormalities but has major drawbacks: it is expensive, time-consuming,
labour intensive and gives information on arelatively small number of sperm.
Fluorescence in situ hybridization (FISH) analysis gives information on amuch larger
data sample, allowing detection of rare events. FISH is avery rapid technique which can
be utilized to assess targeted sperm abnormalities, and scoring the signals is relatively
easy to learn (Holmes and Martin, 1993). FISH analysis can also detect cryptic
chromosomal rearrangements in acase where chromosomal rearrangements cannot be
detected by standard banding methods (Kingston et al., 1996). To date, only four studies
have been reported using FISH analysis on inversion carriers (Anton et al., 2002; Jaarola
et al., 1998; Mikhaail-Philips et al., 2004; Yakut et al., 2003). Overall, the frequencies of
sperm with recombinant chromosomes varied from 11 %-3 8%.
2.6.2. Paracentric Inversions
There are only four studies investigating chromosomal segregation in
heterozygous paracentric inversion males. Two studies have investigated sperm
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karyotypes using the human sperm /hamster oocyte technique (Martin, 1986, 1999). One
study used sperm typing (Brown et al., 1998), and the last study used FISH analysis
(Devine et al., 2000). None of these studies have found afrequency of sperm with
recombinant chromosomes higher than 1%.

3. InterchromosomaI Effect
When abalanced structural rearrangement (such as an inversion) occurs in a
chromosome, the segregation 'of the other chromosomes within the same cell may be
affected, aphenomenon called an interchromosomal effect (ICE) (Lejeune, 1963). (3re11
(1971) studied Drosophila and proposed that there are two types of pairing: 1) between
homologous chromosomes, 2) between non-homologous chromosomes, called
distributive pairing. Homologous chromosome pairing is favoured, and crossovers can
take place. However, if homologous chromosomes fail to pair as aresult of chromosomal
rearrangements, distributive pairing (dependent only on chromosome size) may occur.
This type of pairing can result in non-disjunction and aneuploidy.
In humans, an ICE may occur when an asynaptic region between the inverted and
normal homologue is present. Since each pair of homologues must have at least one
chiasma for appropriate chromosome segregation (Martin et al., 1983; Sun et al., 2004),
this asynapsis may lead to heterosynapsis between the unpaired chromosome region and
another chromosomal bivalent within the same cell, leading to aneuploid gametes
(Guitart et al., 1987; Saadallah and Hulten, 1986). Empirical studies show that there is an
increased likelihood of producing an aneuploid child if aparent is acarrier of a
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rearranged chromosome (Canki and Dutrillaux, 1979; Fryns and Van den Berghe, 1980;
Watt et al., 1986). Despite this, the existence of an ICE in the gametes of chromosomal
rearrangement carriers is contentious. To date, most studies have not found an
interchromosomal effect in the sperm of heterozygous carriers, but the majority of these
studies were carried out using the human sperm/hamster oocyte technique (Balkan et al.,
1983; Jendemy et al., 1992; Martin, 1991, 1993; Martin et al., 1994; Navarro et al., 1993)
and consequently had small sample sizes. Large sample sizes are required to assess an
ICE adequately

-

FISH analysis is ideally suited for such astudy. Of the studies carried

out using FISH analysis, afew have found an interchromosomal effect (Amiel et al.,
2001; Blanco et al., 2000), whereas the others have not (Acar et al., 2002; Anton et al.,
2002; Mikhaail-Philips et al., 2004; Rives et al., 2003).
In this thesis, multicolour FISH analysis was used to estimate the proportion of
recombinant chromosomes in sperm from two males heterozygous for pericentric
inversions [46,XY,inv(2)(p23q33) and 46,XY,inv(17)(p13.1q25.3)1. In addition, the
presence of an ICE for chromosomes X, Y, 13 and 21 was assessed in these donors.
FISH analysis was also used to discover chromosomal abnormalities in lymphocytes of
the inversion 17 carrier, and in tissue nuclei from his concepti.
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OBJECTIVES

1. To Determine Chromosome Segregation in Sperm from
Heterozygous Pericentric Inversion Carriers
It was hypothesized that meiotic chromosome segregation in heterozygous male
pericentric inversion carriers will result in at least 50% balanced normal gametes, with
normal or inverted chromosomes, and amaximum of 50% unbalanced gametes
containing recombinant chromosomes which have duplication of the region outside of the
inverted segment of one arm and deletion of the terminal region of the other arm, and
vice versa.

2. To Assess the Presence of an Interchromosoma1 Effect (ICE) in the
Sperm of these Ileterozygous Pericentric Inversion Carriers
It was hypothesized that in heterozygous inversion carriers, there is an ICE,
resulting from asynapsis between the inverted and normal homologues, leading to
heterosynapsis between an asynaptic region and other bivalent chromosomes within the
same cell. This phenomenon could result in aneuploid sperm. Disomy for chromosomes
13, 21, X and Y was assessed for an ICE in these heterozygous pericentric inversion
carriers.
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3. To Investigate Chromosomal Errors in the Offspring of the
Heterozygous Pericentric Inversion 17 Carrier
It was hypothesized that aheterozygous chromosome 17 inversion carrier is at a
risk of producing offspring with Miller-Dieker syndrome (MI)S), adisorder caused by a
deletion of the Miller-Dieker critical region on chromosome 17, if the inverted segment is
proximal to the MD critical region. Recombinant sperm with duplicated 17q will be
deleted for 17p including the MD critical region. Cells from tissues of the two concepti
of the pericentric inversion chromosome 17 donor were tested to investigate
chromosomal errors.
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MATERIALS AND METHODS

1. Specimens

1.1.

Inversion Heterozygotes
Two men, each heterozygous for adifferent balanced pericentric inversion, were

studied. For each patient, semen samples were collected after four days of abstinence. In
addition, avacuum tube containing ethylenediamine tetraacetic acid (EDTA) was used to
collect aperipheral blood sample from the inversion 17 donor. Participants gave their
informed consent prior to the study, and the study was approved by the University of
Calgary ethics committee (Appendix Q.
A balanced pericentric inversion heterozygote for chromosome 2,
46,XY,inv(2)(p23q33) (Fig. 6), thirty six years old at the time of investigation, was
ascertained while undergoing fertility investigations. No family history was available for
this donor.
The other heterozygous man, also thirty six years old at the time of investigation,
has alarge balanced pericentric inversion for chromosome 17,
46,XY,inv(17)(p13.1q25.3) (Fig 7). He was ascertained after he and his wife had an
abnormal fetus with lissencephaly (Miller-Dicker syndrome suspected, but not
investigated) resulting in an intrauterine death. In asecond pregnancy, lissencephaly was
suspected, but the couple declined prenatal diagnosis. After the baby was born, it was
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determined by cytogenetic testing that the baby carried adeletion in the Miller-Dieker
critical region, but it was impossible to determine if there was aduplication of the qarm.
A chromosomal investigation of the babies' paternal grandparents showed normal
chromosomes; thus the father is ade novo case. The parents wished to know the possible
risk of children with Miller-Dieker syndrome in subsequent pregnancies, by an estimation
of the proportion of chromosomally normal sperm.
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Figure 6: Ideograms of normal and inverted chromosome 2
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Figure 7: Ideograms of normal and inverted chromosome 11
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1.2. Control Donors
Eighteen archival normal donors between 23 and 58 years of age (mean = 35.6
years) were used as controls for the ICE studies (Kinakin et al., 1997; McInnes et al.,
1998). There was no history of infertility, radiotherapy, chemotherapy, chronic illness or
medication for any of them. All donors gave informed consent, and had normal semen
profiles (World Health Organization, 1992). In addition, three normal donors from the
historic control group were randomly chosen to serve as controls for studies of the
telomeric probes of chromosomes 2and 17.

1.3. Inversion 17 Donor

-

Tissues from Concepti

Slides of paraffin-embedded tissue sections from the fetus (first pregnancy) and
scrolls of paraffin-embedded placental tissue from the stillborn (second pregnancy) of the
inversion 17 carrier were recovered and investigated for chromosomal errors.

2. Methods

2.1. FISH Analysis
The microwave FISH technique used in this research has been reported by Ko et
al. (2001).
2.1.1. Preparation of Slides from Semen Samples
Semen samples were obtained in sterile containers and allowed to liquefy for 30
minutes at 37°C. Each semen sample was examined microscopically to determine
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mobility, morphology, and sperm concentration (World Health Organization, 1992). The
liquefied semen sample was washed in 10 ml of 0.O1M Tris /0.9% NaCI (pH 8) three
times, and centrifuged between washes at 600g for 6minutes. Supernatants were
discarded, and the pellet was re-suspended in the remaining buffer to aconcentration of
approximately 50x 106 sperm/mi. Slides were made by smearing approximately 2 t1 of
the sperm suspension over a1cm2 area in the center of aclean slide, and the location of
the sperm was etched on the underside of the slide with adiamond marker. Slides were
allowed to air dry overnight at room temperature and'were stored in slide boxes at room
temperature until used.
2.1.2. Sperm Decondensation
Slides were dehydrated in 80% methanol (Mwt: 32.04, BDH, ON, Canada) for 20
minutes at -20°C and air dried at room temperature. Immediately before hybridization,
decondensation was carried out by applying 200 p.1 of dithiothreitol (DTT) solution [0.5
ml of 0.1M tris(hydroxymethyl)aminomethane (Iris) (Mwt: 121.1, Sigma 1-1503, MO,
USA) and 5[1 of IM DTT (pH: 8, Mwt: 154.3, Sigma, MO, USA)] to the sperm area on
each slide and covering with aparafilm cover slip. Slides were put in the decondensation
apparatus (Drury et al., 1997) and microwaved at medium power (550 W) for 15 seconds.
The cover slip was removed from each slide, and as much fluid as possible was drained
off without touching the sperm area. Two hundred microlitres of lithium 3,5diiodosalicylate (Lis) solution [0.25 ml of 0.1M Tris, 0.25 ml of 10mM Lis (Mwt: 379.9,
Sigma) and 0.5 [.1 of 1
M DTT] was applied to each sperm area, covered with aparaflim
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cover slip, and slides were microwaved at medium power (550 W) for 90 seconds. Cover
slips were removed and the slides were drained, then were rinsed twice with 200 t1 of 2x
SSC /0.1% NP-40 to remove all traces of DTT and Lis. Slides were air dried at room
temperature, then were dehydrated again in 80% methanol for 20 minutes at -20°C, and
finally air dried at room temperature.
2.1.3. Probe Preparation for Sperm Samples
2.1.3.1. To Assess the Frequency of Recombinant Chromosomes in the Sperm of
Inversion Chromosome Carriers
Three probes were hybridized simultaneously to sperm DNA of the inversion 2
carrier: SpectrumGreen TelVysion-2p (Vysis, IL, USA), SpectrumOrange TelVysion-2q
(Vysis), and SpectrumAqua CEP-17 [used as an internal control to distinguish between
disomy and diploidy, (Vysis)].
For simultaneous hybridization to sperm DNA from the inversion 17 carrier, 6jtl
of probe buffer (Vysis) was well-mixed with Ipi of SpectrumGreen TelVysion- 17p
probe (Vysis), 1 tl of SpectrumOrange Tel Vysion-17q probe (Vysis), 1pi of
SpectrumAqua CEP-17 probe [used as an internal control for chromosome 17 itself
(Vysis)] and 1 lof Fluoroblue probe of chromosome 1[a specific sequence of satellite
Ill DNA, pUC 1.77 (Cooke and Hindley, 1979), nick-translated with FluoroblueTM
(Arnersham, QC, Canada); used as an internal control to distinguish between disomy and
diploidy].
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2.1.3.2. Miller Dicker Probe
To check for the presence of the MD critical region in sperm from the inversion
17 donor, the Miller Dieker probe [LSI US 1SpectrumOrange and LSI RARA
SpectrumGreen (Vysis)] was simultaneously hybridized with the Fluoroblue probe for
chromosome I(used as an internal control to distinguish between disomy and diploidy).
2.1.3.3. To Examine the Presence of an Interchromosoma1 Effect in the Sperm of
Inversion Chromosome Carriers
Four chromosomes (13, 21, X, Y) were utilized to assess the presence of an
interchromosomal effect. Chromosomes 13 and 21 were simultaneously hybridized using
SpectrumGreen LSI-13 (Vysis) and SpectrumOrange LSI-21 (Vysis). The X and Y
chromosomes were studied using three probes: an X alpha satellite probe (Jabs et al.,
1989) labeled with FluoroGreenTM (Amersham), SpectrumOrange Yq (Vysis), and
FluoroblueTM (Amersham) labeled satellite III chromosome 1probe (used as an internal
autosomal control to distinguish between disomy and diploidy).
2.1.4. Codenaturation and Hybridization
Each slide was warmed to 37°C and the probe mixture was applied over the sperm
area, avoiding bubbles. A glass cover slip was carefully placed over the probe area and
sealed to the slide with rubber cement. Sperm and probe were codenatured by
microwaving at high power (1100 W) for 75 seconds for all sperm slides except those
containing telomeric probes, which were codenatured for 90 seconds. The codenatured
slide was incubated in ahumidified dark chamber for 24 hours at 37C.
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2.1.5. Post Hybridization
After removal from the incubator, 200 pJ of 2x SSC were applied to the
hybridized area of the slide, covered by aparaflim cover slip, and heated at 70-72°C for 2
minutes on aslide warmer. The slide was rinsed twice with 200 tl of 2x SSC /0.1%NP40, then the slide was treated for 10-20 seconds with 0.05 jtg/ml propidium iodide (Mwt:
668.4, Sigma) as acounterstain to find nuclei, rinsed again with 2x SSC /0.l%NP-40 and
left to air dry in the dark at room temperature. Finally, 8p.l antifade solution (0.25 mg/ml
of p-phenylenediamine dihydrochioride, Mwt: 181.1, Sigma) and aglass cover slip were
applied to the slide, and the slide was kept in the dark at room temperature until scoring.
2.1.6. Scoring of Sperm Nuclei
Sperm were scored for duplications and deletions, disomy and diploidy using the
lOOx objective of aZeiss Axioplan microscope (Jena, Germany) fitted with six filter sets:
fluorescein isothiocyanate (FITC), SpectrumAqua, SpectrumRed, 4,6-diamidino-2phenylindole (DAPI), rhodaminelFlTC and, rhodamine/FITC/DAPI. Two same-coloured
signals within asperm head were counted as separate signals if they were separated by at
least one signal diameter and had the same intensity, size and shape. Two Y
chromosome signals, because of their large size, were counted as separate if ahalf-signal
diameter separated them. When assessing telomeres, asperm head containing one green
signal and one red signal was scored as containing nonrecombinant chromosomes
(normal or inverted, Fig. 8a). Two green or 2red signals indicated sperm with "classical
recombinant" chromosomes (Fig. 8b), whereas 2green signals and one red signal, vice
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versa, one red signal only or one green signal only indicated sperm with "nonclassical
recombinant" chromosomes (Fig. 8c). A cell was considered disomic if it contained four
signals from telomeric probes and one control centromeric signal (Fig. 8d), or diploid if it
contained four signals from telomeric probes plus two control centromere probe signals
from the internal control chromosome (Fig. 8e).
In ICE hybridizations, cells were considered disomic if two signals of one colour
and one of the other colour were present within one cell in 13/21 hybridizations (Fig. 9b),
and if two sex chromosome signals plus asingle internal control chromosome 1signal
were present in X/Y hybridizations (Fig. lob). In diploid cells, two signals for each
chromosome were present in 13/21 hybridll7tions (Fig. 9c), and two sex chromosome
signals plus two chromosome Isignals were present in X/Y hybridizations (Fig. lOc).
Images were captured using Applied Imaging Cytovision 3.1 software and a
Sensys cooled CCD camera (CA, USA).
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a. Nonrecombinant (normal or inverted):

b. Classical Recombinant sperm:

c. Nonclassical
recombinant sperm:

d. Disomy:

00

e. Diploidy:
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Figure 8: Hybridization of telomeric probes (centromeric probe as internal control):
telomeric "p" probe 0 , telomeric "q" probe 0 , centromeric probe
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a. Normal sperm:

b. Disomy:

c. Diploidy:

Figure 9: Hybridization of 13/21 Probes: 13 probe

,

21 probe 0
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a. Normal sperm:

b. Disomy:

c. Diploidy:

Figure 10: Hybridization of XY Probes (Probe 1as internal autosomal control):
Y probe

O,X probe

,1probes.
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2.2. Collection of Lymphocytes from Blood Sample from Inversion 17 Donor
2.2.1. Blood Culture
A 0.5 ml aliquot of peripheral whole blood from the inversion 17 donor was
inoculated in RPMI medium (Gibco, NY, USA) and opti Mem 1(Gibco) with
phytohemagglutinin (PHA, Gibco) using standard cytogenetic laboratory procedures for
lymphocyte culture. Both media contain 1% 200 mM L-Glutamine, 1% PenicillinStreptomycin (10,000 unit/mI Penicillin G Sodium and 10,000 .tg/ml Streptomycin
Sulfate), and 10% fetal bovine serum. Opti Mem 1medium contains 0.1% 2-mercaptoethanol (Gibco). The cultures were incubated for 3days at 37°C.
2.2.2. Harvesting of the Cells
On harvesting day, 0.05 ml of 10 p.g/ml colcemid (Gibco) and 0.05 ml of 1mg/ml
ethidium bromide (Gibco) were added to the cultures and the cultures were incubated for
2hours at 37°C. The cultures were centrifuged at 200g for 10 minutes. The supernatants
were removed and the pellets were resuspended in 12 ml of warm hypotonic solution
(0.068 M KC1, Mwt: 74.56, Fisher Scientific Company, NJ, USA) then incubated for 25
minutes at 37°C. A 2ml aliquot of fixative (3:1 methanol :glacial acetic acid) solution
was added to the hypotonic solution, mixed well and centrifuged at 200g for 10 minutes.
The supernatant was discarded, and 3additional fixative washes were carried out. Slides
were prepared from the pellets and stored in slide boxes at —20°C until used for FISH
analysis.
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2.2.3. Microwave FISH on Lymphocytes
The same microwave FISH technique was used for lymphocytes as that used for
sperm hybridizations, except the decondensation step was omitted and dehydration was
followed directly by codenaturation. The Miller Dieker probe [LSI LIS1
SpectrumOrange and LSI RARA SpectrumGreen (Vysis)] and SpectrumAqua CEP-17
probes (Vysis) were simultaneously applied, with an 80 second codenaturation time.
Hybridization of the telomeric probes (17p, 17q) with the SpectrumAqua CEP-17 probe
used acodenaturation time of 92 seconds. In the case of the pantelomere probe (Cambio,
England) /SpectrumAqua CEP-17 probe hybridization, codenaturation time was 93
seconds.

2.3. Examination of Nuclei from the Inversion 17 Donor Concepti and FISH
Analysis to Assess Chromosomal Errors
2.3.1. Examination of Nuclei from Slide-Mounted Paraffin Tissue from the First
Pregnancy
Slide-mounted paraffin-embedded tissue from the first offspring of the inversion
17 donor was soaked in xylene for 30 minutes at room temperature. The tissue was
rehydrated in 2-minute washes of 100%, 70%,40% and 5% ethanol. The slide was
soaked in Proteinase K for 45 minutes at 37'C, and then was washed with phosphate
buffered saline (PBS, Gibco, NY, USA) at room temperature. Next, the slide was dried
for 10 minutes at 65°C on aslide warmer, then soaked in fixative for 10 minutes and air
dried. The slide was heated for another 10 minutes at 90°C on aslide warmer, then was
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soaked in 2x SSC for 15 minutes at 37°C. The slide was dehydrated in 70%, 85% and
100% ethanol, for 1minute each. The slide was soaked in 0.01M citric acid (Mwt:
192.13, EM Science, Darmstadt, Germany) for 60 minutes at 85°C. Finally, the slide was
treated with 0.005% pepsin (Sigma) for 30 minutes at 37°C. The slide was dehydrated
again in 70%, 85% and 100% ethanol for 1minute each and stored at —20°C until used
for FISH analysis.
2.3.2. Extraction of Nuclei from Paraffin-Embedded Tissue from the Placenta of
the Second Pregnancy
The paraffin-embedded tissue from the placenta of the second offspring of the
inversion 17 donor was soaked for 10 minutes in each of four 100 p1 changes of xylene at
room temperature. The sample was rehydrated for 2minutes per wash in 100%, 75%,
50%, 25% and 5% ethanol, respectively, with centrifugation and discarding of the
supernatant after each wash. Following the 5% ethanol treatment, the sample was
mashed and soaked in proteinase K for 45 minutes at 37'C, then centrifuged. The pellet
was resuspended in PBS at room temperature and washed twice with fixative. A slide
was made from the suspension and dried over a50°C water bath. The slide was heated
for 10 minutes at 65°C on aslide warmer in afashion similar to that used on the slide
from the tissue of the first pregnancy. From this step on, the remainder of the procedure
was identical to that used in the first case. The slide was stored at —20°C until used for
FISH analysis.
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2.3.3. FISH Analysis on Nuclei from Offspring Tissues
Slides prepared from the tissues of both offspring were treated identically. Slides
were dehydrated in 80% methanol for 20 minutes at -20°C, and then nuclei were
hybridized simultaneously with MD probe and SpectrumAqua CEP-17 probe using an 85
second codenaturation time. In aseparate hybridization, telomeric probes (17p, 17q) and
SpectrumAqua CEP-17 probe were simultaneously hybridized to the slides using a93
second codenaturation time.

3. Statistical Analysis
A chi-square test was performed to assess the frequencies of recombinant sperm.
The Fisher exact test was used to compare the frequencies of disomy for the inverted
chromosomes with disomy for the other autosomal chromosomes in the inversion
heterozygotes. Statistical analysis was performed using two-tailed Z-tests to find any
significant difference between the heterozygote and control donor frequencies of different
recombinations in telomeric probe hybridizations, and between disomy frequencies in
historical control donors and inversion heterozygotes for the ICE studies. Sample sizes
for detection of the presence of an ICE were large enough to detect a1.65 fold or greater
increase in disomy, (a = 0.05, 3= 0.8) (Donner and Klar, 1994).
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RESULTS
In this study, the chromosomes of two pericentric inversion heterozygotes have
been investigated to determine segregation of the inverted chromosomes and to assess the
presence of an interchromosomal effect.

1. Inversion 2 Donor
A total of 21,049 sperm was scored from the inversion 2heterozygote: 1,005
sperm nuclei for chromosome 2telomeric probes (2p/2q), 10,015 for chromosomes 13
and 21, and 10,029 for chromosomes X and Y. Similar numbers of sperm were analyzed
for the control donors.
In Table 1, the proportions of nonrecombinant and recombinant chromosomes in
sperm from this inversion 2heterozygote are presented. The frequency of
nonrecombinant sperm (Fig. Ila) was 55.9%, and there was a34.5% frequency of
recombinant sperm. Of these, the frequency of recombinant sperm with duplication of
the qarm and deletion of the parm (Fig. 1ib) was 16%, and the frequency of
recombinant sperm with duplication of the parm and deletion of the qarm (Fig. 1Ic) was
18.5% (not significantly different than the expected 1:1 ratio, chi square test, p=0.14).
Other probe combinations were found, including asingle telomeric signal per cell or two
signals from one telomere plus one signal from the other in the same cell; the overall
frequency of these combinations was 9%. These could be "nonclassical" recombinant
sperm, or they could occur because of incomplete hybridization of the telomeric probes.
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To distinguish between these alternatives, the frequency of these combinations in three
control donors was studied. Since the control donors had very similar frequencies of
these combinations, which were not significantly different from the inversion 2
heterozygote, these combinations most likely arose from incomplete hybridization. The
hybridization efficiency for each telomeric probe was approximately 96%. The
frequency of sperm disomic for chromosome 2was 0.6%, which was significantly
elevated compared to disomy frequencies for other autosomes (see result below) (p
Fisher's exact test).

=

.02,
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Table 1: Results of three colour FISH, hybridizing 2p() /2q) telomeric probes,
and 17 CEP

Donors

J internal control) probes to sperm from the inversion 2donor
,

NonRecombinant
#(%)
RG

Nonclassical Recombinant #(%)

Classical Recombinant
#(%)

RR

GG

RRG

Disomy
#(%)

Diploidy
#(%)

RGG

R

G

RRGG

RRGG*

6
(0.6%)

34
(3.4%)

45
(4.5%)

6
(0T6%)

6
(06%)

2
(0.2%)

35
(3.5%)

17
(1.7%)

1
(0.1%)

2
(0.2%)

3
(0.43%)

30
(4.29%)

37
(5.29%)

4
(0.57%)

1
(0.14%)

Inversion 2
donor

558
(559%)

'160
j16.
0%j

185
(1 '
8.5%)

Control #1

937
(93.8%)

1
(0.1%)

1
(0.1%)

Control #2

620
(88.7%)

1
(0.14%)

0
(0%)

4
(0.57%)

Control #3

941
(94.2%)

3
(0.3%)

0
(0%)

2
(0.2%)

4
(0.4%)

29
(2.9%)

20
(2%)

0
(0%)

0
(0%)

0l8%

003%

042%

034%

3.56%

3%

022%

0I 1%

Mean (
0
/6)

§2 .2%'

5
(0.5%)
5
(0.5%)

o
lo lo 010 OOT J
°E °I°
TT
C

R = red fluorescent probe 2q
G = green fluorescent probe 2p
RRGG* Diploidy was distinguished from disomy by using chromosome 17 as an internal
control (two #17 signals)
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Figure 11: Sperm from the inversion 2donor, showing three colour FISH
hybridization using 2p (green)/2q (red) telomeric probes and 17 CEP (aqua, internal
control) probes: a) normal, b) duplication of qarm, deletion of parm, c) duplication
of parm, deletion of qarm *
*Ch roma ti n has been computer-pseudocolou red blue to permit clearer visualization of the signals.
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Disomy frequencies for chromosomes 13, 21, X and Y were analyzed to assess
the possibility of an interchromosomal effect. The results for chromosomes 13 and 21
are shown in Table 2. Disomy frequencies for chromosomes 13 (Fig. 12a) and 21 (Fig.
12b) were 0.19% and 0.2% respectively, and there were 0.25% diploid nuclei (Fig. 12c).
These results were not significantly different from 18 control donors (McInnes et al.,
1998).
The results for the X/Y/1 hybridization are shown in Table 3. X- and Y-bearing
sperm showed the expected 1:1 ratio, with frequencies of 49.75% and 49.17%,
respectively. Frequencies of 0.03%, 0.03% and 0.57% were observed for XX, YY and
XY (Fig. 13a) disomies, respectively, and the frequency of diploid sperm was 0.39%
(Fig. 13b). These results are not significantly different from FISH results on control
donors (Kinakin et al., 1997), with the exception of disomy XY frequency, which was
almost twofold higher in the inversion 2donor (Z = 2.8, p= 0.006).
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Table 2: Frequencies of disomy and diploidy for chromosomes 13 and 21 in the
inversion 2heterozygote and controls

Donors

Inversion 2

Disomy 13 #(%)

Disomy 21 #(%)

Diploidy #(%)

19(0.19%)

20(0.2%)

25 (0.25%)

(0.13%)

(0.37%)

(0.66%)

Heterozygote
Control Donor
Mean (%)
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Figure 12: Sperm from the inversion 2donor, showing two colour FISH
hybridization of 13/21 probes: a) disomy of chromosome 13, green, b) disomy of
chromosome 21, red, c) diploidy
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Table 3: Frequencies of disomy and diploidy for the sex chromosomes in the
inversion 2heterozygote and controls

Donors

Sex Ratio

Diploidy

Disomy

#X (%)

#Y (%)

#XX (%)

#YY (%)

#XY (%)

#(%)

Inversion 2

4970

4912

3

3

57

39

Heterozygote

(49.75%)

(49.17%)

(0.03%)

(0.03%)

(0.57%)

(0.39%)

(49.8%)

(49.5%)

(0.05%)

(0.06%)

(0.3%)

(0.32%)

Control Donor
Mean (%)
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Figure 13: Sperm of inversion 2donor, showing three colour FISH hybridization of
X (green) and Y (red) probes [chromosome 1(blue) as an internal control]: a)
disomy XY, b) diploidy XY
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2. Inversion 17 Donor

2.1. Sperm Analysis

A total f22,009 sperm was scored. Two thousand sperm nuclei for chromosome
17 (p/q) telomeric probes, 10,011 sperm nuclei for chromosomes 13 and 21, and 9,998
sperm nuclei for chromosomes X and Y were scored.

In Table 4, the proportions of parental and recombinant chromosomes in sperm
from the inversion 17 heterozygote are presented. Telomeric probes for l'7p and 17q
were used to assess the frequency of recombinant chromosomes, with centromeric probe
17 (as acontrol for the number of centromeres present), and centromeric probe 1(to
distinguish between disomy and diploidy) hybridized simultaneously. When asperm
head had one green signal and one red signal (Fig. 14a), it was scored as anormal or
inverted sperm, containing nonrecombinant chromosomes. The frequency of
nonrecombinant sperm was 74.9% (experiment 1). A sperm containing 2green or 2red
signals was counted as a"classical recombinant". The frequency of classical
recombinant sperm with 2green signals, indicating the duplication of the parm and the
deletion of the qarm, was 1.2%. The frequency of the reciprocal classical recombinant
sperm, with 2red signals, indicating duplication of the qarm and deletion of the parm,
was 0.5%. Other probe combinations which were found in high frequencies (total of
22.5%) included asingle telomeric signal per cell or two signals from one telomere plus
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one signal from the other in the same cell with only one centromeric signal for
chromosome 17.
Hybridization of telomeric probes in the sperm of the inversion 17 heterozygote
was repeated to check for reproducibility, and very similar results were obtained (Table
4, experiment 2). The frequency of parental chromosomes (normal and inverted) was
71.1% and other recombinant frequencies were 27.7%. The frequency of recombinant
sperm with 2green signals or 2red signals was 1%. Once again, the most frequent
aberrant class was sperm with only one red signal, indicating the presence of the qarm
and absence of the parm (16%). The frequency of disomy was 0.1% and of diploidy was
0.2%. Because of the reproducibility between the two experiments, the results have been
combined. The frequency,
of balanced sperm was 73%, and the frequencies of classical
recombinant sperm with duplication of the qarm and deletion of the parm, and 'vice
versa, were 0.6% and 0.8%, respectively. This proportion of recombinants (1.4%) was
very small considering the length of the inverted segment. The frequency of the most
commonly observed "nonclassical" recombinant sperm was 23%: 8.4% sperm had two
green signals and one red signal, 14.6% sperm had only ared signal. These two
"nonclassical" recombinant sperm frequencies were significantly different than the
expected ratio 1:1 (chi square test,

p

<0.001). These could be true nonclassical

recombinant sperm, or they could occur because of incomplete hybridization of the
telomeric probes.
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To clarify between the two possibilities, the frequencies of these combinations in
three control donors were studied. The frequencies of particular "nonclassical"
recombinant sperm were similar in control donors and the inversion 17 heterozygote.
Combinations with two red signals (q arm) and one green signal (p arm) in the same cell
(0.3% control, 0.7% inversion 17), and combinations with only one green signal per cell
(p arm only), (1.4% control, 1.4% inversion 17), were observed, indicating that these two
combinations arose from incomplete hybridization. The hybridization efficiency for each
telomeric probe was approximately 98%. The most frequent unexpected combination
was in sperm with only one red signal (q arm only; 14.6%) (Fig. 14b). The second most
frequent unexpected probe signal combination was in sperm heads with two green signals
and one red signal (two parms and one qarm; 8.4%) (Fig. 14c). The frequencies of these
last two combinations were significantly different than those of the controls (p<0.000 1, Z
test), and were significantly different than the expected 1:1 ratio (chi square test, p<
0.001). The frequency of disomy for chromosome 17 was 0.9%, which was significantly
higher than that found for his other autosomal chromosomes (p

<

0.05, Fisher's exact

test).

To eliminate the possibility of colour bias in the probes (potential difficulty in
hybridizing or visualizing aprobe with agreen colour) and to find the frequency of sperm
missing the MD critical region, ahybridization with the Miller Dieker probe was carried
out [the LIS1 gene probe (17p13.3, representing the parm) is red, and the RARA gene
probe (17q2 1. 1, representing the qarm) is green] for both the inversion 17 heterozygote
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and the control group (Table 5). Nonrecombinant sperm heads (normal or inverted) had
one signal of each colour (red and green). The frequency of the nonrecombinant sperm
was 79.38%. The frequency of nonclassical recombinant sperm was 19.72%: 10.81%
contained asingle green signal (representing only the qarm), and 8.91% contained two
red signals and asingle green signal (representing aduplication of the parm, with a
single qarm). The ratio between these two nonclassical recombinant sperm frequencies
was not significantly different from 1:1 (chi square test, p> 0.2). The other combinations
of probe signals were not significantly different than the control donors' results.
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Table 4: Results of four colour FISH, hybridizing 17p
and 1() & 17

(?)/17q

(0) telomeric probes,

(()) CEP probes (as internal controls) to sperm from the

inversion

17 donor
Donors

NonRecombinant
#(%)

Classical
Recombinant #(%)

Nonclassical Recombinant #(%)

Disomy
#(%)

Diploidy
#(%)

RG

RR

GG

RRG

RGG

R

G

RRGG

RRGG*

Exp. # 1,
i
nv. 17

748
(74.9%)

5
(0.5%)

12
(1.2%)

5
(0.5%)

77
(7.7%)

133
(13.3%)

10
(1%)

9
(0.9%)

0
(0%)

Exp. #2,
i
nv. 17

710
(71.1%)

7
(0.6%)

4
(0.4%)

9
(0.9%)

90
(9%)

160
(16%)

18
(1.8%)

1
(0.1%)

2
(0.2%)

Exp. 1&2,
combined

1458
73%)

12
(0.6%)

16
(0.8%)

14
(0.7%)

167
(8.4%)

93
(14.6%)

28
(1.4%)

10
(0.5%)

2
(0.1%)

Control
#1

978
(979%)

0
(0%)

2
(0.2%)

3
(0.3%)

7
(0.7%)

1
(0.1%)

9
(0.9%)

0
(0%)

0
(0%)

Control
#2

957
(95.8%)

0
(0%)

1
(0.1%)

4
(0.4%)

10
(1%)

9
(0.9)

18
(1.8%)

0
(0%)

(0.1%)

Control
#3

962
(96.3%)

0
(0%)

1
(0.1%)

2
(0.2%)

2
(0.2%)

10
(1%)

19
(1.9%)

3
(0.3%)

1
(0.1%)

Mean
Controls

965 7
(96.7%)

0
(0%)

1.3
(0.13%)

3
(0.3%)

6:J
O.63%)

667
0.7%j

15.3
(1.5%)

1
Ol%

6.7
Q.07%)

G

R = red fluorescent probe 17q
G = green fluorescent probe 17p
RRGG * Diploidy was distinguished from disomy by using chromosome 1probe as an
internal control (two #1 signals)
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Figure 14: Sperm from the inversion 17 donor, showing four colour FISH
hybridization using 17p (green)/17q (red) telomere probes, and chromosome 1
(blue) & 17 (aqua) CEP probes as internal controls, a) normal, b) deletion of parm,
c) duplication of parm *
*Ch roma ti n has been computer-pseudocolou red blue to permit clearer visualization of the signals
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Table 5: Results of three colour FISH, hybridizing MD and 1CEP Q

,

internal

control) probes to sperm from the inversion 17 donor

Donors

NonRecombinant
#(%)

RR

RG

Nonclassical Recombinant #(%)

Classical
Recombinant #(%)

Diploidy
#(%)

GG

RRG

RGG

R

G

RRGG

RRGG*

2
(0.2%)

89
(8.9l%)

3
(0.3%)

0
(0%)

108
(10.81%)

(0.4%)

1
(0.1%)

I
nv. 17
Donor

793
(79.38%)

Control
#1

982 (98.3%)

2
(0.2%)

0
(0%)

1
(0.1%)

2
(0.2%)

2
(0.2%)

9
(0.9%)

1
(0.1%)

0
(0%)

Control
#2

991 (99.2%)

0
(0%)

0
(0%)

2
(0.2%)

1
(0.1%)

0
(0%)

4
(0.4%)

1
(0.1%)

3
(0.3%)

Control
#3

506(97.68%)

0
(0%)

0
(0%)

5
(0.97%)

0
(0%)

3
(0.58%)

3
(0.58%)

1
(0.19%)

0
(0%)

Mean

984%

0.067%

0%

042%

01%

026%

063%

013%

Ol%

(%)

0
(0%)

Disomy
#(%)

09

0
Aft

0

R =red fluorescent probe LIS 1(0)
G = green fluorescent probe RARA

())

RRGG' Diploidy was distinguished from disomy by using chromosome 1as an internal
control (two #1 signals)
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Disomy frequencies for chromosomes 13, 21, X and Y were analyzed to assess
the possibility of an ICE. The results for chromosomes 13/21 are shown in Table 6. The
percentages of disomic sperm for chromosomes 13 and 21 were 0.06% and 0.18%,
respectively. These results show no significant difference from our historical control
donors (McInnes et al., 1998).
The results for the X/Y/1 hybridizations are shown in Table 7. For these sex
chromosome studies, chromosome 1was used as an internal autosomal control to
distinguish between disomy and diploidy. The frequencies of X- and Y- bearing sperm
were 49.73% and 49.40%, respectively

-

a1:1 ratio, as expected. Individual disomy

frequencies for XX, YY, and XY sperm were 0.03%, 0.02% and 0.24%, respectively.
The frequency of diploid sperm was 0.08%. These results are not significantly different
from those of our controls (Kinakin et al., 1997).
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Table 6: Frequencies of disomy and diploidy for chromosomes 13 and 21 in the
inversion 17 heterozygote and controls

Donors

Disomy 13 #(%)

Disomy 21 #(%)

Diploidy #(%)

Inversion 17

6(0.06%)

18 (0.18%)

21(0.21%)

(0.13%)

(0.37%)

(0.66%)

Heterozygote

Control Donor
Mean

(%)
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Table 7: Frequencies of disomy and diploidy for the sex chromosomes in the
inversion 17 heterozygote and controls

Donors

Sex Ratio

#X (%)

#Y (%)

Inversion 17

4968

4935

Heterozygote

(49.73%)

(49.8%)

Control Donor
Mean

(%)

Disomy

Diploidy

#(%)

#YY (%)

#XY (%)

3

2

24

8

(49.40%)

(0.03%)

(0.02%)

(0.24%)

(0.08%)

(49.5%)

(0.05%)

(0.06%)

(0.3%)

(0.32%)

#XX

(%)
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2.2. Lymphocyte Analysis
In an endeavour to understand the results from FISH analysis on the sperm of the
inversion 17 heterozygote, aperipheral blood sample was collected from this donor.
Microwave FISH analysis was carried out on his lymphocytes, with the centromeric 17
probe used to identify chromosome 17 in hybridizations with the Miller-Dieker (MD)
probe, and with the chromosome 17 telomeric probes (p and q). At least fifteen
metaphase cells were captured for each probe. In MD probe analysis, aclear inversion of
the signals was found. Instead of the presence of one signal (red for LIS1 and green for
RARA) on each side of the centromeric probe (aqua), both signals were on one side of
the centromere in the inverted chromosome (Fig. 15a).
Surprisingly, both telomeric probe signals (red and green) were on one side of the
centromeric signal on the inverted chromosome 17. The qarm signal (red) was proximal
to the parm signal (green), in relation to the centromere (Fig. 15b).
To clarify the stability of this inverted chromosome after finding both of its
"telomeric" (more specifically: unique subtelomeric) sequences present in one arm, a
pan telomeric probe and the centromeric 17 probe were hybridized simultaneously to
lymphocytes of the inversion 17 donor, using the microwave FISH technique. Seven
metaphase cells were captured. Both normal and inverted chromosomes 17 had
telomeres on both arms (Fig. 15c).
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Figure 15: Hybridization of lymphocyte metaphase from i
nv. 17 carrier:
a) hybridization with the MD probe (red for LIS1, green for RARA, aqua for
centromere

17)*,

17

c) hybridization with the pan-telomeric probe (red), focusing on

(aqua)*,

b) hybridization with 17p (green) I17q (red) probes, centromere

chromosome 17 (aqua for centromere 17)
*Ch roma ti n has been computer-pseudocoloured blue to permit clearer visualization of the signals.
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2.3. Analysis of Tissues from the Concepti of the Inversion 17 Donor
To confirm our novel finding, FISH analysis was performed on nuclei that were
extracted from the tissues of the two offspring of the inversion 17 donor. In the first
pregnancy, the fetus was suspected to have lissencephaly (LIS), but FISH analysis had
never been done on blood or tissue. Hybridization of the MD probe with the centromeric
17 probe was performed using the microwave FISH technique. Seven cells were
captured. Only one MD signal (red) was found in each cell (Fig. 16a). Seven cells were
also captured from ahybridization of telomeric probes for chromosome 17 (Vip, 17q)
with the centromeric 17 probe. Again only one green signal (representing the parm) was
found in each cell, along with two red qarm signals, and two signals from the aqua
chromosome 17 cenhromere (Fig. 16b).
Similarly, microwave FISH hybridizations of MD probes and telomeric probes
were carried out on nuclei from tissue of the stillborn baby (the second pregnancy of the
couple). Both probe combinations yielded the same results as were found in the first
fetus (Fig. 17a, Fig. 17b, respectively).
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Figure 16: Hybridization of tissue nuclei from the first fetus: a) hybridization with
the MD probe (red for LIS1, green for RARA, aqua for centromere 17),
b) hybridization with telomeric probes (red for qarm, green for parm, aqua for
centromere 17)*
*Ch roma ti n has been computer-pseudocoloured blue to permit clearer visualization of the signals.
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Figure 17: Hybridization of tissue nuclei from second stillbirth: a) hybridization
with the MD probe (red for LIS1, green for RARA, aqua for centromere 17),
b) hybridization with telomeric probes (red for qarm, green for parm, aqua for
centromere 17)*
*Ch roma ti n has been computer-pseudocolou red blue to permit clearer visualization of the signals.
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DISCUSSION

1. Chromosome Segregations in Heterozygous Male Inversion Carriers

1.1. Pericentric Inversions
The first report of apericentric inversion was in Drosophila melanogaster in
1926 (Sturtevant, 1926). Since that time, pericentric inversions have been discovered in
many species including humans.
Pericentric inversions have been reported in all human chromosomes, frequently
after ascertainment because of reproduction problems (Jendemy et al., 1992; Lucas et al.,
1985; Winsor et al., 1978). The frequency of pericentric inversions in the general human
population is 1-2%. Chromosome 9is the most frequently implicated in inversions,
followed by chromosome 2, with frequencies of >75% (Mutton and Daker, 1973; Nielsen
and Wohiert, 1991) and 14% of all pericentric inversions, respectively (Kaiser, 1984). In
general, balanced pericentric inversion heterozygotes have normal phenotypes. However,
some of them have reproductive problems, recurrent spontaneous abortions, or children
with unbalanced chromosomes. It has been determined that in familial pericentric
inversions, the frequency of spontaneous abortions is higher than that in the normal
population (Angle et at., 2000; Djalali et al., 1986; Haagerup and Hertz, 1992; Herva and
de La Chapelle, 1976; Imai and Tamaya, 1996; Lindberg et al., 1992; Pat et al., 1987;
Rivas et at., 1987; Schroer et al., 1980). The estimated risk of having livebom offspring
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with recombinant chromosomes resulting from aheterozygous inversion parent is 5-10%
(Daniel et al., 1988; Groupe de Cytogeneticiens Francais, 1986; Sherman et al., 1986;
Stene, 1986; Sutherland et al., 1976). However, the theoretical risk is thought to be much
higher than this empirical risk (Martin et al., 1983). Segregation analyses of pericentric
inversion heterozygotes in pedigrees has determined that the expected 1:1 ratio of normal
and inversion carriers is observed in both male and female offspring (Haagerup and
Hertz, 1992; Pai etal., 1987; Rivas et al., 1987; Sherman etal., 1986).
The frequency of liveborn children with recombinant chromosomes does not
completely reflect the risk to inversion heterozygotes, as some recombinant offspring are
lost as spontaneous abortions and others are never ascertained. It is best to study gametes
in order to determine the segregation of chromosomes and the incidence of chromosomal
imbalance. To date, there have been only 12 studies on the chromosomal segregation of
male heterozygous pericentric inversion carriers: seven of these have used the human
sperm/hamster oocyte technique (Balkan et at., 1983; Coils et at., 1997; Jendemy et at.,
1992; Martin, 1991, 1993; Martin et al., 1994; Navarro et al., 1993), and five studies,
including the two cases in this thesis, have used FISH analysis (Anton et at., 2002;
Jaarola et al., 1998; Mikhaail-Philips et at., 2004; Yakut et at., 2003). These 12 cases
will be discussed with reference to two hypotheses, comparison of the length of the
inverted segment to the total length of the chromosome and the position of the
breakpoints.
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From empirical evidence, the first hypothesis suggested that aminimum of 30%
(Winsor et al., 1978) or one third (Trunca and Opitz, 1977) of the total length of the
chromosome must be involved in the inversion to allow inversion loop formation (and
therefore recombinant gametes and abnormal children). Trunca and Opitz (1977)
suggested that the number of chiasmata within the inverted segment depends on: 1) the
length of inverted segment compared to the total length of the chromosome, 2) the
frequency of the chiasmata in aparticular chromosome, 3) the distribution of the
chiasmata along the homologue, considering the tendency of chiasmata to form away
from the centromere. If the inverted segment is larger than one third of the total length of
the chromosome, the probability that this segment will have one chiasma will be
increased, resulting in gametes with small duplications and deletions, which can produce
viable offspring. The presence of one chiasma can interfere with the occurrence of
another chiasma. Also the presence of heterochromatin within an inverted segment can
affect the distribution of chiasmata. Winsor et al (1978) had similar findings to those of
Trunca and Opitz (1977). If the inverted segment is long enough (>30%), there is ahigh
probability of homologous pairing, and with an odd number of chiasmata, recombinant
gametes will be produced resulting in liveborn abnormal offspring.

The second hypothesis suggests that G-light bands, which are enriched for unique
sequences and are gene rich regions, permit the recognition of the lack of homology
between arearranged chromosome and its homologue. If the breakpoints occur at two Glight bands, the rearranged chromosome and it homologue will recognize sequences, pair,
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and as aresult aloop will be formed. On the other hand, if one breakpoint occurs at aGlight band and the other at aG-dark band, or at two G-dark bands, lack of homology will
not be recognized and asynapsis or heterosynapsis will result (Ashley, 1988).

Six out of seven cases using the human sperm/hamster oocyte technique
corroborate these two hypotheses. In three separate analyses of 144, 166, and 140 sperm
of pericentric inversion carriers for chromosomes 3, 8, and 7, respectively, the inversion
segment was longer than one third of the total length of the chromosome and both
breakpoints were in G-light bands (Martin, 1991, 1993; Navarro et al., 1993).
Frequencies of sperm with recombinant chromosomes were 30%,11.4% and 24.2%,
respectively. Coils et al. (1997) analyzed 314 sperm in apericentric inversion 9
heterozygote. No recombinant sperm were found, suggesting that crossovers are very
rare in the heterochromatic region of chromosome 9, where the inversion was located. In
addition, one breakpoint was at aG-dark band and the length of inverted segment was
<1/4 of the total length of the chromosome. Similarly, no recombinant gametes were
found in 111 sperm from an inversion carrier for chromosome 3, or in 159 sperm from a
pericentric inversion carrier for chromosome 1(Balkan et al., 1983; Martin et al., 1994).
Perhaps the short length of the inverted segments in these inversions instead caused
asynapsis or heterosynapsis, or crossing over was suppressed; in addition, the breakpoints
in both cases were in G-dark bands. The only exception for these hypotheses has been
the study by Jenderny et al (1992) in which the inverted segment of chromosome 20 was
almost half of the length of the chromosome, and both breakpoints were in G-light bands,
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yet no recombinant sperm were found. The lack of recombinants in this study of 26
sperm is quite possibly due to the small number of sperm analyzed.
Studies that have used FISH analyses also support the hypotheses that inverted
segments involving more than a1/3 of the total chromosome length and having both
breakpoints in G-light bands will lead to recombinant gametes. Jaarola et al. (1998)
studied the same inversion carriers whose kaiyotypes were studied by Martin et al. (1993;
1994). FISH results for the chromosome 8inversion, where the inverted segment
comprised 2/3 of the chromosome and the two breakpoints were in G-light bands, were
similar to karyotype results (Martin, 1993): 13.1% and 11.4%, respectively. In the
chromosome 1inversion, where the inverted segment was slightly smaller than 1/3 of the
chromosome length, the 0.38% recombinant frequency found by FISH was slightly (but
not significantly) higher than the 0% frequency found by karyotypes (Martin et al., 1994).
The small number of chromosome Irecombinants noted by Jaarola et al (1998), and the
lack of recombinants found by karyotype analysis may have been due to the fact that the
inverted segment involved the heterochromatic region, where recombination is arare
event, and as well, both breakpoints were in G-dark bands. Anton et al. (2002) found a
37.9% frequency of recombinants in achromosome 6inversion, where the inverted
segment comprised most of the chromosome and the two breakpoints were in G-light
bands. A study by Yakut et al., (2003) found only 16% recombinants in an inversion 1
heterozygote even though the inversion size was more than half of the chromosome
length and again both breakpoints were in G-light bands. The presence of
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heterochromatin (where crossing over is suppressed) within the inverted segment may
again account for this lower frequency of recombinants (Ashley, 1988; Martin et at.,
1983).
In summary, the largest inversions, with breakpoints in G-light bands, have
produced the highest frequencies of recombinant chromosomes unless the inverted
segment included aheterochromatic region. The frequencies of sperm with recombinant
chromosomes varied from 11%-3 8%, depending on the length of the chromosome and of
the inverted segment.

1.2. Paracentric Inversions
To date, only four studies have discussed chromosome segregations in sperm
from heterozygous paracentric inversion carriers (Brown et at., 1998; Devine et at., 2000;
Martin, 1986, 1999). Martin's lab (1986; 1999) studied chromosome segregations in
paracentric inversion heterozygotes for chromosomes 7and 14, respectively, using the
human sperm/hamster oocyte technique. No recombinant chromosomes were found in 94
sperm examined for the chromosome 7carrier, or in 120 sperm analyzed for the
chromosome 14 donor, suggesting that asynapsis occurred within the inverted segment
(which were less than 1/3 of the total length of the chromosome), or that crossovers were
suppressed within the loop. Brown et a! (1998) typed 282 sperm nuclei from a
heterozygous paracentric inversion 9carrier using aseries of polymorphic microsatellite
markers spanning the inverted region. They found asuppression of recombination within
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the inverted segment, with no single recombinants and five double recombinants within
the inverted loop. However, it is difficult to conceive of five double recombinants
without even one single recombinant. Thus these double recombinants could be the
result of inaccurate technique, interpretation or method, or as they suggested
contamination, mutation, or PCR error. Despite this, this inversion carrier's wife
experienced recurrent spontaneous abortions. Similarly, Devine et al (2000) studied
chromosome segregations in 496 sperm of aparacentric inversion 2heterozygote using
FISH analysis. Even though the frequency of recombinant sperm was only 0.8%, this
man and his wife suffered recurrent spontaneous abortions. However, these spontaneous
abortions could be caused by many unrelated factors.
In summary, none of these studies found sperm with recombinant chromosomes.
Except for the relatively large sample size in the study by Devine et al (2000), small
sample sizes in these studies may have prevented the detection of recombinant sperm. In
addition, the inverted segments (<30% of the total length of inverted chromosome) were
perhaps too small to allow formation of an inversion loop, eliminating the possibility of
recombinant gametes. In Martin's cases (1986; 1999) and Brown et al's case (1998), all
the breakpoints were in G-light bands. In Devine et al's case (2000), one of the
breakpoint was in aG-dark band, suggesting that both hypotheses have to be fulfilled to
have recombinant gametes.
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2. The Pericentric Inversion Carriers in this Study

2.1. Pericentric Inversion 2Heterozygote
Although the incidence of all chromosome 2pericentric inversions in the general
population is 0.0 13% (Nielsen and Sillesen, 1975), the commonly observed chromosome
2inversion with breakpoints at p11 and qi 1accounts for alarge portion of these
inversions, and is found at afrequency of 0.001% (Jacobs et al., 1974). The estimated
frequency of reproductive wastage in pericentric inversion 2carriers is twice that found
in the general population (Djalali et al., 1986). Small pericentric inversions of
chromosome 2(2p1 1q13) are the second most common inversion in the human
population (Kaiser, 1984), and have been shown to increase the risk for spontaneous
abortions but not for unbalanced recombinant offspring (Djalali et al., 1986). However,
more recent data has demonstrated that afew cases of offspring with recombinant
chromosome 2have been found in pericentric inversion 2carriers (Angle et al., 2000;
MacDonald and Cox, 1985; Magee et al., 1998; Richter et al., 1989).
In the current study, the male pericentric inversion 2heterozygote was ascertained
while undergoing infertility investigations. This patient's inverted chromosome segment
included more than two thirds of the chromosome length, and both the breakpoints were
in G-light bands. The frequency of normal and inverted chromosomes
(nonrecombinants) was 55.1%. With an average of 3.5 chiasmata in chromosome 2
(range 2-5) (Laurie and Hulten, 1985; Sun et al., 2004), an inversion segment of about
2/3 of the total length of the chromosome could be expected to have one to three
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chiasmata within the inverted segment. Since an odd number of crossovers would lead to
recombinant chromosomes, sperm with recombinant chromosomes would be expected in
this patient. Indeed, 34.5% of the sperm had recombinant chromosomes; the expected
1:1 ratio of the two classical recombinants was observed, with frequencies of 18.5% and
16%. We also found 9% of sperm containing other probe combinations, corresponding to
asingle por qterminus per sperm, or two copies of one terminus and one of the other
terminus. Data from control donors demonstrated that these occurred because of
incomplete hybridization, aknown problem with telomeric probes. Anton et at. (2002)
observed these combinations in 13.5% of sperm and referred to them as "nonclassical"
recombinant sperm. However, control values for their telomeric probes were not
reported, so it is possible that these combinations did not represent true nonclassical
recombinants, but instead indicated incomplete hybridization of chromosome 6telomeric
probes.
The frequency of disomy for chromosome 2in the present study was significantly
elevated compared to other autosomes. This may indicate that pairing and recombination
within the inversion loop may predispose to nondisjunction of the inverted chromosome
and its homologue. Studies in Drosophila and mouse have also demonstrated an
increased frequency of nondisjunction of the inverted chromosome and its homologue
(Hawley et al., 1992; Koehler et al., 2004; Zitron and Hawley, 1989). This may occur
because of achange in the position of chiasmata within an inverted segment.
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2.2. Pericentric Inversion 17 Heterozygote
The second case in our study was aheterozygous balanced pericentric inversion
17 carrier. He was ascertained after having offspring with lissencephaly. He wished to
know the possibility of fathering anormal child after two abnormal concepti. A
significant frequency of recombinant sperm would theoretically be expected for our
inversion 17 carrier, because the inverted segment is very large and both breakpoints are
in G-light bands (facilitating formation of an inversion loop). Data from both sperm
chromosome studies (Martin, 1993, 1999) and meiotic pairing in spermatocytes (GabrielRobez and Rumpler, 1994) have generally been consistent with the G-band hypothesis.
Thus it is expected that the inversion 17 would either form an inversion loop or astraight
pairing formation, since the inverted segment is very long (Fig. 18). A single crossover
would yield 50% recombinant chromosomes. The average number of chiasmata for
chromosome 17 is 2.1 (range 1-3) (Laurie and Hulten, 1985; Sun et al., 2004), and the
inversion involves almost the entire chromosome. If two crossovers occurred within the
loop, and if only two chromatids were involved, only balanced gametes would be
produced. However, it is likely that there would be considerable interference after one
crossover was formed within the inversion loop. Thus, depending on the number of
crossovers ultimately formed within the loop, from 0to 50% recombinants could be
expected.
As well, the possibility of U-exchange recombination within the inverted loop, as
that found by Escudero et al (2001), was investigated in the heterozygote's sperm. This
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type of recombination would produce an acentric fragment (which would be lost)
represented by two qsignals, asingle psignal and no centromeric signal plus adicentric
chromosome with two centromeric signals and asingle psignal. The dicentric could
either segregate as asingle unit (two centromeric signals and one psignal) or break to
produce either: one centromeric signal plus asignal from the parm, or one centromeric
signal with no telomeric signals. In fact, none of the expected signal combinations from
U-exchange recombination within the inverted loop was found. Hybridizations with the
centromeric 17 probe indicated no signal combinations that corresponded to adicentric
chromosome or an acentric fragment.
In the current study, both experiments with chromosome 17 subtelomeric probes
on the sperm of this heterozygote demonstrated that 73% of sperm were balanced
(normal or inverted), 1.4% sperm had classical recombinants and 23% of sperm
contained nonclassical recombinants (aberrant sperm produced from an odd number of
crossovers within the inverted loop during meiosis in the heterozygote, as showed in Fig.
18). Normally, we would expect an inversion heterozygote to produce sperm with
classical recombinants as shown in Fig. 3. In this case, the apparently unusual
nonclassical segregation products occurred because of the unique breakpoint of the
inversion. This breakpoint occurred between the qarm telomere-associated repeats and
the unique qsubtelomere region (Fig. 18, see discussion below). This led to 14.6% of
sperm missing the parm telomere, and 8.4% of sperm having aduplication of the parm
and asingle qarm. These segregations would be expected to have a1:1 ratio, but there
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appeared to be apreference for sperm with the deleted parm. Although the signal
combinations of these sperm are "nonclassical", the recombinations themselves actually
conform to classical theory, with aduplication of the long arm and deletion of the short
arm (the sperm with one red signal) or aduplication of the short arm and deletion of the
long arm (sperm with two green signal and one red signal). The reason that the signal
combinations appeared unusual was because the break point on the long arm was distal in
relation to the position of the probe on the long arm (ie. the probe signal for the qarm
was inside the inverted segment). The observation of "classical" recombinant sperm
were likely errors of hybridization of the subtelomeric probes since the frequencies of
these classical recombinant sperm were similar in controls (0%, 0.13%) and the inversion
heterozygote (0.6%, 0.8%).
In addition, as seen in the inversion 2heterozygote, the frequency of disomy 17 in
the inversion 17 heterozygote was significantly higher than disomy for the other
autosomes studied in the same donor, suggesting apredisposition to nondisjunction of the
inverted chromosome and its homologue. Nevertheless, 73% of the sperm were balanced
and thus this inversion carrier still has agood chance of fathering anormal child.
In order to investigate the origin of the "nonclassical" recombinant sperm,
hybridization with chromosome 17 subtelomeric probes and the pantelomeric probe on
lymphocytes of the heterozygote was carried out, and it was determined that the
breakpoint of the qarm occurred between the unique subtelomeric sequences and the
telomeric sequences (see Fig. 18). Telomeres are the most gene-rich region in the human
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genome, and as aresult, small deletions in this region are likely to result in significant
disorders (Flint et al., 1995; Knight et al., 1999; Kuwano et al., 1991; Reid et al., 1996;
Slavotinek et al., 1999; Wong et al., 1997). Telomeres play avery important role in the
pairing and recombination of homologous chromosomes (Zakian, 1995). All humans
chromosomes are capped with tandemly repeated sequences [(TTAGGG), 3-20 kb]
which give stability and homology to all chromosome ends (Moyzis et al., 1988). Just
proximal to these repeats are telomere associated repeat (TAR) sequences (100-300 kb),
which provide homology between different groups of chromosome telomeres (Flint et al.,
1997). These two sequences make up the chromosome cap; in order to be stable, each
chromosome end must have this cap (Ballifet al., 2000). Next to the chromosome cap
are subtelomeric repeats, aunique sequence region that is specific to each telomere.
Probes specific to these subtelomeric repeats can be prepared for each telomere of
individual chromosomes.
The pericentric inversion of chromosome 17 could have occurred as aresult of
having asingle break at p13. 1, and reunion of the end of the qarm with the segment of
the parm distal to the breakpoint. Three signals of the pan telomeric probe would result,
two representing capped normal qand parms, and the third showing the capped distal
portion of the short arm after the break. This third chromosome cap could be regenerated
through telomere healing (Flint et al., 1994; Lamb et al., 1993; Wilkie et al., 1990) or
telomere capture (Kostiner etal., 2002; Meltzer et al., 1993; Ning et al., 1998). Our
hybridization of the donor's lymphocytes with the pantelomeric probe showed only one
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signal at the end of each arm, suggesting two breakpoints: one at p13.1 and the other
occurring somewhere between the unique sequence of the subtelomeric probe on the q
arm and the tandem repeat sequences of the pan telomere probe.
In theory, this aberrant inverted chromosome 17 could result from two scenarios,
one with three breaks and the other with two breaks. If three breaks occurred (one break
between the unique sequence region and the chromosome cap of the qarm, asecond at
p13.1, and athird between the unique sequence region and the chromosome cap of the p
arm) and the segment resulting from the two breaks in the parm inserted into the break of
the qarm, then the aberrant chromosome 17 could result from this break and insertion
(intrachromosomal insertion). If, on the other band, two breaks occurred (one break at
p13.!, and asecond between the unique sequence region and the chromosome cap of the
qarm) and the resultant segment was rotated
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and reunited, the same aberrant

chromosome 17 would be apericentric inversion. Both cases can occur and have the
same risk for recombinants gametes. However, the second scenario (with only two
breaks, resulting in apericentric inversion chromosome) is the simplest explanation.
Hybridization with the Miller-Dieker (MD) probe on the sperm of the
heterozygote found ahigh frequency of sperm missing the MD critical region (-41%).
Findings from hybridizations of both the telomeric probes and the MD probe explained
the absence of MD critical region (deletion of 17p 13.3) in the heterozygote's offspring
(leading to the finding of lissencephaly). Cells from the fetus and stillborn of this carrier
were investigated to determine their chromosomal abnormalities. The fetus, upon whom
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no investigation had previously been done, inherited arecombinant chromosome with a
deletion in the parm and MD critical region from its father, and anormal chromosome
from its mother. In the stillborn baby, the same chromosome, with adeleted p-arm, was
inherited from its father.
To the best of our knowledge, this is the first case with this unique inversion and
breakpoints. Yokoyama et a! (1997) found a"similar" case of pericentric inversion in
chromosome 17, but could not specify the exact breakpoints for the qarm due to the
similarity of the size and G-banding pattern of the inverted segment of the distal short
and long arm of the chromosome.
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3. The Presence of an ICE in the Literature
When astructural rearrangement occurs in achromosome, it may affect the
segregation of other homologous chromosomes. This phenomenon is called an
interchromosomal effect, or ICE (Lejeune, 1963). Each pair of homologues must have at
least one chiasma for appropriate separation (Martin et al., 1983; Sun et al., 2004). An
ICE may result when an asynaptic region between the inverted and normal homologues
participates in heterosynapsis with other bivalent chromosomes within the same cell
(Guitart et al., 1987; Saadallah and Hulten, 1986).
Empirical studies have reported the presence of an ICE in chromosomal
rearrangement carriers who produce children aneuploid for achromosome not involved
in the rearrangement. Specifically, sex chromosome aneuploidy in children from
paracentric inversion parents (Canki and Dutrillaux, 1979), aDown syndrome child from
paracentric inversion parents (Fryns and Van den Berghe, 1980), Down syndrome
children from aparent carrying apericentric inversion for chromosome 9(Serra et al.,
1990), and children with unrelated chromosomal abnormalities born to inversion carriers
(Kaiser, 1984) all supported the presence of an ICE. No sperm studies, however, were
performed on any of the carriers in these studies.
Using electron microscopy, Batanian and Hulten (1987) studied synaptonemal
complexes in 134 spermatocytes of amale pericentric inversion 1heterozygote and found
an interchromosomal effect. They found 20% of the cells showed asynaptic terminal
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segments of other homologues, suggesting the presence of the inverted segment caused
these asynapses. Using FISH analysis, Pellestor et a! (200 1) found athree-way
relationship between infertility (poor semen parameters), chromosomal rearrangements
and the presence of an ICE. They found disomy frequencies for the sex chromosomes
and chromosome 21 higher than in other tested chromosomes when the male carriers of
chromosomal rearrangements had poor semen parameters. These high frequencies of
disomies can be attributed to infertility and not an ICE (Martin et al., 2003), since there
was no ICE in translocation carriers with normal semen parameters (Pellestor et al.,
2001). Pellestor et a! (200 1) suggested that trisomy 21 concepti from fertile
chromosomal rearrangement parents resulted from parental age rather than from the
presence of chromosomal rearrangements, and that the risk for these parents is similar to
that for the general population. Another sperm FISH analysis study (Arniel et al., 2001)
found an ICE in apericentric inversion 9heterozygote, and reported two trisomy 21
pregnancies from sperm of this carrier.
All other studies of pericentric inversion heterozygotes have found no evidence
for an interchromosomal effect (Anton et al., 2002; Balkan etal., 1983; Brown et al.,
1998; CoIls et al., 1997; Jenderny et al., 1992; Martin, 1991, 1993; Martin et al., 1994;
Mikhaail-Philips et al., 2004; Navarro et al., 1993). Likewise, evidence of an ICE was
not found in studies on heterozygous paracentric inversion carriers (Brown et al., 1998;
Martin, 1986, 1999).
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In other chromosomal rearrangements, the presence of an ICE was found in a
reciprocal translocation carrier (Blanco et al., 2000), but not in other studies of
Robertsonian and reciprocal translocation carriers (Acar et at., 2002; Guttenbach et at.,
1997; Rives et at., 2003). Although Baccetti et a! (2003) suggested the presence of an
ICE in sperm of abalanced translocation carrier, it is unlikely to be the case, as the
frequency of chromosome 18 disomy was less than 1%.

4. The Presence of an ICE in this Study
In the current study, the presence or absence of an ICE was examined using
chromosomes X, Y, 13 and 21 because of their clinical significance: concepti with extra
copies of these chromosomes can survive to term, as can those with asingle X
chromosome. Trisomies of chromosomes 13 and 21 cause Patau and Down syndromes,
respectively, while amale with a47,XXY phenotype has Klinefelter syndrome and a
female with a45,X phenotype has Turner syndrome. In addition, it was found that
aneuploidies of X, Y and 21 occur the most frequently in human sperm (Martin, 1998).
There was not asignificant difference in the frequency of disomy for any of these
chromosomes 'in inversion carriers compared to control donors. Indeed, disomy and
diploidy frequencies in the chromosome 2inversion donor were sometimes lower than
those found in control donors (see Tables 2and 3). The only exception was the
frequency of disomy XY, which was increased approximately 2-fold over normal donor
results. However, an increased frequency of XY disomy is commonly observed in
infertile patients with normal somatic karyotypes, and since the inversion 2carrier was
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infertile the relevance of this increase frequency of XY disomy is questionable (Shi and
Martin, 2001).
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CONCLUSIONS
1. Frequencies of recombinant sperm were high, as predicted by the large size of
the inversion and breakpoints in G-light bands: 34.5% for the pericentric inversion 2
heterozygote and 23% for the pericentric inversion 17 heterozygote.
2. The pericentric inversion heterozygotes in this study have agood chance of
fathering achromosomally balanced child.
3. Disomy frequencies of the inverted chromosomes were elevated, compared to
autosomal chromosomes in the same donor, suggesting that pairing and recombination
within the inversion loop may predispose to nondisjunction of the inverted chromosome.
4. There was no evidence for the presence of an ICE.
5. This study ascertained aunique pericentric inversion in the chromosome 17
heterozygote.
6. More studies will need to be carried out in order to allow general conclusions
about pericentric inversion heterozygotes to be drawn.

86

REFERENCES
Abeliovich, D., Dagan, J., Kimchi-Sarfaty, C., and Ziotogora,, J., 1995, Paracentric
inversion X(q2 l.2q24) associated with mental retardation in males and normal
ovarian function in females, Am JMed Genet 55(3):359-362.
Abruzzo, M. A., and Hassold, T. J., 1995, Etiology of nondisjunction in humans, Environ
Mo! Mutagen 25 Suppi 26:38-47.
Acar, H., Yildirim, M. S., Cora, T., and Ceylaner, S., 2002, Evaluation of segregation
patterns of 21;21 Robertsonian translocation along with sex chromosomes and
intercbromosomal effects in sperm nuclei of carrier by FISH technique, Mo!
Reprod Dev 63(2):232-236.
Amid, A., Sardos-Albertini, F., Fejgin, M. D., Sharony, R., Diukman, R., and Bartoov,
B., 2001, Interchromosomal effect leading to an increase in aneuploidy in sperm
nuclei in aman heterozygous for pericentric inversion (mv 9) and Cheterochromatin, JHum Genet 46(5):245-250.
Angle, B., Hersh, J. H., Yen, F., and Christensen, K. M., 2000, Case of partial duplication
2q3 with characteristic phenotype: rare Occurrence of an unbalanced offspring
resulting from aparental pericentric inversion, Am JMed Genet 91(2):126-130.
Anton, E., Blanco, J., Egozcue, J., and Vidal, F., 2002, Risk assessment and segregation
analysis in apericentric inversion inv6p23q25 carrier using FISH on decondensed
sperm nuclei, Cytogenet Genome Res 97(3-4):149-154.

87

Ashley, T., 1988, G-band position effects on meiotic synapsis and crossing over,
Genetics 118(2):307-317.
Baccetti, B., Bruni, E., Collodel, G., Gambera, L., Moretti, E., Marzella, R., and
Piomboni, P., 2003, 10, 15 reciprocal translocation in an infertile man:
ultrastructural and fluorescence in-situ hybridization sperm study: case report,
Hum Reprod 18(11):2302-2308.
Balkan, W., Bums, K., and Martin, R. H., 1983, Sperm chromosome analysis of aman
heterozygous for apericentric inversion of chromosome 3, Cytogenet Cell Genet
35(4):295-297.
Ballif, B. C., Kashork, C. D., and Shaffer, L. G., 2000, FiSHing for mechanisms of
cytogenetically defined terminal deletions using chromosome-specific
subtelomeric probes, Eur JHum Genet 8(10):764-770.
Barnes, I. C., Kumar, D., and Bell, R. J., 1985, A child with arecombinant of
chromosome 8inherited from her carrier mother, JMed Genet 22(1):67-70.
Batanian, J., and Hulten, M. A., 1987, Electron microscopic investigations of
synaptonemal complexes in an infertile human male carrier of apericentric
inversion inv(1)(p32q42). Regular loop formation but defective synapsis
including apossible intercbromosomal effect, Hum Genet 76(1):81-89.
Bateman, B. G., Neu, R., Nunley, W. C., Jr., and Kelly, T. E., 1986, Pregnancy wastage
associated with paracentric inversion of chromosome 13, JMed Genet 23(4):370.

88

Blanco, J., Egozcue, J., and Vidal, F., 2000, lnterchromosomal effects for chromosome
21 in carriers of structural chromosome reorganizations determined by
fluorescence in situ hybridization on sperm nuclei, Hum Genet 106(5):500-505.
Bocian, E., Mazurczak, T., and Stanczak, H., 1990, Paracentric inversion
inv(18)(q21.1q23) in awoman with recurrent spontaneous abortions, Am JMed
Genet 35(4):592-593.
Boue, J., Bou, A., and L72r, P., 1975, Retrospective and prospective epidemiological
studies of 1500 karyotyped spontaneous human abortions, Teratology 12(1):!!26.
Broman, K., Matsumoto, N., Giglio, S., Martin, C., Roseberry, J., Zuffardi, 0., Ledbetter,
D., and Weber, J., 2003, Common long human inversion polymorphism on
chromosome 8p, in: In: Goldstein DR (ed) Science and Statistics: A Festschrj/i
for Terry Speed. IMS Lecture Notes-Monograph Series, pp. 23 7-245.
Brown, G. M., Leversha, M., Hulten, M., Ferguson-Smith, M. A., Affara, N. A., and
Furlong, R. A., 1998, Genetic analysis of meiotic recombination in humans by use
of sperm typing: reduced recombination within aheterozygous paracentric
inversion of chromosome 9q32-q34.3, Am JHum Genet 62(6):1484-1492.
Callen, D. F., Woollatt, E., and Sutherland, G. R., 1985, Paracentric inversions in man,
Clin Genet 28(1):87-92.

89

Canki, N., and Dutrillaux, B., 1979, Two cases of familial paracentric inversion in man
associated with sex chromosome anomaly. 47,XXY,inv(5)(q2 1q32) and
45,X,inv(7)(ql 1.3q22.3), Hum Genet 47(3):261-268.
Coils, P., Blanco, J., Martinez-Pasarell, 0., Vidal, F., Egozcue, J., Marquez, C., Guitart,
M., and C, T., 1997, Chromosome segregation in aman heterozygous for a
pericentric inversion, (9)(pl 1q13), analyzed by using sperm karyotyping and twocolor fluorescence in situ hybridization on sperm nuclei, Human Genetics 99:76 1765.
Cooke, H. 3., and Hindley, 3., 1979, Cloning of human satellite III DNA: different
components are on different chromosomes, Nucleic Acids Research 6(10):31773197.
Courtens, W., Grossman, D., Van Roy, N., Messiaen, L., Vamos, E., Toppet, V.,
Haumont, D., Streydio, C., Jauch, A., Vermeesch, J. R., and Speleman, F., 1998,
Noonan-like phenotype in monozygotic twins with aduplication-deficiency of the
long arm of chromosome 18 resulting from amaternal paracentric inversion, Hum
Genet 103(4):497-505.
Daniel, A., 1981, Structural differences in pericentric inversions. Application to amodel
of risk of recombinants, Hum Genet 56:321-328.
Daniel, A., Hook, E. B., and Wulf, G., 1988, Collaborative U.S.A. data on prenatal
diagnosis for parental carriers of chromosome rearrangements: risks of

90

unbalanced progeny, in: The cytogenetics ofmammalian autosomal
rearrangements (A. Daniel, ed.), Alan R. Liss, Now York,

pp.

73-162.

Daniel, A., Hook, E. B., and Wulf, G., 1989, Risks of unbalanced progeny at
amniocentesis to carriers of chromosome rearrangements: data from United States
and Canadian laboratories, Am JMedGenet 33(1):14-53.
de la Chapelle, A., Schroder, J., Stenstrand, K., Feliman, J., Herva, R., Saarni, M.,
Anttolainen, I., Tallila, I., Tervila, L., Husa, L., Tallqvist, G., Robson, E. B.,
Cook, P. J., and Sanger, R., 1974, Pericentric inversions of human chromosomes
9and 10, Am JHum Genet 26(6):746-766.
Delicado, A., Escribano, B., Lopez Pajares, I., Diaz de Bustamante, A., and Carrasco, S.,
1991, A malformed child with arecombinant chromosome 7, rec(7) dup p,
derived from amaternal pericentric inversion inv(7)(p15q36), JMed Genet
28(2):126-127.
Devine, D. H., Whitman-Elia, G., Best, R. G., and Edwards, J. G., 2000, Paternal
paracentric inversion of chromosome 2: apossible association with recurrent
pregnancy loss and infertility, JAssist Reprod Genet 17(5):293-296.
Djalali, M., Steinbach, P., Bullerdiek, J., Holmes-Siedle, M., Verschraegen-Spae, M. R.,
and Smith, A., 1986, The significance of pericentric inversions of chromosome 2,
Hum Genet 72(1):32-36.

91

Donner, A., and Kiar, N., 1994, Methods for comparing event rates in intervention
studies when the unit of allocation is acluster, Am JEpidemiol 140(3):279-289;
discussion 300-301.
Drury, K., Kovalinskaia, L., Clark, P., and Williams, R., 1997, Ultra-rapid (6-minute)
FISH using microwave technology, in: Proceedings ofthe second international
symposium onpreimplantation, Chicago,

pp.

436-437.

Dutrillaux, B., Laurent, C., Robert, J. M., and Lejeune, J., 1973, [Pericentric inversion,
inv(10), in amother and aneusomy by recombination, inv(10), rec(10), in her son
(author's transi)], Cytogenet Cell Genet 12(4):245-253.
Duzcan, F., Atmaca, M., Cetin, G. 0., and Bagci, H., 2003, Cytogenetic studies in
patients with reproductive failure, Acta Obstet GynecolScand82(1):53-56.
Escudero, T., Lee, M., Stevens, J., Sandalinas, M., and Munne, S., 2001, Preimplantation
genetic diagnosis of pericentric inversions, Prenat Diagn 21(9):760-766.
Estop, A. M., Bansal, V., Lin, A., Levinson, F., Karlin, S. M., Surti, U., Wenger, S. L.,
and Steele, M. W., 1994, Three unrelated cases of paracentric inversions of I in
individuals with abnormal phenotypes, Am JMed Genet 49(4):410-413.
Feldman, G. L., Weiss, L., Phelan, M. C., Schroer, R. J., and Van Dyke, D. L., 1993,
Inverted duplication of 8p: ten new patients and review of the literature, Am J
Med Genet 47(4):482-486.
Fineman, R. M., Hecht, F., Ablow, R. C., Howard, R. 0., and Breg, W. R., 1978,
Chromosome 3duplication q/deletion psyndrome, Pediatrics 61 (
4):611-618.

92

Flint, J., Bates, G. P., Clark, K., Dorman, A., Willingham, D., Roe, B. A., Micklem, G.,
Higgs, D. R., and Louis, E. J., 1997, Sequence comparison of human and yeast
telomeres identifies structurally distinct subtelomeric domains, Hum Mol Genet
6(8):1305-1313.
Flint, J., Craddock, C. F., Villegas, A., Bentley, D. P., Williams, H. J., Galanello, R.,
Cao, A., Wood, W. G., Ayyub, H., and Higgs, D. R., 1994, Healing of broken
human chromosomes by the addition of telomeric repeats, Am JHum Genet
55(3):505-5 12.
Flint, J., Wilkie, A. 0., Buckle, V. J., Winter, R. M., Holland, A. J., and McDermid, H.
E., 1995, The detection of subtelomeric chromosomal rearrangements in
idiopathic mental retardation, Nat Genet 9(2):132-140.
Fryns, J. P., Kleczkowska, A., and Van den Berghe, H., 1986, Paracentric inversions in
man, Hum Genet 73(3):205-213.
Fryns, J. P., and Van den Berghe, H., 1980, Paracentric Inversion in man: personal
experience and review of the literature, Hum Genet 54(3):413-416.
Gabriel-.Robez, 0., Ratomponirina, C., Croquette, M., Maetz, J. L., Couturier, J., and
Rumpler, Y., 1987, Reproductive failure and pericentric inversion in man,
Andrologia 19(6):662-669.
Gabriel-Robez, 0., and Rumpler, Y., 1994, The meiotic pairing behaviour in human
spennatocytes carrier of chromosome anomalies and their repercussions on

93

reproductive fitness. I: Inversions and insertions. A European collaborative study,
Ann Genet 37(1):3-10.
Gardner, R. J. M., and Sutherland, G., 2004, Inversions, in: Chromosomal abnormalities
and genetic counseling, Oxford University Press, New York, pp. 142-162.
Giglio, S., Broman, K. W., Matsumoto, N., Calvari, V., Gimelli, G., Neumann, T.,
Ohashi, H., Voullaire, L., Larizza, D., Giorda, R., Weber, J. L., Ledbetter, D. H.,
and Zuffardi, 0., 2001, Olfactory receptor-gene clusters, genomic-inversion
polymorphisms, and common chromosome rearrangements, Am JHum Genet
68(4):874-883.
Giglio, S., Calvari, V., Gregato, G., Gimelli, G., Camanini, S., Giorda, R., Ragusa, A.,
Guemeri, S., Selicomi, A., Stumm, M., Tonnies, H., Ventura, M., Zollino, M.,
Neri, G., Barber, J., Wieczorek, D., Rocchi, M., and Zuffardi, 0., 2002,
Heterozygous submicroscopic inversions involving olfactory receptor-gene
clusters mediate the recurrent t(4;8)(p16;p23) translocation, Am JHum Genet
71(2):276-285.
Gimelli, G., Pujana, M. A., Patricelli, M. G., Russo, S., Giardino, D., Lariz, L.,
Cheung, J., Arrnengol, L., Schinzel, A., Estivill, X., and Zuffardi, 0., 2003,
Genomic inversions of human chromosome 15q1 1-q13 in mothers of Angelman
syndrome patients with class H (BP2/3) deletions, Hum Mol Genet 12(8):849-858.
Giraldo, A., Silva, E., Martinez, 1., Campos, C., and Guzman, J., 1981, Pericentric
inversion of chromosome 1in three sterile brothers, Hum Genet 58(2):226-227.

94

Greenberg, F., Stratton, R. F., Lockhart, L. H., Elder, F. F., Dobyns, W. B., and
Ledbetter, D. H., 1986, Familial Miller-Dieker syndrome associated with
pericentric inversion of chromosome 17, Am JMed Genet 23(4):853-859.
Gre!!, R. F., 1971, Distributive pairing in man?, Ann Genet 14(3):165-17 1.
Groupe de Cytogeneticiens Francais, 1986, Paracentric inversions in man. A French
collaborative study., Ann Genet 29(3):!69-176.
Guichaoua, M. R., Gabriel-Robez, 0., Ratomponirina, C., Delafontaine, D., Le Marec,
B., Taillemite, J. L., Rumpler, Y., and Luciani, J. M., 1986, Meiotic behaviour of
familial pericentric inversions of chromosomes 1and 9, Ann Genet 29(3):207214.
Guitart, M., Ponsa, M., Coll, M. D., and Egozcue, J., 1987, New data on the synaptic
process of Mesocricetus auratus: connecting fibers, telomere association and
heterosynapsis, Genetica 74(2):105-112.
Guttenbach, M., Engel, W., and Schmid, M., 1997, Analysis of structural and numerical
chromosome abnormalities in sperm of normal men and carriers of constitutional
chromosome aberrations. A review, Hum Genet 100(l):1-21.
Haagerup, A., and Hertz, J. M., 1992, Pericentric inversion of chromosome 12; athree
family study, Hum Genet 89(3):292-294.
Hassold, T., and Hunt, P., 2001, To err (meiotically) is human: the genesis of human
aneuploidy, Nat Rev Genet 2(4):280-291.

95

Hawley, R. S., Trick, H., Zitron, A. E., Haddox, D. A., Lohe, A., New, C., Whitley, M.
D., Arbel, T., Jang, J., McKim, K., and et al., 1992, There are two mechanisms of
achiasmate segregation in Drosophila females, one of which requires
heterochromatic homology, Dcv Genet 13(6):440-467.
Herva, R., and de la Chapelle, A., 1976, A large pericentric inversion of human
chromosome 8, Am JHum Genet 28(3):208-212.
Holmes, J. M., and Martin, R. H., 1993, Aneuploidy detection in human sperm nuclei
using fluorescence in situ hybridization, Hum Genet 91(1):20-24.
Honea, K. L., 1977, Paternal pericentric inversion of chromosome 9with a9p+ offspring,
Ala JMedSci 14(4):434.
Hoo, J. J., Lorenz, R., Fischer, A., and Fuhrmann, W., 1982, Tiny interstitial duplication
of proximal 7q in association with amaternal paracentric inversion, Hum Genet
62(2):113-116.
Imai, A., and Tamaya, 1., 1996, Pericentric inversion of chromosome 7associated with
recurrent abortion, IntJGynaecol Obstet 52(2):187-188.
Ishii, F., Fujita, H., Nagai, A., Ogihara, T., Kim, H. S., Okamoto, R., and Mino, M.,
1997, Case report of rec(7)dup(7q)inv(7)(p22q22) and areview of the
recombinants resulting from parental pericentric inversions on any chromosomes,
Am JMed Genet 73(3):290-295.

96

Jaarola, M., Martin, R. H., and Ashley, T., 1998, Direct evidence for suppression of
recombination within two pericentric inversions in humans: anew sperm-FISH
technique, Am JHum Genet 63(1):218-224.
Jabs, E. W., Goble, C. A., and Cutting, G. R., 1989, Macromolecular organization of
human centromeric regions reveals high-frequency, polymorphic macro DNA
repeats, Proc Nat! Acad Sci USA 86(1):202-206.
Jacobs, P. A., Frackiewicz, A., Law, P., Hilditch, C. J., and Morton, N. E., 1975, The
effect of structural aberrations of the chromosomes on reproductive fitness in
man. II. Results, Clin Genet 8(3):169-178.
Jacobs, P. A., Melville, M., Ratcliffe, S., Keay, A. J., and Syme, J., 1974, A cytogenetic
survey of 11,680 newborn infants, Ann Hum Genet 37(4):359-376.
Jenderny, J., Gebauer, J., Rohrborn, G., and Ruger, A., 1992, Sperm chromosome
analysis of aman heterozygous for apericentric inversion of chromosome 20,
Hum Genet 89(l):117-119.
Jorde, L., Carey, J., Bamshad, M., and White, R., 1999a, Clinical cytogenetics: the
chromosomal Basis of human disease, in: Medical Genetics (B. Copland, ed.),
Mosby, St. Louis, Missouri,

pp.

108-135.

Jorde, L., Carey, J., Bamshad, M., and White, R., 1999b, Sex-linked and mitochondrial
inheritance, in: Medical Genetics (B. Copland, ed.), Mosby, St. Louis, Missouri,
pp. 89-107.

97

Kaiser, P., 1984, Pericentric inversions: problems and significance for clinical genetics,
Human Genetics 68:1-47.
Kawashima, H., and Maruyama, S., 1979, A case of chromosome 3duplication qdeletion
psyndrome born to the mother with apericentric inversion, inv(3)(p25q21),
Jinrui Idengaku Zasshi 24(1):9-12.
Kinakin, B., Rademaker, A., and Martin, R., 1997, Paternal age effect of YY aneuploidy
in human sperm, as assessed by fluorescence in situ hybridization, Cytogenet Cell
Genet 78(2):116-119.
Kingston, H. M., Ledbetter, D. H., Tomlin, P. I., and Gaunt, K. L., 1996, Miller-Dieker
syndrome resulting from rearrangement of afamilial chromosome 17 inversion
detected by fluorescence in situ hybridisation, JMed Genet 33(1):69-72.
Kleczkowska, A., Fryns, J. P., and Van den Berghe, H., 1987, Pericentric inversions in
man: personal experience and review of the literature, Hum Genet 75(4):333-338.
Knight, S. J., Regan, R., Nicod, A., Horsley, S. W., Kearney, L., Homfray, T., Winter, R.
M., Bolton, P., and Flint, J., 1999, Subtle chromosomal rearrangements in
children with unexplained mental retardation, Lancet 354(9191):1676-1681.
Ko, E., Rademaker, A., and Martin, R., 2001, Microwave decondensation and
codenaturation: anew methodology to maximize FISH data from donors with
very low concentrations of sperm, Cytogenet Cell Genet 95(3-4):143-145.

98

Koehler, K. E., Millie, E. A., Cherry, J. P., Schrump, S. B., and Hassold, T. J., 2004,
Meiotic exchange and segregation in female mice heterozygous for paracentric
inversions, Genetics 166(3):1199-1214.
Kostiner, D. R., Nguyen, H., Cox, V. A., and Cotter, P. D., 2002, Stabilization of a
terminal inversion duplication of 8p by telomere capture from 18q, Cytogenet
Genome Res 98(1):9-12.
Kuwano, A., Ledbetter, S. A., Dobyns, W. B., Emanuel, B. S., and Ledbetter, D. H.,
1991, Detection of deletions and cryptic translocations in Miller-Dieker syndrome
by in situ hybridization, Am JHum Genet 49(4):707-714.
Lagier-Tourenne, C., Ginglinger, E., Alembik, Y., De Saint Martin, A., Peter, M. 0.,
Dulucq, P., Jonveaux, P., and Jeandidier, E., 2004, Two cousins with partial
trisomy 12q and monosomy 12p recombinants of afamilial pericentric inversion
of the chromosome 12, Am JMed Genet 125A(1):77-85.
Lamb, J., Harris, P. C., Wilkie, A. 0., Wood, W. G., Dauwerse, J. G., and Higgs, D. R.,
1993, De novo truncation of chromosome 16p and healing with (TTAGGG)n in
the alpha-thalassemia/mental retardation syndrome (ATR-16), Am JHum Genet
52(4):668-676.
Lamberti, L., and Massa, E. R., 1987, Paracentric inversion in afemale with multiple
miscarriages (7inv)(q2. 13 ;q3.13), Hum Genet 75(4):39 1.
Laurie, D. A., and Hulten, M. A., 1985, Further studies on bivalent chiasma frequency in
human males with normal kaiyotypes, Ann Hum Genet 49 (Pt 3):189-201.

99

Lefort, G., Blanchet, P., Belgrade, N., Rivier, F., Chaze, A. M., Sarda, P., Demaille, J.,
and Pellestor, F., 2002, Stable dicentric duplication-deficiency chromosome 14
resulting from crossing-over within amaternal paracentric inversion, Am JMed
Genet 113(4):333-338.
Lejeune, 3., 1963, Autosomal disorders, Pediatrics 32:326-337.
Lin, C. C., Bowen, P., and Hoo, J. 3., 1987, Familial paracentric inversions
inv(2)(q3 1q35) and inv(8)(q22.3q24.13) ascertained through reproductive
abnormalities, Hum Genet 75(1):84-87.
Lindberg, L., Pelto, K., and Borgstrom, G. H., 1992, Familial pericentric inversion
(3)(p12q24), Hum Genet 89(4):433-436.
Lucas, 3., Le Mee, F., Le Marec, B., Pluquailec, K., Journel, H., and Picard, F., 1985,
[Trisomy 20p derived from amaternal pericentric inversion and
brachymesophalangy of the index finger], Ann Genet 28(3):167-171.
MacDonald, I. M., and Cox, D. M., 1985, Inversion of chromosome 2(p1 1q13):
frequency and implications for genetic counselling, Hum Genet 69(3):281-283.
Madan, K., 1995, Paracenlric inversions: areview, Hum Genet 96(5):503-515.
Madan, K., and Nieuwint, A. W., 2002, Reproductive risks for paracentric inversion
heterozygotes: Inversion or insertion? That is the question, Am JMed Genet
107(4):340-343.

100

Magee, A. C., Humphreys, M. W., McKee, S., Stewart, M., and Nevin, N. C., 1998, De
novo direct duplication 2(p12-->p21) with paternally inherited pericentric
inversion 2p1 1.2 2q12.2, Clin Genet 54(l):65-69.
Martin, A. 0., Simpson, J. L., Deddish, R. B., and Elias, S., 1983, Clinical implications
of chromosomal inversions. A pericentric inversion in No. 18 segregating in a
family ascertained through an abnormal proband, Am JPerinatol 1(l):81-88.
Martin, R., 1992, Sperm chromosome analysis of two men heterozygous for reciprocal
translocations: t(1 ;9)(q22;q3 1) and t(16; 19)(ql 1.1 ;q13.3), Cytogenetics and Cell
Genetics 60(l):18-21.
Martin, R., Ernst, S., Rademaker, A., Barclay, L., Ko, E., and Summers, N., 1997,
Analysis of human sperm karyotypes in testicular cancer patients before and after
chemotherapy, Cytogenetics and Cell Genetics 78(2):120-123.
Martin, R. H., 1986, Sperm chromosome analysis in aman heterozygous for aparacentric
inversion of chromosome 7(q11q22), Hum Genet 73(2):97-100.
Martin, R. H., 1991, Cytogenetic analysis of sperm from aman heterozygous for a
pericentric inversion, mv (3) (p25q21), Am JHum Genet 48(5):856-861.
Martin, R. H., 1993, Analysis of sperm chromosome complements from aman
heterozygous for apericentric inversion, inv(8)(p23q22), Cytogenet Cell Genet
62(4):199-202.
Martin, R. H., 1998, Genetics of human sperm, JAssist Reprod Genet 15(5):240-245.

101

Martin, R. H., 1999, Sperm chromosome analysis in aman heterozygous for aparacentric
inversion of chromosome 14 (q24.1q32.1), Am JHum Genet 64(5):1480-1484.
Martin, R. H., Chemos, J. E., Lowry, R. B., Pattinson, H. A., Barclay, L., and Ko, E.,
1994, Analysis of sperm chromosome complements from aman heterozygous for
apericentric inversion of chromosome 1, Hum Genet 93(2):135-138.
Martin, R. H., Greene, C., Rademaker, A. W., Ko, E., and Chemos, J., 2003, Analysis of
aneuploidy in spermatozoa from testicular biopsies from men with nonobstructive
azoospermia, JAndro124(1):100-103.
Mattei, J. F., Mattei, M. G., Balestrazzi, P., and Giraud, F., 1983, Familial pericentric
inversion of chromosome 9, JNV(9)(p22q32) with recurrent duplication-deletion,
Cliii Genet 24(3):220-222.
McInnes, B., Rademaker, A., Greene, C. A., Ko, E., Barclay, L., and Martin, R. H., 1998,
Abnormalities for chromosomes 13 and 21 detected in spermatozoa from infertile
men, Hum Reprod 13(lO):2787-2790.
Meltzer, P. S., Guan, X. Y., and Trent, J. M., 1993, Telomere capture stabilizes
chromosome breakage, Nat Genet 4(3):252-255.
Mikhaail-Philips, M. M., Ko, E., Chernos, J., Greene, C., Rademaker, A., and Martin, R.
H., 2004, Analysis of chromosome segregation in sperm from achromosome 2
inversion heterozygote and assessment of an interchromosomal effect, Am JMed
Genet 127:139-143.

102

Morton, N. E., Jacobs, P. A., Frackiewicz, A., Law, P., and Hilditch, C. J., 1975, The
effect of structural aberrations of the chromosomes on reproductive fitness in
man. I. Methodology, Clin Genet 8(3):159-168.
Moyzis, R. K., Buckingham, J. M., Cram, L. S., Dani, M., Deaven, L. L., Jones, M. D.,
Meyne, J., Ratliff, R. L., and Wu, J. R., 1988, A highly conserved repetitive DNA
sequence, (TTAGGU)n, present at the telomeres of human chromosomes, Proc
NatlAcadSci USA 85(18):6622-6626.
Mules, E. H., and Stamberg, J., 1984, Reproductive outcomes of paracentric inversion
carriers: report of aliveborn dicentric recombinant and literature review, Hum
Genet 67(2):126-13 1.
Mutton, D. E., and Daker, M. G., 1973, Pericentric inversion of chromosome 9, Nature
new Biol 241:80.
Navarro, J., Benet, J., Martorell, M. R., Templado, C., and Egozcue, J., 1993, Segregation
analysis in aman heterozygous for apericentric inversion of chromosome 7
(p13;q36) by sperm chromosome studies, Am JHum Genet 53(1):214-219.
Nielsen, J., and Sillesen, I., 1975, Incidence of chromosome aberrations among 11148
newborn children, Humangenetik 30(l):1-12.
Nielsen, J., and Wohiert, M., 1991, Chromosome abnormalities found among 34,910
newborn children: results from a13-year incidence study in Arhus, Denmark,
Hum Genet 87(1):81-83.

103

Ning, Y., Liang, J. C., Nagarajan, L., Schrock, E., and Ried, T., 1998, Characterization of
5q deletions by subtelomeric probes and spectral karyotyping, Cancer Genet
Cytogenet 103(2):170-172.
Pai, G. S., Shields, S. M., and Houser, P. M., 1987, Segregation of inverted chromosome
13 in families ascertained through livebom recombinant offspring, Am JMed
Genet 27(1):127-133.
Pangalos, C., 1988, [Genetic counseling in balanced chromosomal inversions], JGenet
Hum 36(1-2):21-31.
Pellestor, F., Imbert, I., Andreo, B., and Lefort, G., 2001, Study of the occurrence of
interchromosomal effect in spermatozoa of chromosomal rearrangement carriers
by fluorescence in-situ hybridization and primed in-situ labelling techniques, Hum
Reprod 16(6):1155-1164.
Petit, P., and Fryns, J. P., 1983, Two pericentric inversions inv(7)(15;q32) and
inv(9)(pll;q13) in amale with absence of vas deferens, Hum Genet 64(3):303.
Pettenati, M. J., Rao, P. N., Phelan, M. C., Grass, F., Rao, K. W., Cosper, P., Carroll, A.
J., Elder, F., Smith, J. L., Higgins, M. D., Lanman, J. T., Higgins, R. R., Butler,
M. G., Luthardt, F., Keitges, E., Jackson-Cook, C., Brown, J., Schwartz, S., Van
Dyke, D. L., and Palmer, C. G., 1995, Paracentric inversions in humans: areview
of 446 paracentric inversions with presentation of 120 new cases, Am JMed
Genet 55(2): 171-187.

104

Phelan, M. C., Stevenson, R. E., and Anderson, E. V., Jr., 1993, Recombinant
chromosome 9possibly derived from breakage and reunion of sister chromatids
within aparacentric inversion loop, Am JMed Genet 46(3):304-308.
Price, H. A., Roberts, S. H., and Laurence, K. M., 1987, Homozygous paracentric
inversion 12 in amentally retarded boy: acase report and review of the literature,
Hum Genet 75(2):101-108.
Ramer, J. C., Mowrey, P. N., and Ladda, R. L., 1991, Malformations in achild with dup
(7pter-p15.l) and del (7q36-qter) as aresult of familial pericentric inversion, Clin
Genet 39(6):442-450.
Reid, E., Morrison, N., Barron, L., Boyd, E., Cooke, A., Fielding, D., and Tolmie, J. L.,
1996, Familial Wolf-Hirschhorn syndrome resulting from acryptic translocation:
aclinical and molecular study, JMed Genet 33(3):197-202.
Richter, S., Lockwood, B., Lockwood, D., and Allanson, J., 1989, Abnormal
chromosome complement resulting from afamilial inversion of chromosome 2, J
Med Genet 26(1 1):725-729.
Rivas, F., Garcia-Esquivel, L., Rivera, H., Jimenez, M. E., Gonzalez, R. M., and Cantu, J.
M., 1987, Inv(4)(J)16q21). A five-generation pedigree with 24 carriers and no
recombinants, Clin Genet 31(2):97- 101.
Rives, N., Jarnot, M., Mousset-Simeon, N., Joly, G., and Mace, B., 2003, Fluorescence in
situ hybridisation (FISH) analysis of chromosome segregation and

105

interchromosomal effect in spermatozoa of areciprocal translocation
t(9,10)(qll;pl 1.1) carrier, JHum Genet 48(10):535-540.
Saadallah, N., and Hulten, M., 1986, EM investigations of surface spread synaptonemal
complexes in ahuman male carrier of apericentric inversion inv(13)(p12q14): the
role of heterosynapsis for spermatocyte survival, Ann Hum Genet 50 (Pt 4):369383.
Schmid, M., Hofinann, R., Kohler, J., and Jannek, U., 1985, Familial paracentric
inversion inv(2)(q3 1q36), Hum Genet 71(3):270-272.
Schroer, R. 3., Culp, D. M., Stevenson, R. E., Potts, W. E., Taylor, H. A., and Simensen,
R. 3., 1980, Duplication-deletion syndrome in afamily with pericentric inversion
of chromosome 6, Gun Genet 18(1):83-87.
Serra, A., Brahe, C., Millington-Ward, A., Neri, G., Tedeschi, B., Tassone, F., and Bova,
R., 1990, Pericentric inversion of chromosome 9: prevalence in 300 Down
syndrome families and molecular studies of nondisjunction, Am JMed Genet
Suppi 7:162-168.
Shashi, V., Golden, W. L., Allinson, P. S., Blanton, S. H., von Kap-Herr, C., and Kelly,
T. E., 1996, Molecular analysis of recombination in afamily with Duchenne
muscular dystrophy and alarge pericentric X chromosome inversion, Am JHum
Genet 58(6):1231-1238.
Sherman, S. L., Iselius, L., Gallano, P., Buckton, K., Collyer, S., DeMey, R.,
Kristoffersson, U., Lindsten, J., Mikkelsen, M., Morton, N. E., Newton, M.,

106

Nordensson, I., Petetsen, M. B., and Wahistrom, J., 1986, Segregation analysis of
balanced pericentric inversions in pedigree data, Clin Genet 30(2):87-94.
Shi,

Q., and Martin, R. H., 2001, Aneuploidy in human spermatozoa: FISH analysis in
men with constitutional chromosomal abnormalities, and in infertile men,
Reproduction 121(5):655-666.

Slavotinek, A., Rosenberg, M., Knight, S., Gaunt, L., Fergusson, W., Killoran, C.,
Clayton-Smith, J., Kingston, H., Campbell, R. H., Flint, J., Donnai, D., and
Biesecker, L., 1999, Screening for submicroscopic chromosome rearrangements
in children with idiopathic mental retardation using microsatellite markers for the
chromosome telomeres, JMed Genet 36(5):405-411.
Smith, A. C., Spuhler, K., Williams, T. M., McConnell, T., Sujansky, E., and Robinson,
A., 1987, Genetic risk for recombinant 8syndrome and the transmission rate of
balanced inversion 8in the Hispanic population of the southwestern United
States, Am JHum Genet 41(6):1083-1103.
Sparkes, R. S., Muller, H., and Klisak, I., 1979, Retinoblastoma with 13q- chromosomal
deletion associated with maternal paracentric inversion of 13q, Science
203(4384):1027-1029.
Speevak, M., Hunter, A. G., Hughes, H., and Cox, D. M., 1985, A familial paracentric
inv(1)(q42q44) resulting in achild with adel(1)(q42) karyotype, Ann Genet
28(3):177-180.

107

Speleman, F., Van Roy, N., De Vos, E., Hilliker, C., Suijkerbuijk, R. F., and Leroy, J. G.,
1993, Molecular cytogenetic analysis of afamilial pericentric inversion of
chromosome 12, Clin Genet 44(3):156-163.
Stankiewicz, P., Rujner, J., Loffler, C., Kruger, A., Nimmakayalu, M., Pilacik, B.,
Krajewska-Walasek, M., Gutkowska,A., Hansmann, I., and Giannakudis, I.,
2001, Alagille syndrome associated with aparacentric inversion 2Opl2.2p13
disrupting the JAG1 gene, Am JMed Genet 103(2):166-171.
Stene, J., 1986, Comments on methods and results in: Sherman et al., "Segregation
analysis of balanced pericentric inversions in pedigree data", Clin Genet 30(2):95107.
Stetten, G., and Rock, J. A., 1983, A paracentric chromosomal inversion associated with
repeated early pregnancy wastage, Fertil Steril 40(l):124-126.
Sturtevant, A. H., 1926, A cross-over reducer in Drosophila melanogaster due to
inversion of asection of the third chromosme, Biol Zbl 46:697.
Sujansky, E., Smith, A. C., Prescott, K. E., Freehauf, C. L., Clericuzio, C., and Robinson,
A., 1993, Natural history of the recombinant (8) syndrome, Am JMed Genet
47(4):512-525.
Sun, F., Oliver-Bonet, M., Liehr, T., Starke, H., Ko, E., Rademaker, A., Navarro, J.,
Benet, J., and Martin, R. H., 2004, Human male recombination maps for
individual chromosomes, Am JHum Genet 74(3):521-53 1.

108

Sutherland, G. R., Callen, D. F., and Gardner, R. 3., 1995, Paracentric inversions do not
normally generate monocentric recombinant chromosomes, Am JMed Genet
59(3):390-392.
Sutherland, G. R., Gardiner, A. 3., and Carter, R. F., 1976, Familial pericentric inversion
of chromosome 19, inv(19) (p13q13) with anote on genetic counseling of
pericentric inversion carriers, C/in Genet 10(1):54-59.
Tadin, M., Braverman, E., Cianfarani, S., Sobrino, A. J., Levy, B., Christiano, A. M., and
Warburton, D., 2001, Complex cytogenetic rearrangement of chromosome 8q in a
case of Ambras syndrome, Am JMed Genet 102(l):100-104.
Tomomasa, H., Adachi, Y., Iwabuchi, M., Oshio, S., Umeda, T., Lino, Y., Takano, T., and
Nakahori, Y., 2000, Pericentric inversion of the Y chromosome of infertile male,
Arch Androl 45(3):181-185.
Toth, A., Gaal, M., Sara, G., and Laszlo, 3., 1982, Pericentric inversion of chromosome I
in an azoospermic man, JMed Genet 19(4):303-305.
Trunca, C., and Opitz, J. M., 1977, Pericentric inversion of chromosome 14 and the risk
of partial duplication of 14q (14q31 leads to l4qter), Am JMed Genet 1(2):217228.
Valcarcel, E., Benitez, 3., Martinez, P., Rey, J. A., and Sanchez Cascos, A., 1983,
Cytogenetic recombinants from afemale carrying aparacentric inversion of the
short arm of chromosome number 5, Hum Genet 63(1):78-81.

109

Warburton, D., and Twersky, S., 1997, Risk of phenotypic abnormalities in paracentric
inversion carriers, Am JMed Genet 69(2):219.
Watt, J. L., Ward, K., Couzin, D. A., Stephen, G. S., and Hill, A., 1986, A paracentric
inversion of 7q illustrating apossible interchromosomal effect, JMed Genet
23(4):341-344.
Whiteford, M. L., Baird, C., Kinmond, S., Donaldson, B., and Davidson, H. R., 2000, A
child with bisatellited, dicentric chromosome 15 arising from amaternal
paracentric inversion of chromosome 15q, JMed Genet 37(8):E11.
Wilkie, A. 0.., Lamb, J., Harris, P. C., Finney, R. D., and Higgs, D. R., 1990, A truncated
human chromosome 16 associated with alpha thalassaernia is stabilized by
addition of telomeric repeat (TTAGGG)n, Nature 346(6287):868-871.
Winsor, E. J., Palmer, C. (3., Ellis, P. M., Hunter, J. L., and Ferguson-Smith, M. A., 1978,
Meiotic analysis of apericentric inversion, inv(7) (p22q32), in the father of a
child with aduplication-deletion of chromosome 7, Cytogenet Cell Genet 20(16): 169-184.
Wong, A. C., Ning, Y., Flint, J., Clark, K., Dumanski, J. P., Ledbetter, D. H., and
McDermid, H. E., 1997, Molecular characterization of a130-kb terminal
microdeletion at 22q in achild with mild mental retardation, Am JHum Genet
60(1):113-120.

110

World Health Organization, 1992, WHO laboratory manual for the examination of
human semen and sperm-cervical mucus interaction, Cambridge University Press,
New York.
Worsham, M. J., Miller, D. A., Devries, J. M., Mitchell, A. R., Babu, V. R., Surli, V.,
Weiss, L., and Van Dyke, D. L., 1989, A dicentric recombinant 9derived from a
paracentric inversion: phenotype, cytogenetics, and molecular analysis of
centromeres, Am JHum Genet 44(1):115-123.
Yakut, T., Acar, H., Egeli, U., and Kimya, Y., 2003, Frequency of recombinant and
nonrecombinant products of pericentric inversion of chromosome Iin sperm
nuclei of carrier: By FISH technique, Mo! ReprodDev 66(1):67-71.
Yang, S. P., Bidichandani, S. I., Figuera, L. E., Juyal, R. C., Saxon, P. J., Baldini, A., and
Patel, P. I., 1997, Molecular analysis of deletion (17)(pll.2p11.2) in afamily
segregating a17p paracentric inversion: implications for carriers of paracentric
inversions, Am JHum Genet 60(5):1184-1193.
Yang-Feng, T. L., Finley, S. C., Finley, W. H., and Francke, U., 1985, High resolution
cytogenetic evaluation of couples with recurring fetal wastage, Hum Genet
69(3):246-249.
Yokoyama, Y., Narahara, K., Teraoka, M., Koyama, K., Seino, Y., Yagi, S., Konishi, T.,
and Miyawaki, 1., 1997, Cryptic pericentric inversion of chromosome 17 detected
by fluorescence in situ hybridization study in familial Miller-Dieker syndrome,
Am JMed Genet 71(2):236-237.

III

Zakian, V. A., 1995, Telomeres: beginning to understand the end, Science
270(5242):1601-1607.
Zitron, A. E., and Hawley, R. S., 1989, The genetic analysis of distributive segregation in
Drosophila melanogaster. I. Isolation and characterization of Aberrant X
segregation (Axs), amutation defective in chromosome partner choice, Genetics
122(4):801-821.

112

APPENDIX A: Buffers and Solutions
1. 0.01M Tris /0.9% NaCl Washing Solution:
-

-

-

O.O1M Tris base (MWT = 121.1, Sigma T-1503, MO, USA).
9gm NaCl (MWT = 58.44, AnalaR, BDH, ON, Canada).
Dissolve in distilled water, adjust pH to 8.0 and bring the volume to ILwith dH2O.

2. 20x SSC:
-

-

-

175.3 gin NaCl
88.2 gin sodium citrate (Mwt: 294.1, AnalaR, BDFI)
Dissolve in distilled water, adjust pH to 7.0 and bring the volume to ILwith dH2O

3. 2x SSC:
-

-

10 ml of 20x SSC, and 85 ml of dH2O
Adjust pH to 7.0 and bring the volume to 100 ml with dH2O

4. 2x SSC /0.1% NP-40:
-

-

100mlof2xSSC
0.1 gm of NP-40 (NONIDET P-40, Sigma)

5. Hypotonic 0.068M KCI:
-

2.535 gof KCl, and 500 ml of dH2O

6. Fixation Solution (Fixative):
-

3parts methanol to Ipart glacial acetic acid, by volume
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