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1.1. Gametes 

Germ cells are the only cell type which can create a completely new organism, hence 

gametes are the only cells which are totipotent and the founder cells of sexually 

reproducing organisms. In order to preserve the ability of totipotency and to 

complement germline-specific functions, gametes: (1) repress the somatic 

differentiation process; (2) interact via cell-to-cell signalling with the somatic cells of 

the extremely specialized gonad environment which oversees proliferation, 

maintenance, and differentiation; (3) are prevented from somatic transdifferentiation 

via evolutionarily conserved RNA regulatory networks. During the development of the 

embryo, the gametes are located apart from all somatic cells at the edge of the embryo 

proper, until they move through the developing somatic tissues to the gonad. There, 

the gametes obtain the sex-specific ability to undergo meiotic divisions to produce the 

haploid oocyte and spermatozoon. In humans, the oocyte is ~20 times larger than the 

spermatozoon, a condition termed heterogamy, in contrast to isogamy where both 

gametes have equal size. During the fertilization of the oocyte by the spermatozoa, the 

haploid genomes unite and a completely new organism is created, letting the never-

ending germline cycle continue from one generation to the next. In this way, germ cells 

can escape the mortality which all somatic cells in the end face (Aitken et al., 2004; 

Cinalli et al., 2008; Strome and Lehmann, 2007). 
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1.2. Spermatogenesis and oogenesis 

Spermatogenesis refers to a complex differentiating system regulated via hormones 

and cell to cell communications between germ- and sertoli cells, to create mature 

spermatozoa. Spermatogenesis is highly conserved in all mammalian species and 

occurs in three phases within the seminiferous tubules of the testis, which range from 

35 days in the mouse, 51 days in the rat and 70 days in the human. During the 

proliferative phase, termed spermacytogenesis (9 weeks in humans), primordial germ 

cells undergo first multiple mitotic divisions to form gonocytes, the stem cells for 

spermatogenesis. During human pre-puberty, these gonocytes differentiate to 

spermatogonia, which proliferate in many mitotic divisions. With the beginning of 

puberty, some spermatogonia differentiate to meiotic, primary spermatocytes (2n; 2c), 

while others continue to proliferate in mitotic divisions, representing a lifelong 

reservoir of undifferentiated stem cells. During the meiotic phase, also termed 

spermatidogenesis (2 weeks in humans), the primary spermatocyte (2n; 2c), which 

contains twice the DNA amount compared to a somatic cell, first divides during meiosis 

to form secondary spermatocytes (1n;2c) and then again to form haploid spermatids 

(1n;1c). During the maturation phase, termed spermiogenesis (5 weeks in humans), the 

haploid spermatids undergo a fundamental structural metamorphosis to form mature 

spermatozoa. These are then released from their connection to the Sertoli cells into 

the seminiferous tubules and from there, pushed by hydrostatic pressure, into the rete 

testis (Marchetti and Wyrobek, 2005). An adult human produces ~100-200 million 

spermatozoa per day throughout most of his life. 
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The metamorphosis occurring during the post meiotic window of spermatogenesis 

involves the formation and extrusion of a sperm tail, capture of the sperm head with 

an acrosome, creation of an energy transducing neck consisting of highly ordered 

mitochondria and finally the repackaging of the chromatin, to form a head-like 

structure. This repackaging of the spermatid’s chromatin into a six fold condensed 

mature spermatozoa chromatin, represents a very adequately orchestrated 

remodelling process, in which spontaneous or by toxicant induced mistakes can easily 

occur and result in transcriptionally inactive, damaged spermatozoa (Boissonneault, 

2002; Kierszenbaum and Tres, 1978). Thus, the post-meiotic window during 

spermiogenesis is the most vulnerable phase of spermatogenesis, in which most DNA 

lesions can occur. In detail, this process consists of several nuclear events, which are 

accompanied by frequent single- and double strand breaks: first, ~85% all nucleosome 

proteins are withdrawn, leaving unconstrained DNA stretches. The mechanisms 

resulting in deletion of the majority of all nucleosomes are poorly understood, 

however, studies suggested that increases in histone-acetylation and -ubiquitination 

might play a key role (Boissonneault, 2002). Second, the accrued negative supercoiled 

DNA stretches are removed by single- and double-strand breaks at “DNA anchor 

points”, whose molecular structure is not known, yet, leaving high amounts of 

fragmented DNA (Steger et al., 1998; Wouters-Tyrou et al., 1998). It was suggested 

that these lesions and breaks are sealed and repaired by a chromatin repacking and 

condensation process, which replaces the deleted somatic histones by transition 

proteins and these transition proteins are then replaced in subsequent steps by 
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protamines (Meistrich et al., 1978; Wouters-Tyrou et al., 1998; Zhao et al., 2004b). 

Protamines are built of ~50% of arginine rich residues, representing the most basic 

proteins within all species. This hypothesis is in agreement, with the fact that during 

late spermiogensis, only very little fragmented DNA is detectable. Obviously, any 

alteration during this highly complex “fragmentation and sealing” processes of 

spermatogenesis might lead to unrepaired single- and double strand breaks which can 

jeopardise the successful fertilisation of the egg and/or result in abnormalities in the 

offspring.                                                     

Beside DNA alterations during the chromatin remodelling process, lesions might also 

occur afterwards, either spontaneous or exogenously induced, when they cannot be 

repaired due to inactivation of nearly all transcriptional activity of the spermatozoa. 

This inability of any DNA repair function in the mature spermatozoa is caused by the 

tight chromatin packing by protamines, making transcription impossible as well as a 

stripping of nearly all the cytoplasm, which results in highly diminished translation 

activity and loss of functional repair proteins from earlier stages of spermatogenesis 

(Baarends et al., 2001; Marchetti and Wyrobek, 2008; Olsen et al., 2005). This 

“vulnerable” DNA status of the sperm cell lasts until fertilization with the maternal 

oocyte. There is compelling evidence from rodent studies, that mutagen exposure 

particularly during the post-meiotic window increases unrepaired pre-mutations, such 

as DNA-adducts (protamine, 8-hydroxy-2'-deoxyguanosine, benzo(a)pyrene), single- 

and double-strand breaks (Shelby, 1996). After fertilization of the oocyte, accumulated 

pre-mutations of the spermatozoon might lead to a full mutation in the offspring when 
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the oocyte’s repair machinery is not able to properly  remove the paternal DNA 

damage [Figure 1.2]. (Boissonneault, 2002; Crow, 2000; Leduc et al., 2008; Marchetti 

and Wyrobek, 2005; Sega, 1991; Sega et al., 1989; Zhao et al., 2004a)                     

However, the differentiation of the ovum, oogenesis, is different from 

spermatogenesis. The spermatozoon, which originates in spermatogenesis, is 

essentially a motile nucleus, whereas the female germ cell formed during oogenesis 

has all that is necessary to initiate zygote development and maintain metabolism. 

Beside the formation of a haploid nucleus during oogenesis, cytoplasmic enzymes, 

RNA, cellular structures and metabolic substrates are built up, making a complex 

cytoplasm, which is not the case in spermatozoa. However, these transcriptionally and 

translationally silent male germ cells are differentiated for motility (Aitken et al., 2004; 

Gilbert, 2000; Sega, 1979). Also the mechanisms of oogenesis vary significantly in 

different species compared to spermatogenesis. This is because oogenesis in many 

species, such as urchins and frogs, produce between hundreds and thousands of eggs, 

while most mammals produce far fewer eggs and humans generally only one or two. 

Where many ova are produced the oogonia represent self-renewing stem cells. In 

species producing fewer eggs a limited number of egg-precursor cells are formed. As 

an example, in the human up to the seventh month of embryonic development many 

million germ cells are produced. After that time the number of germ cells falls 

dramatically and many oogonia die, while the remaining oogonia proceed to the first 

meiotic division, termed primary oocytes. They progress through the first meiotic 

prophase and remain in this state until the diplotene stage when the female reaches 
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puberty. After adolescence some of the eggs may continue to divide meiotically. 

Menstruation usually occurs between 11 and 13 years of age and oocytes can be 

maintained in meiotic prophase for up to 54 years when menopause occurs (Baker, 

1982; Pinkerton et al., 1961). Also the position of the metaphase plate during oogenic 

meiosis differs significantly from meiosis during spermatogenesis. During the division 

of the primary oocyte (2n;2c), the germinal vesicle (oocyte nucleus) collapses, allowing 

the metaphase spindle to migrate to the nuclear periphery. This results at telophase in 

one cell which contains minimal cytoplasm (termed the first polar body), whereas the 

other daughter cell has almost the total volume of normal cellular components termed 

the secondary oocyte (1n;2c). A similar cytokinesis occurs during the second meiotic 

division, when most of the cytoplasm remains within the ovum (1n;1c) while a second 

polar body contains only very little more than the haploid nucleus. Therefore, only one 

of the progeny retains the full oocyte cytoplasm, whereas the other three do not 

(Baker, 1982) (Figure 1.2). 
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                                    Figure 1.2. The stages of human spermatogenesis and oogenesis.  
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1.3. The spermatozoon 

The spermatozoon is the final product of spermatogenesis, which is released from the 

Sertoli cells in the seminiferous tubules and then transported (via peristaltic 

contractions of the lamina propria’s muscular cells) within the protective seminal 

plasma to the epidymidis for storage until ejaculation. The human spermatozoon is 

about 60 μm long, its head flattened and pointed and measures 4.5 μm in length by 3 

μm in width by 1 μm in thickness. The anterior two-thirds of the spermatozoon nucleus 

are covered by a vesicle termed the acrosome, which is derived from the Golgi 

apparatus and contains various crucial enzymes for the penetration of the zona 

pellucida of the ovum, such as hyaluronidase, neuraminidase, acid phosphatize and 

acrosin. The release of these acrosomal enzymes as the sperm touches the egg is the 

first step in the acrosome reaction. This reaction facilitates the spermatozoon 

penetration and subsequent fertilization and prevents the entry of additional 

spermatoza into the ovum. The sperm tail is subdivided into the neck, the middle 

piece, the principal piece, and the end piece. The short neck contains the centrioles 

and the origin of the coarse fibres. The middle piece is ~7 μm long and contains the 

mitochondria, which are wrapped in a helix composition around the coarse fibres and 

exonemal complex. These mitochondria are the crucial energy source for the tail’s 

movement and thus are responsible for the motility of the spermatozoon. The principal 

piece is ~40 μm long and has its fibrous sheath external to the coarse fibres and the 

axonemal complex. The end piece, which measures for the last 5 μm of the flagellum, 

contains the axonemal complex (Friedlaender, 1952; Semczuk, 1977) (Figure 1.3). 
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Figure 1.3. Schematic ultrastructure of the human spermatozoon.  

 

 

1.4. Possible origins of DNA damage and apoptosis in spermatozoa 

1.4.1. Overview  

Spermatozoa of various species, including the human, frequently exhibit damaged DNA 

and apoptosis. DNA damage was shown to result in infertility, miscarriage, abnormal 

blastocyte and fetus development as well as severe genetic diseases in the offspring in 

many rodent studies. However, these adverse clinical outcomes could possibly be 

linked causatively with DNA damage in human spermatozoa (Aitken et al. 2010).  Such 
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suggested causative linkages were established for paternal cigarette smoking, oxidative 

stress, DNA damage with childhood cancer as well as infertility; or paternal age, DNA 

damage with infertility as well as increased morbidity in the offspring, which includes 

dominant genetic disorders (e.g. achondroplasia); neurological diseases (e.g. certain 

forms of autism, schizophrenia, epilepsy); and congenital malformations in the F1 and 

F2 generations.  The origins of this DNA damage in mature spermatozoa remain 

unclear. However, three main hypotheses resulting in DNA damage and apoptosis in 

mature spermatozoa have been suggested: (1) pre-meiotic abortive apoptosis (2); 

abortive chromatin remodelling during spermiogenesis; (3) post-testicular exposures. 

Most likely, damaged spermatozoa may be a combination of these factors, particularly 

Aitken et al. and Sakkas et al. proposed a two step model, including abortive chromatin 

remodelling, resulting in vulnerable spermatozoa, which can be easily damaged during 

post-testicular maturation in the epidymidis.  The role of reactive oxygen species as the 

main intrinsic or extrinsic inducer of DNA damage or abortive processes during 

spermatogenesis is the common variable in all three hypotheses and most studies on 

DNA damage in spermatozoa   (Aitken and De Iuliis, 2010; Aitken et al., 2009; Aitken et 

al., 2011; Aitken et al., 2004; Sakkas and Alvarez, 2010). 
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1.4.2. Pre-meiotic abortive apoptosis  

The elimination of about 50-75% of theoretical spermatozoa (a man produces >1000 

spermatozoa per second) through apoptosis during all stages of spermatogenesis 

represents a normal and continuous process throughout life. Two roles for premeiotic 

apoptosis in male germ cells were suggested:                                                                                                                    

(1) apoptosis to adjust for the right ratio of germ cells to Sertoli cells, which support 

the development of germ cells through nurturing and protecting them. This role for 

apoptosis is clearly established for the excessive wave of apoptosis during the first 

round of spermatogenesis in early post-natal life, and is also important for the 

continued regulation of the accurate germ cell population number in adult life. It was 

shown that 50-60% of all spermatozoa that enter the first meiotic division are 

earmarked with apoptotic markers, such as FAS or phosphatidylserine, in order to be 

successfully phagocytosed by the Sertoli cells. However, it is not clear, if these 

earmarked germ cells have a lower genomic quality or were randomly selected for 

apoptosis in an evolutionary conserved fashion to retain an always over-proliferating 

pool of spermatogonia to ensure survival of man. Imbalances in the germ / Sertoli cell 

ratio due to either defective apoptosis pathways were shown to result either in 

excessive or diminished apoptosis, which were both accompanied by infertility (Slebos 

et al., 1991) .                                             

(2) apoptosis to select abnormal germ cells for depletion. An inconsistent proportion of 

spermatozoa exhibits apoptotic markers, such as FAS, phosphatidylserine, Bcl-Xl , 

caspase 1, 3, 8 and 9. Expression of these markers can be triggered in vitro either by 
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direct ROS exposure (hydrogen peroxide) or indirectly via triggering the generation of 

ROS in spermatozoal mitochondria through electromagnetic radiation, wortamin (a PI3 

kinase inhibitor) or unsaturated fatty acids(Sakkas and Alvarez, 2010). However, other 

known apoptosis inducers in somatic cells, such as lipoploysaccharides or 

staurosporine are not effective in spermatozoa. Sakkas et al. (1999) put forward the 

hypothesis, that a certain number of germ cells may escape apoptosis and 

phagocytosis by the Sertoli cells before entering the first meiotic division. However, 

these germ cells were already earmarked with apoptotic markers, such as FAS, possibly 

because of a lower genomic quality, i.e. DNA damage. Hence these, earmarked cells 

escaped apoptosis and are then found in mature spermatozoa which may fertilize the 

oocyte with the potential to convert the introduced DNA damage in a mutation, when 

the oocyte fails to repair the damage appropriately (Sakkas et al., 1999; Sakkas et al., 

2002; Sakkas et al., 2004).         

                    

 

1.4.3. DNA damage and apoptosis in spermatozoa introduced during spermiogenesis 

A unique chromatin remodelling process during mammalian spermiogenesis produces 

the smallest cell in the body with a highly compact and hydrodynamic nucleus which is 

essential for successful fertilisation and embryogenesis. In this process, the majority of 

somatic histones in spermatids is eliminated by the incorporation of histone variants as 

well as heavy posttranslational modifications, such as hyperacetylation, ubquitination 



14 

 

and sumoylation of somatic histones H3 and H4, representing a transient and global 

event during the initial steps of the chromatin remodelling process. At the same time, 

massive DNA breakage occurs (5-10 million DSBs) as matter of necessity to relieve the 

DNA double helix of its supercoiled structure causing torsional stress (Laberge and 

Boissonneault, 2005). This is necessary, as DNA organized in histones is more 

supercoiled, hence, needs more space in the nucleus as the protamine organized 

spermatozoa chromatin, which condenses the DNA in ~50kb long “doughnut-shaped” 

toroids (1993; Laberge and Boissonneault, 2005; Ward, 2011; Ward and Coffey, 1991). 

These DNA breaks, mostly DSBs, occur through DNA topoisomerase IIβ activity, which 

first creates a DSB (bound on a transient protein) by unwinding and untangling the 

DNA helix. Through this helix, a second DNA strand is lead, before the DSB can be re-

ligated by the same  topoisomerase IIβ enzyme which created the break. In this way up 

to 85% of all somatic histones (in the human) are removed by binding of transition- and 

protamine proteins to the decondensed chromatin. While the temporary decondensed 

chromatin enables topoisomerase IIβ mediated re-ligation of the DSBs, this enzyme 

induced DSBs do not induce DNA damage response signalling (Laberge and 

Boissonneault, 2005). However, recent studies revealed phosphorylation of H2AX 

histones at  Ser139 (ɣH2Ax; pH2AX) along with endogenous DNA polymerase repair 

activity and TUNEL positivity in spermatids, indicating the existence of a regular, DNA 

damage response signalling during normal spermiogensis which is comparable to that 

of somatic cells (Meyer-Ficca et al., 2011). Topoisomerase mediated DNA breakage and 

re-joining is a regular process in all somatic cells as well as spermatids. However, the 
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enormous number of millions of DSBs in spermatids is unique in these specialized germ 

cells. Hence, failures during the rejoining process, such as topoisomerase-adducts are 

likely and may easily lead to unrepaired DNA damage in spermatids. Hence, it was 

concluded that abortive topoisomerase IIβ activity is a regular component during 

spermiogensis, which is followed by a DNA repair response signalling. The detection of 

ɣH2Ax - capable of detecting a single DSB - in spermatids also led to the conclusion that 

the earlier studies which detected high levels of DNA fragmentation in spermatids are 

mostly caused by DNA DSBs (Figure 1.4.3.). There are chances to repair these DSBs also 

during the late stages of spermiogenesis, despite ongoing DNA compactation. This 

repair might than solely rely on non-homologous end-joining (NHEJ) as homologous 

recombination is not possible since spermatids are post-meiotic, i.e. haploid cells. 

However, NHEJ is highly error prone and mistakes may lead to accumulation of DNA 

damage or even mutation in spermatids which will consequently accumulate in the 

repair-deficient spermatozoon. Hence, either abortive DSB repair or non-repair of DSBs 

in spermatids might be one of the hypothetical origins of DNA damage in spermatozoa. 

It should be emphasised, that the data and hypothesis presented in this paragraph 

relies solely on mouse models. However, mouse spermatozoal chromatin is 

significantly more condensed and homogenously compacted than human 

spermatozoal chromatin, which has lower levels of protamines (i.e. more histones) and 

is more heterogeneously compacted. Hence, it is highly likely that equal processes exist 

in the human (Bianchi et al., 1993; Sakkas and Alvarez, 2010).  
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Beside impaired DSB repair during spermiogensis, it was also shown that abortive 

spermiogensis results in poorly remodelled (compacted) chromatin, reflected in a 

higher nucleo-histone and subsequently lower protamine contents as well as altered 

protamine-I to protamine-II ratios. Persistence of histone complexes results in 

inappropriately compacted and therefore less protected spermatozoa which are highly 

vulnerable to DNA damage, especially oxidative attack, as there are neither DNA repair 

nor ROS-scavengers enzymes in mature spermatozoa. It was found that these 

defectively remodelled spermatids show the signs of cellular immaturity, such as 

cytoplasmatic retention, which contain creatine kinase, glucose-6-phosphate 

dehyrdogenase or superoxide dismutase; elevated levels of HSP2A and unsaturated 

fatty acids; as well as a poor functionality, such as decreased binding to the zona. 

Therefore, Aitken et al. (2007) suggested terming those spermatozoa more correctly as 

“dysmature” instead of “immature” as these cells are mature spermatozoa which show 

just the signs of immaturity as opposed to regular immature spermatozoa which were 

released too early from the Sertoli cells to the epidymidis  (Aitken and De Iuliis, 2007a; 

Aitken and De Iuliis, 2007b; Aitken et al., 2009).  

Failure during topoisomerase re-joining can either occur endogenously (e.g. 

spontaneous or oxidative stress) or exogenously (e.g. oxidative stress caused by 

toxins). It is also possible that errors occur due to increased vulnerability in spermatids, 

caused by DNA damage/ mutations induced earlier in spermatogenesis (e.g. 

spermatogonia stage).  Hence the resulting spermatozoa may be more susceptible to 

oxidative stress induced DNA damage. 
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Figure 1.4.3. Model for the origins of abortive spermiogensis following toxicant 

exposure or spontaneous, resulting in impaired topoisomerase 2B activity and 

subsequently in DNA damage response and repair based on Meyer-Ficca et al. (2011). 
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1.4.4. Post-testicular DNA damage and apoptosis 

Although spermatozoa are transcriptional and translational silent, they possess the 

capacities to initiate the first responses of the apoptotic pathway (Schwartz et al., 

2006; Sutherland et al., 1998).. When spermatozoa are in-vitro exposed to reactive 

oxygen species, beside DNA damage (a signature of apoptosis) activation of caspases-3, 

-9, -13,  phosphatidylserine externalisation or FAS expression were found. However, 

due to the caudal epididymal and ejaculated spermatozoa have more DNA damage 

then testicular spermatozoa (Greco et al., 2005; Ollero et al., 2001) 

 

1.4.5. The role of Oxidative stress 

The majority of DNA damage in spermatozoa is induced by reactive oxygen species 

(ROS), such as the superoxide anion, can mediate hydrogen abstraction of the DNA-

helix backbone, which results in desoxiribose ring opening rearrangements and  

consequently leads to a DNA breakage. Also oxidative base adducts, such as 8-hydroxy-

2’-deoxyguanosine (8-OHdG), can weaken the DNA by binding of the oxidated base to 

the ribose via a glycosyl bond and result in breakage (Figure 1.4.5). Spermatozoa have 

only an extremely limited amount of ROS-scavenging enzymes compared to somatic 

cells. That is because spermatozoa are transcriptionally and translationally silent, 

hence they cannot produce these enzymes as well as because there is only a small 

amount cytoplasm left in mature spermatozoa containing few residual ROS-scavenging 

enzymes. On the other hand spermatozoa DNA is more protected from oxidative 
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attacks due to its compaction with protamines in a toroid structure. However, 

particularly humans retain up to 85% of their nucleo-histone complexes and 

consequently these sequences are neither protected from oxidative attack through 

compaction nor DNA repair or ROS scavenger enzymes. Further impaired 

spermiogensis can result in higher nucleo-histone levels, making the spermatozoal DNA 

even more vulnerable to oxidative stress.      The origins of reactive oxygen attacks on 

spermatozoal DNA are various, however, there are four main ways most plausible: (1) 

intrinsic production of free radicals; (2) infection and leukocyte infiltration of the 

seminal and epididymidal plasma; (3) deficiencies in extra-cellular antioxidant 

protection of spermatozoa; (4) exposure to oxidative stress producing toxins.  

(1) Already in 1946, Tosic and Walton reported, that ROS are generated in spermatozoa 

– the first report on intrinsic formation of hydrogen peroxide in any cell (Tosic and 

Walton, 1946). Today it is established that ROS are generated preferably by 

mitochondria, while the role of NADPH oxidase complexes in the plasma membrane is 

also discussed (Aitken et al., 2003). There are strong associations between a lack of 

motility and DNA damage of spermatozoa and increased intrinsic ROS production 

(Koppers et al., 2008).  

(2) Following their release from the Sertoli cells in the testis, spermatozoa spend 5-7 

days in the epidymidis to complete their post-testicular maturation. Hence, the 

epidymidis secrets many protective factors, to ensure that the immature spermatozoa 

are not damaged by ROS. These include free radical scavengers, such as Vitamin C, 

taurine or uric acid as well as antioxidant enzymes such as the glutathione peroxidase 
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5. This peroxidase is only found in the epidymidis and its knockout in rodent models 

results in increased oxidative damaged DNA as well as birth defects. While the 

protective role of the epidymidis plasma is clearly established, this is not the case for 

semen plasma (Rivrud, 1988; Sipinen et al., 2010). It is clear that semen plasma 

contains many antioxidants as well as free radical scavengers and it was shown that in 

vitro induced oxidative stress triggered DNA damage which is reduced when Vitamin C 

is supplemented (Linschooten et al. 2011). But in vivo this could not be clearly 

established, suggesting that leukocytes and not a lack of antioxidant protection are 

responsible for oxidative stress (Aitken and De Iuliis, 2010). 

(3) Leukocytes are known producers of ROS in any tissue and are a normal component 

of the seminal plasma as well as epididymidal plasma. Hence, especially when 

activated, leukocytes, especially neutrophils and macrophages are considered one of 

the major sources of oxidative stress induced DNA damage in spermatozoa. While 

leukocytes in the ejaculate are only in short contact with spermatozoa, this is not the 

case in chronic inflammation or when the  leukocytes infiltrate the epidymidis.  Beside 

inducing DNA damage, ROS can also attack the spermatozoal plasma membrane, 

resulting in diminished motility. This is, because the spermatozoal plasma membrane is 

highly enriched in of polyunsaturated fatty acids, especially docosahexaenoic acids, 

which are essential for the required fluidity when fertilising the oocyte. However, these 

highly unsaturated fatty acids are prone to oxidative stress, as the double bond 

composition of this acids triggers reactions like hydrogen abstraction resulting 
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consequently in initiating the lipid peroxidase reaction (Aitken and De Iuliis, 2010; 

Sakkas and Alvarez, 2010).  

(4) Stimulation of ROS leakage from mitochondria in spermatozoa resulting in DNA 

damage was shown via in vitro exposure with rotenone which triggered ROS 

production at complex I of the electron transport chain. Also exposure to 

electromagnetic radiation as well as polyunsaturated fatty acids resulted in ROS 

generation (Shaman et al., 2007).   

 

 

 

Figure 1.4.5. 8-hyrdoxy, 2’deoxyguanosine DNA adduct formation following reactive 

oxygen exposure. 
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1.4.6. The two step hypothesis for the origins of DNA damage in spermatozoa  

Based on the hypothesis of abortive spermiogenesis and post testicular induced DNA 

damage, a two step hypothesis for the origins of DNA damage can be assumed. 

Impaired spermiogenesis, either induced or spontaneous can result in persistence of 

histone complexes in less compacted and protected spermatozoa which are 

consequently highly vulnerable to DNA damage. This is, because spermatozoa usually 

compensate their lack of DNA repair and ROS-scavengers enzymes through the highly 

compacted structure of the spermatozoa nucleus. But when this protection is partially 

lost, spermatozoa highly vulnerable to DNA damage, especially to oxidative attack. 

Hence, when spermatozoa with poorly remodelled chromatin, either during the 

transport from testis to the epidymidis or during maturation in the epidymidis are 

exposed to stress or compounds which induce oxidative stress, such as cigarette smoke 

or  magnetic radiation, it is very  likely that these are damaged and how signature of 

apoptosis, such as FAS, Caspases-3, -9, -13 expression. Also, oxidative base adducts are 

expected (Figure 1.4.5) (Aitken and De Iuliis, 2010, Aitken et al., 2009, Aitken et al., 

2009, Saccas and Alvarez, 2010). 
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Figure 1.4.6. Two step hypothesis for the origins for DNA damage in spermatozoa, 

based on reviews by Aitken et. al. (2011) and Sakkas et al. (2010). 
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1.4.7. Numerical and structural chromosomal aberrations 

Approximately 2 million successful conceptions are lost annually in the United States 

before week 20 of gestation and of these approximately 30-50% have either a 

structural or numerical chromosomal aberrations. Of about 4.2 million newborns 

annually, 5% show a birth defect and 0.6 % a chromosomal aberration. About 80 % of 

these aberrations are considered de novo mutations of parental origin.  While sex-

chromosome aneuploidies are primarily of maternal origin, autosomic aneuploidies 

and structural chromosomal abnormalities are mainly of paternal origin (Wyrobek et 

al., 1996). Usually embryos showing an aneuploid karyotype die during the early stages 

of development, but certain embryos showing aneuploidies trisomy 21, trisomy 13, 

trisomy 18, or triple X, XO, XXY, or XYY may survive birth. However, these individuals 

will suffer from severe genetic diseases, such as the Klinefelter or Down Syndrome. 

Hence, detecting these chromosomal abnormalities found in the offspring early in 

spermatozoa or the oocyte before pregnancy is of standard clinical practice (Crow, 

2000; Marchetti and Wyrobek, 2005; Shelby, 1996; Tommerup, 1993; Wyrobek et al., 

1996). In many countries like the UK and USA, tests to detect these numerical 

abnormalities became clinical standards, particularly in families with risk factors, such 

as earlier pregnancy loss, history of cancer or known hereditary diseases in the 

relatives. Many causes for numerical aberrations in spermatozoa  were suggested, such 

as chromosomal differences in the susceptibilities to male segregation (Beechey and 

Searle, 1991), chromosomal non-disjunction (Marchetti and Wyrobek, 2005); 

kinetochores- or microtubule-perturbations (Mailhes and Marchetti, 2005).                     
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Chromosomal aberrations in spermatozoa were shown to be significantly increased in 

males exposed to lifestyle or environmental agents, such as cigarette smoking, air 

pollution, chemotherapy, alcohol or valium consumption (Olshan, 1995; Savitz et al., 

1994). Additionally, there is a highly significant correlation between increasing age of 

fathers and the increase in chromosomal aberrations in spermatozoa (Eskenazi et al., 

2003; Sloter et al., 2004). Direct evidence for the transmission of paternal 

chromosomal alterations to the offspring following exposure was shown in many 

rodent models, for instance exposure of male rodents to germinal mutagens or 

carcinogens, (followed by mating with untreated female rodents) resulted in 

chromosomal deletions, translocations, duplications and carcinogenesis in the 

offspring or early pregnancy loss (Marchetti and Wyrobek, 2008; Sega, 1991; Sega et 

al., 1989). Although there are suggested causative linkages, no direct evidence for the 

transmission of chromosomal aberrations following exposure to mutagens/carcinogens 

in humans can be given, except that 90% of human carcinogens cause chromosome 

damage.  

However, very few studies investigated structural aberrations in spermatozoa. Sloter et 

al. were the first to detect structural aberrations in spermatozoa using FISH 

technology.  The frequencies of chromosomal breaks at the 1q12 locus, a possbile 

fragile site, were assessed on a molecular level using FISH in healthy individuals. The 

authors extrapolated their data on chromosomal break frequency at the 1q12 locus, 

with data produced with the hamster-oocyte assay (conventional karyotyping) 

resulting in a nearly equal chromosomal break frequencies. Based on this, it was found 
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that, nearly all chromosomal breaks found in the fertilized oocyte must have pre-

existed in spermatozoa before fertilization as no further chromosomal breaks were 

induced after fertilization and there was apparently no negative selection against 

spermatozoa with structural alterations during fertilization (Rupa et al., 1997; Sloter et 

al., 2000). Surprisingly, there were only three studies more from the same group 

reporting significant increases of breaks at 1q12 for smokers, older men and men 

suffering from oligospermia. 
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1.5. Fragile Sites  

1.5.1. Overview  

Chromosomal fragile sites (FSs) are non-random specific loci which are prone to exhibit 

chromosome instability and contribute to the formation of DSBs following partial 

inhibition of DNA-synthesis or occur spontaneously. Common fragile sites (CFSs) are 

present in all individuals, while rare fragile sites (RFSs) are only found in <5% of the 

population segregating in a Mendelian manner with varying incidences. However, also 

de novo appearance is reported (Debacker and Kooy, 2007; Schwartz et al., 2006; 

Sutherland et al., 1998). In vivo induction of fragile sites was shown for FRA18C, FRAXA, 

FRAXE, FRA12A FRA11, FRA7D as well as FRA7A. This is associated with expression of 

severe mental retardations, such as the Jacobson (FRA11B) or Russell-Silver syndrome 

(FRA7D) (Jones et al., 1995; Winnepenninckx et al., 2007; Yoshihashi et al., 2000) or 

epithelial cancers (FRA7A). The hypothesis that fragile site expression plays a central 

role in human carcinogenesis, based on the correlation between chromosomal bands 

mapping for FSs and bands harbouring oncogenes was put forward 27 years ago (Yunis 

and Soreng, 1984) and was in recent years proven for several fragile sites such as 

FRA3B, FRA16D, FRA7D and FRA7A (Ciullo et al., 2002; Coquelle et al., 1997; Hellman et 

al., 2002). There is increasing evidence that fragile sites are interspecies-conserved, as 

has also been reported in other primates, such as pig, horse, dog, mouse, rat, cow, cat 

and even in the yeast Saccharomyces cerevisiae as hotspots for evolutionary 

breakpoints. Hence, it was suggested that chromosomal evolution might be driven by 

the induction of fragile site expression within the genome (Ruiz-Herrera et al., 2006). 
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Fragile sites are classified according on their frequency within the population as rare 

and common fragile sites. While rare fragile sites or heritable fragile sites (n=31) are 

only found in <5% of the population, segregating in a Mendelian manner in certain 

families (Schwartz et al., 2006; Sutherland et al., 1998), with a variable incidence 

(Sutherland, 1982) or seemingly de novo (Debacker and Kooy, 2007). Common fragile 

sites (n=88) are, however, an intrinsic component of the chromosomal structure 

present in all individuals (Schwartz et al., 2006).  All cloned and molecularly 

characterized rare fragile sites (n=7) are associated with  expanded  p(CCG)n 

microsatellite repeats adjacent to a CpG islands or AT repeat islands, leading to 

increased fragility. However, all cloned common fragile sites (n=13) are associated with 

interrupted stretches of AT dinucleotides and it is not clear, if there are specific 

sequence requirements for fragility at common fragile sites or if they share similar 

characteristics underlying fragility of the  rare fragile sites (Zlotorynski et al., 2003).  

The mode of fragile site induction is equal for common and rare fragile sites: 

Spontaneously or under replication stress conditions such as dTTP/dCTP poor culture-

medium, diet or cigarette smoke, replication along fragile sites is specifically delayed or 

stalled compared to non-fragile regions, leading in consequence to single-stranded 

(unreplicated) stretches of DNA. These lesions usually result in S-phase and/or G2/M-

phase, through DNA damage response proteins, ataxia-telangiectasia/RAD3 related 

(ATR) and ataxia-telangiectasia mutated (ATM). Either induction of repair mechanisms, 

cell cycle arrest or apoptosis will subsequently prevent these damaged cells from 

further proliferation. However, occasionally these unreplicated sequences escape their 
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checkpoint controls, particularly in cells lacking robust DNA checkpoint controls, such 

as cancer cells. In this case, additional breakage of the already weakened single-

stranded region, caused by replication stress due to environmental/lifestyle toxicants 

or even spontaneously can easily occur, resulting in a double-strand break and leaving 

a chromosome with a terminal deletion to enter replication (Glover et al., 2005) (Figure 

1.5.2.). If left unrepaired a single DSB at a fragile site can be lethal or provide the 

opportunity for cytogenetic alterations: amplification through the breakage-fusion-

bridge cycle (Hellman et al., 2002); formation of de novo telomeres leading to 

stabilisation of the broken chromosome (Villa et al., 1997); non-reciprocal 

translocation (Jones et al., 1995); sister-chromatid exchanges (Glover and Stein, 1987; 

Kotzot et al., 2000); deletions of sequences or the entire chromosome arm (Jones et 

al., 1995); integration of transfected DNA, e.g. plasmids (Rassool et al., 1992; Rassool et 

al., 1991); and chromosomal duplications (Kotzot et al., 2000).  

The concurrence between the locations of fragile sites and de novo breakpoints of 

chromosomal rearrangements in spontaneous abortions and infants led to the 

suggestion that certain fragile sites are predisposed to breakage during 

spermatogenesis (Hecht and Hecht 1984; Warburton 1991). However, until today, 

there have been only three studies by the Wyrobek group, assessing the breakage 

frequency of a putative fragile site at 1q12 (Sutherland, 1991) in spermatozoa. 

Interestingly, this region on 1q12 has not defined in any review or study within the past 

15 years as one of the 110 fragile site regions in humans (Sloter et al., 2000) (Figure 

1.5.1.).
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Figure 1.5.1. Model for induction of fragile site expression in somatic cell, details are explained in the text. 
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1.5.2. Rare Fragile Sites 

Rare fragile sites are subdivided as folate sensitive (n=24) and non-folate sensitive 

(n=7) according to their mode of expression in folic acid/thymidine under-

supplemented, i.e. dTTP/dCTP deficient culture medium, which affects DNA 

metabolism and results in perturbed DNA synthesis. For all seven cloned and molecular 

characterised rare fragile sites a similar molecular basis of underlying fragility and  

increases in helix flexibility have been shown (Glover et al., 2005). This fragility was 

caused by intergenerational and somatic expansion of p(CCG)n repeats adjacent to CpG 

islands. While normal individuals carry alleles varying between 4-50 CCG repeats at rare 

fragile sites, certain individuals having these stretches amplified and can carry up to 

1000 CCG repeats. These expanded CCG trinucleotides repeats were shown to enhance 

helix fragility since: (1) CCG repeats are prone to form stable, secondary structures 

(non-B DNA conformation) such as tetrahelical- or intra-strand hairpin-structures, 

which were shown to perturb elongation and stall replication fork progression leading 

to very late replication of rare fragile sites in S-phase; (2) CpG islands adjacent to 

expanded CCG repeats can become hypermethylated; and (3) CCG repeats can affect 

helix flexibility resulting in repression of nucleosome assembly, which perturbs 

replication and chromatin organization leading to decondensation. Recent findings, 

showed that some common and rare fragile sites can share an equal molecular basis 

(AT-rich minisatellite repeats leading to DNA flexibility): common fragile sites that 

harbour uninterrupted AT-repeats might in rare cases evolve by expansion of these 

repeats into rare fragile sites. Those rare fragile sites with expanded AT-repeats were 
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shown to be expressed spontaneously (Zlotorynski et al., 2003).  (Schwartz et al., 2006; 

Sutherland et al., 1998). Two folate sensitive rare fragile sites, FRAXA and FRAXE are of 

clinical importance as both are associated with mental retardation. Breakage of FRAXA 

is the major cause for the fragile X-syndrome, the most common type of familial mental 

retardation, which is a semi-dominantly inherited disease and occurs in 1 out of 4000 

males and 1 out of 6000 females (Kremer et al., 1991; Ludecke et al., 1991; Pieretti et 

al., 1991). Breakage of FRAXE occurs mostly in young males and is associated with the 

development of a multisystem, neurogenerative disorder  termed “fragile-X associated 

tremor/ataxia syndrome”, as its syndromes are tremor and ataxia (Knight et al., 1993; 

Sutherland, 1977; Verkerk et al., 1991).                                                                                                                                             

Non-folate sensitive fragile sites are either induced by bromodeoxyurine or the related 

compounds berenil or distamyicin A. Two non-folate fragile sites were cloned and 

characterised, FRA10B and FRA16B, both revealing polymorphic AT/TA microsatellites 

of up to 33bp and AT repeat concentrations of up to 91%. However, in comparison to 

folate-sensitive fragile sites, they did not contain amplified (CCG)n microsatellite. 

Hence, it was suggested that fragility at this fragile site type is mainly caused by AT/TA-

rich repeat stretches, which were shown to cause perturbation of DNA replication, the 

formation of hairpin DNA structures and a further stalling of the replication fork. 

Consequently, these naturally weakened DNA stretches of non-folate sensitive fragile 

sites can easily break when they are further weakened by replication inhibitors such as 

bromodeoxyurine due to replacement of its thymidine bases (Brown and Fox, 1996; 

Handt et al., 2000; Hewett et al., 1998; Hsu and Wang, 2002).   For non folate-
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sensitive fragile sites, no clinical cases are reported, while there are some causative 

links between expression of FRA8E and development of the Langer-Giedon syndrome 

(Hou et al., 1995) . 

 

 

1.5.3. Common Fragile Sites 

Common fragile sites (n=88) are a normal component of the chromosomal structure 

present in all individuals and are defined as regions particularly sensitive to forming 

gaps, constrictions or breaks after partial DNA synthesis inhibition, through the 

polymerase inhibitors aphidiciolin and camptothecin as well as spontaneously. 13 

common fragile sites have been cloned and analyzed on a molecular level: FRA2G 

(chromosomal band 2q31); FRA3B (3p14.2); FRA4F (4q22); FRA6E (6q26); FRA6F (6q21); 

FRA7E (7q21.2); FRA7G (7q31.2); FRA7H (7q32.3); FRA7I (7q36); FRA8C (8q24.1); FRA9E 

(9q32); FRA16D (16q23.2); and FRAXB (Xp22.31) (Schwartz et al., 2006; Sutherland et 

al., 1998). Compared to rare fragile sites, fragility at common fragile sites is not well 

established. In none of the 13 cloned common fragile sites amplified were CCGn repeats 

found, which are responsible for fragility at rare fragile sites. However, in comparsion 

to non-fragile regions, all common fragile sites have in common: (1) significantly 

increased AT repeat concentrations; (2) a length of at least 500 kbp; (3) significant 

increases of peaks of helix flexibility;  (4) enrichment of LINE- and Alu-sequences; (5) 

and contain either a viral or retro-viral integration site (except for FRA16D). It was 
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shown that all common fragile sites were among the latest replicated regions within 

the genome. However, it remains unclear if these characteristics are indeed the reason 

for fragility expression (Arlt et al., 2002; Boldog et al., 1997; Huang et al., 1998; 

Mishmar et al., 1998; Ried et al., 2000; Wilke et al., 1996).                   

There are four common fragile sites which are expressed in vivo and are important for 

clinical practise: the two most common expressed fragile sites FRA3B and FRA16D are 

associated with activation of the tumour suppressor genes FHIT and WWOX, which can 

induce and trigger carcinogenesis (discussed in detail below).  FRA6E and FRA13A are 

associated with severe mental diseases:  autosomic recessive juvenile Morbus 

Parkinson following FRA6E induction (Denison et al., 2003) and idiopathic autism 

following FRA13A activation (Savelyeva et al., 2006a; Savelyeva et al., 2006b). 

 

 

1.5.4. Common fragile site FRA3B – most expressed fragile site in humans  

The CFS FRA3B (http://www.ncbi.nlm.nih.gov/sites/entrez?Db= 

gene&Cmd=retrieve&dopt=full_report&list_uids=2272&log$=genesensorsearch&logdb

from=pubmed) is the most frequently expressed and best characterized fragile site in 

humans. FRA3B maps for 0.51 Mbp on chromosomal band 3p14.2.2 and is located 

within the centre of the Fragile Histidine Triad (FHIT) gene, which spans approx 1.5 

Mbp. FHIT is a tumour suppressor gene, transcribing an only 1.1 kbp transcript, which 

consequently translates for the diadenosine triphosphate hydrolase-type protein - a 
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homologue of the yeast diadenosine tetraphosphate (Ap(4)A) hydrolase (Barnes et al., 

1996). Many characteristics of common fragile sites were shown at FRA3B for the first 

time: late replication compared to non-fragile regions, significant increased AT-repeats  

and helix flexibility;  replication fork stalling by inhibitors such as aphidiciolin (resulting 

in up to 16.5 % of unreplicated sequences in the G2-phase); and as consequence of this 

an increased fragility at these unreplicated, single-stranded loci.  

In human carcinogenesis, FRA3B together with the FHIT tumour suppressor gene, 

represents a chromosomal rearrangement and mutation hotspot due to its massive 

length of 1.5 Mbp and sequences characteristics. These are mostly homologous 

deletions (HD)  of 10 kbp to 500 kbp within its exon 5, which are frequently found in 

carcinomas of the lung, breast, gastrointestinal tract and cervix (Boldog et al., 1997; 

Huebner et al., 1998) (Huebner and Croce, 2003); translocatios following a double 

strand break, commonly found in cancers of the parotid gland (Geurts et al., 1997), 

oesophagus, lung and kidney (Fang et al., 2001; Glover and Stein, 1988; Sozzi et al., 

1996) (Ohta et al., 1996). Especially translocations following breakage within FRA3B in 

kidney cells are very common and were  the first report associating FHIT as a tumour 

suppressor gene. Translocations at FRA3B are also very frequent in cancer cell line 

models  of the breast, liver and stomach (Keck et al., 1999; Popovici et al., 2002) .  There 

is striking evidence that rearrangements of the FHIT gene trigger carcinogenesis, as it 

was shown that upregulation of FHIT resulted in inhibition of tumorigenicity in different 

caners (Siprashvili et al., 1997); inactivation of FHIT in rodent models induced gastric 

tumours (Zanesi et al., 2001); FHIT deficient rodents are more susceptible to 
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development of neoplastic disease via carcinogen exposure   (Fong et al., 2000); 

transfection of FHIT-deficient cancer cell lines with the FHIT gene resulted in reversion 

of the neoplastic phenotype,  tumorigenicity, increased apoptosis and G0/G1 cell cycle 

arrest (Sard et al., 1999; Siprashvili et al., 1997); and targeted deletions at FRA3B 

resulted in FHIT loss of function (Huebner et al., 1998) (Figure 1.5.4.). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.1.5.4. Ideogram of chromosome 3 

with the location of FRA3B, telomeres and 

centromere, based on National Centre of 

Biotechnology information data 

(http://www.ncbi.nlm.nih.gov/projects/m

apview/maps.cgi?taxid=9606&chr=3&MA

PS=genec,ugHs,genesr&cmd=focus&fill=80

&query=uid(12719751)&QSTR=fra3b). 
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1.5.5. Common fragile site FRA16D –second most expressed fragile site in humans  

FRA16D was first described in 1983 as aphidiciolin-sensitive CFS and represents the 

second most expressed fragile site in humans.  FRA16D maps to  chromosomal band 

16q23.2(http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=retrieve&dopt=full

_report&list_uids=2463&log$=genesensorsearch&logdbfrom=pubmed) and, similar to 

FHIT at FRA3B, also centres within an unusually large tumour suppressor gene, the WW 

domain containing oxidoreductase (WWOX, also known as WOX1 or FOR) (Barbi et al., 

1984; Shabtai et al., 1983). WWOX spans for a DNA stretch of approx. 1 Mbp and 

transcribes an only 2.2 kbp small product, which endcodes a 46 kDa protein, containing 

two WW domains and a short chain dehydrogenase/reductase domain (Ried et al., 

2000).  In comparison with non-fragile regions, FRA16D has a significantly increased 

concentration of AT repeats, peaks of high helix flexibility and its replication time is  

significantly delayed (Palakodeti et al., 2004). Genetic alterations at FRA16D, and 

consequentially its WWOX gene, are found in many cancers, mostly due to loss of 

heterogozity (LOH) as shown for carcinomas of the breast, lung, liver, ovary, 

oesophagus and prostate (Latil et al., 1997); or homogenous deletions found in 

adenocarcinomas of the stomach,  breast , lung, colon and ovary (Bednarek et al., 2000; 

Finnis et al., 2005; Mangelsdorf et al., 2000; Paige et al., 2000; Ried et al., 2000). In up 

to 25% of all multiple myelomas breakage followed by translocation events at FRA16D 

were shown (Bednarek et al., 2000; Chesi et al., 1998; Krummel et al., 2000; Ried et al., 

2000). All these rearrangements are mostly accompanied by either an entire loss or a 

significant decrease of WWOX gene expression. There is compelling direct evidence for 
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a role of WWOX as a tumour suppressor, as: it is an apoptogenic protein, due to its 

contribution in caspase-mediated p53 cell death (Fabbri et al., 2005); overexpression of 

WWOX in “normal” as well as cancer cells resulted in inhibition of tumour development 

and progression (Bednarek et al., 2001; Fabbri et al., 2005); and rodents carrying 

targeted deletions of WWOX, spontaneously developed lung papillary carcinomas and 

osteosarcoma (Aqeilan et al., 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.1.5.5. Ideogram of chromosome 16 with 

the location of FRA16D, telomeres and 

centromere, based on National Centre of 

Biotechnology information data 

(http://www.ncbi.nlm.nih.gov/sites/entrez?Db

=gene&Cmd=retrieve&dopt=full_report&list_ui

ds=2463&log$=genesensorsearch&logdbfrom=

pubmed) 
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1.5.6. FRA3B and FRA16D alterations induced by tobacco smoke  

Considering that 78% of all lung cancers are attributed to tobacco smoke exposure, 

there is direct evidence that toxicants found in tobacco smoke induce genetic 

alterations at the at fragile FRA3B locus, as it was shown that: deletions of the 3p-arm 

are an early step in lung carcinogenesis; nearly all lung cancer patients show LOH at the 

3p-arm; 80 % of all cigarette smoke associated lung cancers show significantly 

increased alterations of the FRA3B fragile site; the FHIT protein was significantly 

decreased in lung cancer cells of smokers compared to non-smokers (Brauch et al., 

1987; Holschneider et al., 2005; Mao et al., 1997; Tong et al., 1996);  LOH found along 

FRA3B sequences were significantly increased in non-small cell lung (NSCL) cancer cells, 

(Garinis et al., 2001); HDs within FHIT gene were significantly increased in lung cancer 

cells (Nelson et al., 1998); time dependant (early) loss of FHIT mRNA-expression and 

protein, as well as bulky DNA adduct formation, after in vivo exposure of rodents to 

cigarette smoke (D'Agostini et al., 2006; De Flora et al., 2008; De Flora et al., 2007); and 

significantly increased LOH in adenocarcinoma (Yohena et al., 2007).               

However, also other cancers than lung cancer showed aberrations at FRA3B following 

tobacco smoke consumption: carcinomas of the cervix and oesophagus of smokers 

revealed significant decreases or loss of FHIT protein compared to non-smokers (Mori 

et al., 2000); LOH at FRA3B was found in oesophagus cancer cells of smokers  (Sozzi et 

al., 1997); and cervical carcinoma cells significantly increased HD and LOH within the 

FHIT gene/FRA3B locus, as well as loss of FHIT expression (Holschneider et al., 2005). 

Importantly, double strand breaks found in lymphocytes of smokers compared to non-
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smokers were compared to non-smoking healthy controls as well as to lung cancer 

patients, who had stopped smoking, revealing that The DSB frequency at the FRA3B 

site was found to be significantly increased in current smokers compared to non-

smokers as well as in lung cancer patients. Thus it was suggested that active cigarette 

smoking increases fragile site expression, as well as that this fragility is transient and 

reversible. However, the study was performed with G-banding, followed by karyotyping 

and not at a molecular level via FISH. Therefore, these data are not very accurate, since 

FISH provides up to 1000 fold higher resolution compared to karyotyping (Stein et al., 

2002). In a similar way Kao-Shan and co-workers reported in 1987 significantly 

increased fragile site expression frequency, in particular FRA3B, for lymphocytes of 

smokers compared to non-smokers, suggesting that fragile site expression in 

lymphocytes is sensitive to cigarette smoking (Kao-Shan et al., 1987).                     

However, for FRA16D, there was only one study, showing a significant increase of 

deletions at FRA16D sequences in non-small cell lung cancer (NSCLC) tissues. Since 

cigarette smoke is responsible for nearly 85% of all NSCLC, it was suggested that 

cigarette smoke might induce the expression of FRA16D (Yendamuri et al., 2003). Two 

studies reported significantly increased expression of all fragile sites within the genome 

of lymphocytes in smokers compared to non-smokers. However, the authors did not 

particularly focus on FRA16D (Stein et al., 2002; Tice et al., 2000). 
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1.5.7. Chromosomal evolution 

Genomes are constantly changing through two main ways: point mutations and 

genome rearrangements. To express the amplitude of these two changes, “a picture of 

the landscape” was used to compare both, in which point mutations are analogous to 

erosions by wind and, the genomic rearrangements are analogous to earthquakes. It 

was long believed, that chromosomal evolution occurs entirely randomly through 

genome rearrangements based on the  algorithms by Nadeau and Taylor (Nadeau and 

Taylor, 1984). This hypothesis was consequently termed the “random breakage 

model”. However, in 2003 it was proven wrong and shown that these rearrangements 

are happening along evolutionary faults within the genome, also termed 

“rearrangement hot spots” (Bourque et al., 2004; Murphy et al., 2005; Pevzner and 

Tesler, 2003a; Pevzner and Tesler, 2003b). As opposed to the older “random breakage 

model”, this was termed the” fragile breakage model”. It implies that breakpoints from 

the same genomic regions are systematically re-used during chromosomal evolution 

and these evolutionary breakpoints were termed fragile regions. These loci were 

shown to be significantly prone to DNA breakage and reorganization. A limitation of the 

“fragile breakage model” was the imprecise location of these evolutionary breakpoint 

regions, which could not show a possible overlap with fragile sites as well as cancer 

breakpoints (Alekseyev and Pevzner, 2007; Peng et al., 2006; Pevzner and Tesler, 

2003b). However, Ruiz-Herrera et al.  recently showed a significant correlation between 

the locations of fragile sites and evolutionary breakpoints, suggesting that fragile sites 

represent the main factor which triggers the chromosomal evolutionary process 
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(Robinson et al., 2008; Ruiz-Herrera et al., 2006; Ruiz-Herrera et al., 2005). Importantly, 

fragile sites were shown to be highly conserved during chromosomal evolution of 

mammalians: many fragile sites of the human have been found at the corresponding 

loci of chromosomes from different great apes (Ruiz-Herrera et al., 2002; Smeets and 

van de Klundert, 1990; Yunis and Soreng, 1984) and orthologs of human fragile sites are 

located in the synthetic regions of many other mammalian species, such as in the 

mouse, cat, dog, pig, horse, cattle and rat (Elder and Robinson, 1989; Helmrich et al., 

2006; Robinson and Elder, 1987; Ruiz-Herrera et al., 2006; Ruiz-Herrera et al., 2005). 

This interspecies conservation comprises also equal gene loci spanning the fragile site 

regions, as shown in detail for the highly conserved murine FHIT (Matsuyama et al., 

2003) and WWOX (Krummel et al., 2002) tumour suppressor genes (Table 1.5.7.) 
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Table 1.5.7.  Molecular characterised and cloned human common fragile sites with their chromosomal locations, associated genes 

and diseases as well as their murine orthologs (* Murine FRA6E was not molecular characterized yet).

Human Murine 

Fragile site  Chr. band Genes Associated 

diseases 

Reference Fragile site 

ortholog 

Chr. band Genes Reference 

FRA3B 3p14.2 FHIT Cancer (different 

types) 

(Barnes et al., 1996) FRA 14A2 14pA1-A2 FHIT (Glover et al., 1998) 

FRA16D 16q23 WWOX Cancer (different 

types) 

(Barbi et al., 1984; 

Shabtai et al., 1983) 

FRA 8E1 8qE1 WWOX (Krummel et al., 2002) 

FRA6E 6q26 Parkin, 

MAP3K,  

JuvenileParkinson; 

Cancer (liver) 

(Cesari et al., 2003; 

Denison et al., 2003) 

FRA17A1 * 17qA1 * Parkin, 

MAP3K, LPA 

(Durkin and Glover, 2007) 

FRA4F 4q22 GRID2 Cancer (liver) (Rozier et al., 2004) FRA 6C1 16qC1 GRID2 (Rozier et al., 2004) 

FRA7G 7q31.1 CAV1, 

CAV2, LPA 

Cancer (different 

types) 

(Engelman et al., 

1998; Jenkins et al., 

1998) 

FRA 6A3.1 6qA2 CAV1, CAV2, 

LPA 

(Helmrich et al., 2006) 

FRA7H 7q32.3 EXOC4 Not known (Mishmar et al., 1998) FRA 6B1 6qB1 EXOC4 (Helmrich et al., 2006) 

FRA7K 7q31.1 IMMP2L Not known (Helmrich et al., 

2007) 

FRA 12C1 12qC1 IMMP2L (Helmrich et al., 2007) 

FRA9E 9q32-33.1 PAPPA, 

ROD1,  

Cancer (ovary) (Callahan et al., 2003) FRA 4C2 4qC2 PAPPA, ROD1, 

KLF4 

(Helmrich et al., 2006) 

FRA2G 2q31 IGRP, 

RDHL, LRP 

Not known (Limongi et al., 2003) FRA 2D 2pD IGRP, RDHL, 

LRP 

(Helmrich et al., 2006) 
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1.6.  Male reproductive toxins 

1.6.1.Overview 

Male reproductive toxins are compounds which can affect reproductive capabilities 

including DNA damage and mutations of the male germ cells and may also affect the 

normal development of the foetuses. This mechanism is described as “male 

teratogenesis” (Anderson, 2005; Anderson et al., 1999). Conventionally , highly 

teratogenic chemicals in the male include 1,2-dibromo-3-chloropropane, nonylphenol, 

genistein, polycyclic aromatic hydrocarbons, acrylamide, 1,3-butadiene, aflatoxins and 

dioxins. In man, one of most best studied reproductive toxins affecting normal 

development of the offspring is cigarette smoke. During smoking, the entire physiology 

of the body is under oxidative stress, and this is nowhere more apparent than in 

spermatozoa, showing more than 50% higher levels of DNA fragmentation as well as 

oxidative base and BAPDE adduct formation. The damaged spermatozoon can still 

successfully fertilize the oocyte; however, there are significant increases of abnormal 

development of the embryo and childhood cancer of the newborn, particularly 

leukaemia (Aitken et al., 1998; Aitken et al., 2004; Ji et al., 1997). 
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1.6.2. Tobacco Smoke  

The aerosol of cigarette smoke emerging from a single cigarette drag contains about 

4800 compounds and 10
10

 particles/ml (Hecht, 1999). A typical cigarette contains up to 

~50% carbohydrates and proteins, 1 – 5 % alkaloids (~90% nicotine), 1 - 4.5 % 

polyphenols, 1 - 2.5% phytosterols and in amounts of 0.01 to 5% carboxylic acids, 

aromatic hydrocarbons, alkanes, ketones, aldehydes, amines, nitriles, alkali nitrates, O- 

and N-heterocyclic elements, pesticide and ~30 metallic compounds (including 

cadmium). The most popular cigarette compound, the alkaloid nicotine, is responsible 

for addiction to cigarettes but it is neither carcinogenic nor mutagenic. For 60 other 

compounds of whole and extracts of cigarette smoke “sufficient evidence of 

carcinogenicity” was found in humans by the International Agency for Cancer Research 

(IACR). Among these 60 grade I carcinogens are the groups the of  poly-aromatic 

hydrocarbons (PAH) such as benzo[a]pyrene, volatile compounds such as benzenes, 

radioactive elements such as polonium 210 as well as aromatic- and nitro-amines 

(Hoffmann et al., 2001; Pfeifer et al., 2002). Benzo[a]pyrene is by far the most 

carcinogenic due to its high concentration of 6-40 ng per combusted cigarette within 

these 60 grade I carcinogens. 

There is compelling evidence that these 60 carcinogenic compounds of cigarette smoke 

are responsible for 30% of all cancer deaths in the world, such as carcinomas of the oro 

and hypo pharynx, oesophagus, larynx, pancreas, kidney, bladder and lung (IACR, 1986; 

WHO, 1997). For lung cancer alone, it was estimated that 78 % of all cases are 

attributed to cigarette smoke exposure (Tong et al., 1996). Each year, the total number 
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of cigarette smoke associated deaths reaches ~ 4 million individuals (among them ~1 

million deaths from lung cancer) and it was projected that the cigarette smoking death 

toll will rise to 8.4 million in 2020 (Murray and Lopez, 1997a; Murray and Lopez, 

1997b). Although, the annual increase of anti-smoking campaigns and restrictive laws 

led to a decrease of smokers from ~42 % in 1965 to ~25 % in 1990 within the US 

population, since 1990 this number has not changed up to today, indicating a hard-core 

population of smokers who will continue to smoke 

Beside these well-known effects on somatic cells, cigarette smoke was shown to affect 

the reproductive system, as significant increases in: congenital malformations (Hearey 

et al., 1984; Holmberg and Nurminen, 1980; Mau and Netter, 1974; Savitz and Harlow, 

1991); neo- and prenatal mortality (Mau and Netter, 1974; Yerushalmy, 1971); male 

infertility (Baird and Wilcox, 1985; Olsen, 1991); and childhood cancer risk in the 

offspring (Grufferman et al., 1982; Ji et al., 1997; John et al., 1991; Kramer et al., 1987; 

McCredie et al., 1994; Norman et al., 1996; Preston-Martin et al., 1982) were found 

following cigarette smoke exposure. This was possible as many cigarette smoke 

compounds could cross the blood-testis and the blood-placenta-barrier: (1) cadmium 

(0.2µg inhaled per cigarette) was found in the ovary, follicle, testis tissue, epididymides 

and seminal vesicles of smokers  (Oldereid et al., 1994; Telisman et al., 1997; Varga et 

al., 1993; Zenzes et al., 1995); (2) nicotine (0.8 - 1.8 mg inhaled per cigarette) and its 

metabolite cotinine, were detected in the seminal and follicular fluids in a dose-related 

association with tobacco smoke consumption (Pacifici et al., 1995; Pacifici et al., 1993; 

Rosevear et al., 1992; Vine et al., 1993; Zenzes et al., 1999a; Zenzes et al., 1996); and 
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(3) benzo[a]pyrene DNA-adducts were frequently found in cells of the reproductive 

system (discussed in detail below). 

1.6.2.1. Benzo[a]pyrene and its metabolite benzo[a]pyrene-7,8-diol-9,10-epoxide 

Benzo[a]pyrene (B[a]P), is a poly-aromatic hydrocarbon and belongs to the class of 

respiratory carcinogens. As an ubiquitous environmental pollutant every human is 

more or less constantly exposed to B[a]P. As a product of pyrolysis, it is found not only 

in cigarette smoke but in  grilled food (and other types of processed foods), coal-tars, 

coke ovens, iron foundries, urban air, asphalt, as well as in fuel condensate and diesel 

exhausts (Cohen and Pope, 1995; Garry et al., 2003; Spurny, 1996; Waters et al., 1991). 

B[a]P was shown either by implantation or inhalation in rodent models to induce lung 

and other carcinomas.  Caused by B[a]P’s high concentration of 6-40 ng per combusted 

cigarette, it is by far the most carcinogenic compound in cigarette smoke. This is 

because other, more carcinogenic compounds in cigarette smoke, such as 

dibenzo[a]pyrene or 5-methylchrysene, are in lower concentrations compared to B[a]P.  

B[a]P is only carcinogenic after metabolic activation to electrophilic reactive 

metabolites and the ability of these metabolites to bind covalently to DNA, hence 

giving rise to DNA adduct formation. As for any other indirect-acting carcinogen, 

detoxification begins after inhalation or ingestion with a powerful series of oxidation 

reactions, all with a high Vmax catalyzed through cytochrome P450 1A1 (CYP1A1) 

enzymes, which are bound to the endoplasmatic reticulum membranes: one H
+
 atom is 

added to B[a]P and produces an epoxide to increase B[a]P’s water solubility and 

converts it to a more readily extractable form.  Catalyzed by phase-2 enzymes, this 
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epoxide is rapidly hydrolyzed into hydroxyl groups, which are coupled to glucuronic 

acid, producing consequently a compound which is highly water soluble. However, 

some intermediate epoxides formed during the metabolic detoxification process are 

very slowly hydrolyzed, hence being highly reactive through the electrophilic centre of 

the epoxide. These intermediate epoxides of the (±)-7,8-dihydroxy- 9, 10-epoxy-7,8,9, 

10-tetrahydrobenzo(a)pyrene set, which are also known as Benzo[a]pyrene-diol 

epoxides (BPDEs) are the most carcinogenic B[a]P metabolites. One of BPDE’s four 

isomeric forms, the 7/3,8a-dihydroxy-9a, lOa-epoxy-7,8,-9, 10-

tetrahydrobenzo[a]pyrene, the “7R” or “+” enantiomer, is considered the most 

carcinogenic metabolite in any rodent model system and is known as the “ultimate 

carcinogen” (Burki et al., 1974; Kapitulnik et al., 1978; Levin et al., 1977; Sims et al., 

1974). BPDE is usually further metabolized by α-GST, which processes the nucleophilic 

glutathione attack on BPDE. However, when there is too much intermediate epoxide 

product, BPDE can react with the DNA, in particular with the 2-amino group of DNA’s 

guanosine, giving rise to the formation of DNA-adducts either by covalent binding or 

base oxidation after conversion via the AKR enzyme cascade (Jernstrom et al., 1996; 

Sundberg et al., 1998). However, beside via the BPDE attack on DNA, adducts may also 

arise from reactive oxygen species (ROS),  produced via CYP1A1 enzyme-complex 

catalyzation of B[a]P (Kim and Lee, 1997). B[a]P DNA adducts are usually eliminated via 

repair mechanisms of the cell, such as the nucleotide excision repair (Celotti et al., 

1993) or base excision repair (Krokan et al., 2000). However, in some cases these repair 

systems can be bypassed and DNA adducts escape repair (Cai and Guengerich, 2001; 
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Hoeijmakers, 2001; Pfeifer et al., 2002). If DNA-adducts persist unrepaired, single 

strand breakage or DNA miscoding, mostly G to T or A to T transversions can arise 

(Eastman and Barry, 1992; Hassold et al., 1996). These permanent mutations may still 

be avoided via apoptosis of the cell However if these permanent mutations occur at 

“key” positions of proto-oncogenes or tumour suppressor genes, this may lead to their 

activation or deactivation, as shown for p53-, KRAS-, FHIT- genes among others. 

Multiplication of such events may result in uncontrolled cell growth and development 

of carcinogenesis, as shown for lung, oesophagus, colon and many other cancers 

(International Agency for Research on Cancer, 2004). The in vitro toxicity of B[a]P has 

been shown by several groups using lymphocytes as surrogate cells, revealing dose 

dependent DNA damage (Kleinsasser et al., 2000; Polasa et al., 2004) induction as well 

as formation of BPDE DNA-adducts, i.e. metabolic activation in of B[a]P in lymphocytes 

(Wilms et al., 2005). 

B[a]P was shown to cross both, the blood testis-, as well as the blood-placenta-barrier, 

hence it has potential as a reproductive toxicant, as proven in many studies: BPDE-DNA 

adduct formation was detected in spermatozoa, embryos as well as in the ovary 

(Zenzes et al., 1999a) (Gallagher et al., 1993; Horak et al., 2003; Zenzes et al., 1998); 

time and dose dependent decreases in ovarian and corpus lutea volume; as well as 

destruction of primordial oocytes following exposure of rodents to B[a]P were reported 

(Mattison et al., 1989; Oldereid et al., 1994; Swartz and Mattison, 1985; Telisman et al., 

1997).  
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Figure 1.6.2.1. Metabolic activation of Benzo[a]pyrene to the ultimate carcinogen Benzo[a]pyrene-epoxide as well as formation of 

the Benzo[a]pyrene7, 8 Diol 9, 10 Epoxide – N2dGuanosine DNA adduct.  
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1.6.2.2. Effects of tobacco smoke on somatic cells 

The effect of cigarette smoke compounds on human cells and tissue has been 

reviewed extensively and there is compelling evidence that cigarette smoke is 

mutagenic as well as carcinogenic for somatic cells (DeMarini, 2004).   

Activating mutations in oncogene and tumour-suppressor genes following cigarette 

smoke exposure were found in the lung, oesophagus, larynx, mouth, hypo- and oro-

pharynx, pancreas, liver, bladder and kidney cells. The most frequently altered gene 

is p53 in lung cancer, which shows in 30% of all smoke associated cancers GC to TA 

transversions and it was demonstrated in animal studies that these transversions 

are directly due to PAH-DNA adducts (such as B(a)P) resulting from cigarette smoke 

exposure (Denissenko et al., 1996; Hainaut and Pfeifer, 2001; Pfeifer et al., 2002). 

Similar to p53, Kras (Ki-ras2) the 2
nd

 most frequently altered gene in cigarette 

smoke-associated cancers, shows in 66% of all lung cancers GC to TA transversions, 

which were also shown to be induced by PAH-DNA adducts (Gealy et al., 1999; 

Slebos et al., 1991). Many other genes, such as EGFR, Bcl-2, BAX and FHIT (which 

will be discussed later in detail) have also been identified as altered in cigarette 

smoking-associated cancers (Dosaka-Akita et al., 1999; Gealy et al., 1999; Schreiber 

et al., 1997; Sozzi et al., 1997). Beside the effects on the transcribing sequences, 

cigarette smoke was also shown to induce microsatellite instability, LOH or 

chromosome instability in cancers of the colon (Slattery et al., 2000), lung 

(Pylkkanen et al., 1997), bladder (Zhang et al., 1997) as well as in leukaemia 

(Sandler et al., 1993) and other myleodysplastic syndromes (Bjork et al., 2000; 

Davico et al., 1998) .                          
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 Mutagenic effects after cigarette smoke exposure of healthy individuals include 

significantly increased sister chromatid exchange frequencies in peripheral 

lymphocytes, reported in numerous studies (Bender et al., 1988; Kelsey et al., 1988; 

Lazutka et al., 1994; Perera et al., 1987); significantly increased chromosomal 

aberrations in peripheral lymphocytes (1990; Littlefield and Joiner, 1986; Tawn and 

Whitehouse, 2001), including increased frequencies of hyperploidy (Pressl et al., 

1999) as well as translocations (Pressl et al., 1999; Ramsey et al., 1995); significantly 

increased fragile site expression in peripheral lymphocytes (Stein et al., 2002; Tice 

et al., 2000); a significantly increased frequency of DNA DSB in lymphocytes (Poli et 

al., 1999), buccal cells (Gontijo et al., 2001) and urothelial cells (Rojas et al., 1996); 

and increased oxidative damage as measured in increased levels of 7-hydroxy-8-

oxo-2’-desoxyguanosine levels (van Zeeland et al., 1999; Zwingmann et al., 1998). 

The influence of cigarette smoke on the frequency of micronuclei revealed mixed 

results, with some studies reporting a significant increase of micronuclei in smokers 

and not in others (Bonassi et al., 2003). 

 

 

 

1.6.2.3. Effects of tobacco smoke on male germ cells and the offspring 

The haploid spermatids are highly sensitive to induction of heritable DNA damage. 

Most DNA damage occurs during the last 2-3 weeks of spermatogenesis through 

mutagens/carcinogen exposure or (less frequent) spontaneously. Spermatids are 
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especially vulnerable during this period, as they are losing or have already lost most 

of their DNA damage response and repair mechanisms  due to compaction of their 

chromatin in a “crystalline structure” (Marchetti and Wyrobek, 2005; Shelby, 1996) 

. Evans et al. showed in 1981 for the first time a linkage between anomalies in 

spermatozoa  and cigarette smoke (Evans et al., 1981). 20 years of research later, 

the European Union introduced the written health warning “smoking can damage 

the sperm and decrease fertility” (beside others) for tobacco products for its member 

states under Directive 2001/37/EC, which was introduced 2003 in the UK, and 

consequently transposed into UK law by the Tobacco Products (Safety) Regulation 2007 

(the legislation can be found under 

http://www.legislation.gov.uk/uksi/2007/2473/pdfs/uksiem_ 20072473 _en.pdf). 

While abnormal sperm morphology and DNA integrity, overall reduction in motility, 

count and density as well as abnormal semen plasma levels in spermatozoa of 

smokers are clearly linked with infertility, the effects of paternal cigarette smoking 

on the development of childhood cancers in the offspring was evaluated only in a 

few epidemiological studies, reporting inconsistent results (Grufferman et al., 1982; 

Sorahan et al., 1995) (Gold et al., 1993; Severson et al., 1993). These unclear results 

were explained by failure to adjust adequately for maternal smoking effects during 

pregnancy or different cigarette smoke exposure parameters were chosen, i.e. pre- 

and post conception exposure to cigarette smoke. Hence, it is highly difficult to 

distinguish between childhood carcinogenesis resulting from paternal germ cell or 

maternal effects (through environmental tobacco smoke) or even. However, two 

studies exclusively evaluated the effects of preconceptional paternal cigarette 

smoking exposure revealed significant increases in childhood cancers, especially for 
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acute leukaemia, lymphoma and different types of brain cancers (Ji et al., 1997; 

Sorahan et al., 2001).                                  

Numerical chromosomal aberrations and DNA integrity changes in spermatozoa of 

smokers were targeted in many studies. Four studies evaluated aneuploidy in 

spermatozoa revealing significantly higher disomy frequencies for chromosome 13 

(Shi et al., 2001), chromosome 1 (Harkonen et al., 1999), chromosome Y (Rubes et 

al., 1998), chromosomes X,Y and 18 (Rubes et al., 1998) as well as X, Y and 8 

(Robbins et al., 1997) in smokers and one study also found significantly increased 

diploidy levels (Harkonen et al., 1999).   Nine studies could not detect significant 

differences in aneuploidy levels in smokers for chromosome X (Robbins et al., 1997; 

Rubes et al., 1998; Shi et al., 2001), 7 (Harkonen et al., 1999), chromosome 18 

(Robbins et al., 1997), chromosome 8 (Rubes et al., 1998), chromosome Y (Robbins 

et al., 1997; Shi et al., 2001) and chromosome 21 (Shi et al., 2001).There has been 

no investigation on structural chromosomal aberrations in spermatozoa of smokers, 

so far. However, many studies investigated the DNA integrity smoker spermatozoa 

with different techniques. Using the TUNEL assay, three studies found significantly 

increased DNA strand breaks in smokers’ spermatozoa (Potts et al., 1999; Sepaniak 

et al., 2006; Sergerie et al., 2000); two studies found increased DNA fragmentation 

using the sperm chromatin structure assay (SSCA) (Potts et al., 1999; Saleh et al., 

2002) and many studies detected DNA fragmentation using the Comet assay on 

smokers’ spermatozoa  (Belcheva et al., 2004). Oxidative DNA damage, measured 

via the detection of 8-hydroxydeoxyguanosine adducts was also found enhanced in 

spermatozoa of smoker (Shen et al., 1997). Using small pool PCR, Yauk et al. were 

able to show significantly increased mutations at highly polymorphic tandem repeat 
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loci of murine spermatozoa exposed to cigarette smoke in different concentrations 

(Yauk et al., 2007). Also alteration of apoptotic mRNA expression was found in 

smoker spermatozoa (Linschooten et al., 2008). 

 

Figure 1.6.2.4. Image of compulsory cigarette pack design with written warning 

“Smoking can damage the sperm and decreases fertility, published by the UK 

government under the   Tobacco Products (Safety) Regulation 2007. 

 

 

 

 

 

 

 



56 

 

 

Study focus Assay Main outcome Seize Reference 

 

Numerical 

aberrations 

FISH sig. increase in disomy 13, non-sig. increase in 

disomies 21,X, Y 

45 (Shi et al., 

2001) 

Numerical 

aberrations 

FISH sig. increase in disomy 13,diploidy, non-sig. 

increase in disomy 7  

32 (Harkonen 

et al., 1999) 

Numerical 

aberrations 

FISH non-sig. increase in disomies X, Y  30 (Robbins et 

al., 1997) 

Numerical 

aberrations 

FISH sig. increase in disomy Y, diploidy, non-sig. 

increase in disomies X, 8 

25 (Rubes et al., 

1998) 

DNA 

Polymorphisms  

PCR  Polymorphisms 1.4 (1.7) fold increased in smoke 

exposed sperm for 6 (12) weeks. 

20 (Yauk et al., 

2007) 

DNA adducts p
32

label

ing 

non-sig. 1.2 fold increase of B(a)P DNA adducts  179 (Horak et al., 

2003) 

DNA adducts ICC non-sig. increase of B(a)P DNA adducts 182 (Gaspari et 

al., 2003) 

DNA adducts ICC sig. increase of B(a)P DNA adducts  33 (Zenzes et 

al., 1999a) 

DNA 

fragmentation  

TUNEL sig. increased DNA fragmentation frequency  108 (Sepaniak et 

al., 2006) 

DNA 

fragmentation  

TUNEL equal DNA fragmentation frequencies 97 (Sergerie et 

al., 2000) 

DNA 

fragmentation 

TUNEL sig. increased fragmentation frequencies 33 (Potts et al., 

1999) 

DNA 

fragmentation 

SCSA sig. increased acid induced DNA denaturation 54 (Potts et al., 

1999) 

DNA 

fragmentation 

SCSA non-sig. increased acid induced denaturation 52 (Saleh et al., 

2002) 

DNA 

fragmentation 

Comet non-sig. 1.2 fold increase in DSB & SSB frequency 32 (Belcheva et 

al., 2004) 

Oxidative DNA 

damage  

ICC 

 

sig. increased 1.57 fold oxidative DNA damage 60 (Shen et al., 

1997) 

Oxidative DNA 

damage & mRNA 

Spin 

Resona

nce  

sig. Increased free radicals, DNA damage and 

increased apoptotic mRNA levels translating for 

apoptotic proteins (SALF) 

21 (Linschooten 

et al., 2011) 

DNA adducts &  

fragmentation 

ICC, 

Comet 

sig. Increased DNA damage and DNA-adduct 

formation  

10 (Sipinen et 

al., 2010) 

mRNA expression Microa

rray 

rt-PCR 

sig. increased mRNA levels translating for 

apoptotic proteins (SALF) 

8 (Linschooten 

et al., 2009) 

 

Table 1.6.2.3. Effects of cigarette smoke on DNA damage in spermatozoa. Meta-

analysis of literature available in the Medline database. 
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1.6.2.4. Effects of tobacco smoke on female germ cells and the offspring 

Up to 20% of women actively smoke during pregnancy, although it is clearly 

established that carcinogens found in tobacco smoke, such as PAHs or biomarkers 

of exposure, such as cotinine, can pass the blood-placenta barrier and are found 

significantly increased in cord blood and placenta (Andresen et al., 1982; Arnould et 

al., 1997; Donnenfeld et al., 1993; Hansen et al., 1993; Jauniaux et al., 1999; 

Milunsky et al., 2000).  Beside a significantly increased risk of spontaneous abortion 

in pregnancies of smoking mothers (Harrison et al., 1990; Hughes and Brennan, 

1996; Maximovich and Beyler, 1995) newborns exposed to maternal cigarette 

smoke showed reductions in birth weight and size (Tsui et al., 2008); and genetic 

disorders, such as the Legg-Calvé-Perthes disease (Bahmanyar et al., 2008). Many 

epidemiological studies evaluated the association of childhood cancer risk to active 

or passive maternal smoking before and during pregnancy, giving direct evidence 

for increased mortaility (Leonardi-Bee et al., 2011) for childhood cancer induced by 

maternal smoking (Bunin, 2004; Lightfoot and Roman, 2004; Little, 1999). However, 

maternal cigarette smoke exposure during pregnancy was clearly associated with 

various DNA alterations in the offspring, which could initiate or trigger neoplastic 

disease or other severe genetic diseases. In detail, newborns exposed to maternal 

cigarette smoke had a significant decline in DNA integrity, i.e. increases in double 

strand and single strand breaks in cord blood (Sardas et al., 1995); trisomy 18 

increases in cord blood (Miron et al., 2008); a decrease of cord blood leukocytes 

(Pachlopnik Schmid et al., 2007); oxidative stress increases in cord blood (Aycicek 
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and Ipek, 2008); increased translocation frequencies in cord blood (Pluth et al., 

2000); increased DNA-adducts in cord blood  (and placenta)  (Hansen et al., 1993); 

deletions of the HPRT gene in cord (and maternal) blood (Bigbee et al., 1999; 

Keohavong et al., 2005) and increased numbers of micronucleated cells  (Arnould et 

al., 1997; Zalacain et al., 2006). 

 

 

1.6.3. Selected reproductive toxicants  

1.6.3.1. Aflatoxin-B1 and its metabolite aflatoxin-B1-8,9-oxide 

The Aflatoxin mycotoxins are produced by mould, i.e. by Aspergillus flavus which 

can infest grain and granaries. Hence, aflatoxins can be found in varying amounts 

in bread products, cereals, milk, cheese and many others. Also tobacco products 

and smoke were shown to contain aflatoxin contaminations (Edinboro and 

Karnes, 2005) (Lane, 1999). Aflatoxins are highly mutagenic/carcinogenic toxins 

and aflatoxin B1 (AFB1) is the most toxic compound of the aflatoxin class of 

mycotoxins.  After consumption, ATB1 can form a very potent carcinogenic 

compound when being metabolically activated and induce a disease termed 

aflatoxicosis (Barnes and Butler, 1964). Initial Cytochrome P450 enzyme 

mediated two electron oxidation of AFB1 results in the epoxide, aflatoxin-B1-8,9-

oxide, a pro-carcinogen, which reacts with guanine’s N
7
 to form aflatoxin–N

7
-

guanine. Aflatoxin–N
7
-guanine is not stable and is consequentially fast 

depurinated and finally excreted with the urine. However, when these pro-
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carcinogenic lesions are located at sequences which transcribe for proto-

oncogenes or tumor suppressor genes, these can become activated and initiate 

or trigger carcinogenesis. The aflatoxin epoxide is also a substrate for various 

isoforms of the human glutathione S-transferases, which form a stable but not 

toxic product which is excreted from the body in the bile. This glutathione 

product can also be further metabolised in the liver and kidney and is then 

excreted as aflatoxin–N-acetylcysteine, mercapturic acid, in the urine (Kensler et 

al., 2003).                                                                               

ATB1 can cause point mutations in RAS and p53 oncogenes, which are involved in 

the majority of human malignancies and contribute to poor clinical outcome. 

ATB1 exposure was shown to dramatically reduce fertility, motility and increase 

morphological abnormalities such as a duplication of the axonmes or a sticking 

together of the spermatozoon’s head and tails (Agnes and Akbarsha, 2003). ATB1 

induced aflatoxicosis can disrupt spermatogenesis, which is seen as 

micronucleation of meiotic spermatocytes on a molecular level (Agnes and 

Akbarsha, 2003; Faisal et al., 2008).  
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Figure 1.6.3.1. Metabolic activation of Aflatoxin-B1 to Aflatoxin-M1 and Aflatoxin-B1-8, 

9-oxide as well as formation of Aflatoxin-N
7
-guanine adduct. 

 

 

 

1.6.3.2. 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine and its metabolite 

During overcooking or grilling proteinaceous foods like meat of fish pyrolysis of 

amino-acids and reactions with glucose together with creatine occur and form the 

heterocyclic aromatic amine 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine 

(Phip) beside more than 20 other heterocyclic aromatic amines (Schut and 

Snyderwine, 1999; Turesky, 2007). After metabolic activation Phip is mutagenic and 

carcinogenic in humans and is listed as a group 2B carcinogen by the IACR (1993). 
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Different from other carcinogenic heterocyclic amines such as IQ which target the 

liver, Phip preferably targets the colon inducing malignancies, such as lymphomas 

and leukaemia. Phip is also found frequently in tobacco smoke (Hecht, 2002). The 

mutagenic/carcinogenic potential of Phip has been extensively studied using 

various assays and tissues, including the comet assay on lymphocytes (Anderson et 

al., 1998; Hoelzl et al., 2008; Wu et al., 2004). In most cases Phip induces the 

carcinogenic cascade either by activating a proto-oncogene or inactivating a tumor-

supressor gene.  However, the effect of Phip on spermatozoa have only been 

investigated in one study, reporting significantly increased DNA damage following in 

vitro exposure (Anderson et al., 1998). Phip is activated via cytochrome (CYP) P450 

enzyme (mainly CYP1A2 in humans) mediated initial oxidation to a N-

hydroxylamino-PhIP intermediate, and is subsequently catalysed by N-

acetyltransferases and sulfotransferases into a N-hydroxylamino-PhIP ester. This 

ester can undergo heterolytic cleavage, hence, producing a PhIP-nitrenium ion, 

which is the final reactive species that can attack the DNA. In humans and rodents, 

the covalent DNA adduct N-(deoxyguanosin-8-yl)-2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine (PhIP-C8-dG) is mainly detected (Crofts et al., 1998; 

Frandsen et al., 1992; Pfau et al., 1994). 
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Figure 1.6.3.2. Metabolic activation of Phip to PhIP-nitrenium ion which can attack 

the DNA and form the DNA adduct N-(deoxyguanosin-8-yl)-2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine . 
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1.7. Transmission of DNA damage / mutations to the offspring and its 

consequences  

1.7.1. Overview 

As individual’s phenotype and its sensitivity to disease-risk in childhood and later 

life are the combined result of its own genotype and interactions with the 

environment, particularly during the very earliest stages of development. Three 

critical windows of environmental exposure when the offspring is particularly 

susceptible to a given exposure have been identified: (1) preconeptional exposure 

of the offspring’s maternal and paternal germ cells; (2) prenatal (in-utero) exposure 

of the foetus through the mother; and (3) early postnatal exposure of the newborn 

through the early environment and the mother during lactation (Sorahan et al., 

2001; Wild and Kleinjans, 2003). The two latter windows became of particular 

interest in larger research studies, as during recent years, many adverse effects in 

the offspring were shown to be a result of in-utero and/or early postnatal 

exposures and are consequently increasingly investigated in molecular 

epidemiology and toxicology (Gluckman et al., 2008; Merlo et al., 2009). On the 

contrary, DNA damage and subsequently mutations transmitted from the paternal 

genome are less well investigated, despite significant theoretical and clinical 

appeals.  This may be due to different reasons: (1) in spermatozoa there are only 

very few parameters and methodologies available to molecularly analyse disease 

and exposure patterns compared to any other cell, caused by its unique 

compactation and loss of cytoplasm; (2) it is not know how reproductive toxicants 

are metabolized in the male reproductive system; (3) it is difficult to assess the type 
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and extent of exposure in humans, as assessment is based on self-reporting 

surveys; (4) it is highly difficult to establish relationships between pathological 

conditions in the newborn, child or young adult as long periods with different 

exposures have elapsed which are impossible to recall appropriately (Aitken et al., 

2004; Aitken and Marshall Graves, 2002; Wyrobek et al., 2005).  

 

1.7.2. Consequences of preconceptional exposure of male (and female) germ cells 

When mutations occur in the male or female germ-line, the offspring might be at 

risk of hereditary predispositions to a variety of developmental defects and severe 

genetic diseases, including cancer. The offspring’s genotype depends on the 

integrity of spermatozoon and oocyte DNA. However, in comparison to female 

germ cells, spermatozoa are significantly more susceptible to DNA damage because 

of their long-lasting solitary existence and lack of repair and apoptotic mechanisms 

to protect their DNA integrity. Furthermore, spermatogenesis continues from youth 

to old age, while oogenesis occurs only during gestation, hence there are many 

more chances for accumulation of preconeptional DNA damage through 

mutagenic/carcinogenic exposures in male than in female germ cells (Aitken et al., 

2004). Consequently, it was shown that the majority of transmitted mutations are 

of paternal origin and estimated that the majority of autosomal diseases resulting 

from sequence alterations as well as 80% of all structural chromosomal aberrations 

found during foetal development or at birth are of paternal, while numerical 

aberrations are predominantly maternal in origin (Sloter et al., 2000) . These 

findings are primarily based on rodent model systems, and although transmissable 
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mutations in humans were shown for radiation exposed individuals, a genetic 

disease induced in the progeny has not yet been reported (Dubrova et al., 1996; 

Dubrova et al., 2000). Obviously from rodents analogous results are expected in 

humans. Recent studies suggested causative links between smoking fathers, 

oxidative damage to spermatozoa DNA and the prevalence of childhood cancers 

(Aitken and De Iuliis, 2010). There is also increasing epidemiological evidence that 

age, lifestyle and environmental risk factors may alter the probability of having 

abnormal reproductive outcomes, such as early abortions, congenital 

malformations and severe genetic diseases (Aitken et al., 2009; Ji et al., 1997; Vine, 

1996). 

Although there is increasing evidence for at least some transcription/translation 

activity in spermatozoa, it is established that spermatozoa are transcriptionally and 

translationally silent for DNA repair activity. The oocyte, however, is equipped with 

all necessary proteins to initiate and successfully complete repair of paternally 

introduced nucleotide or DNA damage. This repair is only to some extent possible, 

as it was shown that after a critical threshold of paternal DNA damage was reached, 

embryo development was blocked. This was termed the “late paternal effect”. 

Hence, the repair of accumulated DNA damage of the paternal genome relies solely 

on the maternal quality of the oocyte’s cytoplasm and genome. However, both 

were shown to be dramatically decreased with advancing female age.                    

Following successful fertilization of an oocyte with a spermatozoon, the oocyte first 

halts all replication activity until any DNA damage of the spermatozoal genome is 

repaired. However, any DNA damage which is not repaired appropriately during this 

critical step, will be transmitted to the developing embryo as a mutation and can 
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interfere with regular embryo and foetal development. The first expression of 

embryonic mRNA and proteins occurs during the four to eight cell stage in human 

embryogenesis, implicating that the newly introduced paternal proteome is not of 

use until this stage (Braude et al., 1988). Hence it is logical, that there is only a very 

weak correlation found between successful fertilisation using assisted reproductive 

technologies such as (ART) in-vitro fertilisation (IVF) as well as intracytoplasmic 

sperm injection (ICSI) and increased DNA damage in spermatozoa. However, there 

is highly significant correlation between abnormal blastoycte development, 

pregnancy loss as well as rates and high DNA damage in spermatozoa, when the 

paternal genome with possible mutations becomes actively transcribed.  

 

1.7.3. Prenatal and early postnatal exposure of the foetus 

In mammalian development, mothers provide the resources and environment in 

which offspring develop through the placenta or lactation. Thus, maternal effects 

are the most influential factor determining the individual phenotype - among its 

inherited genotype. Accordingly, epidemiological and experimental data 

increasingly corroborate that these maternal effects play an important role in 

development of childhood diseases, as well as susceptibility to chronic diseases, 

such as cancer, metabolic and cardiovascular disorders in later years. Genetic 

aberrations, either induced via the lifestyle/environment or de novo, early in life, 

such as rearrangements of the MML-gene leading to infant leukaemia following in-

utero exposures, were long considered as the solitary factors determining the 

mature phenotype and risk of disease. However, with evolvement of the concept of 



67 

 

developmental plasticity in recent years, it has become clear that for a full 

understanding of lifestyle/environmental interactions with the genotype, 

epigenetic processes also have to be considered. The concept of developmental 

plasticity suggests that individuals are provided with the flexibility to adjust their 

trajectory of development to match their environment (Gluckman et al., 2009a). 

Epigenetic mechanisms, such as DNA methylation at the carbon-5 position of 

cytosine in gCpG dinucelotides, post-translational histone modification or RNA-

mediated gene-silencing in form of non-coding RNAs, can lead to mitotically or even 

meiotically heritable chromatin remodelling and modification of gene expression 

during growth and maturity without altering DNA sequences (Jirtle and Skinner, 

2007). Hence, adaptive responses of the foetus and newborn to 

lifestyle/environmental toxins may not only result in genetic aberrations, but also in 

altered epigenetic programming and gene expression, subsequently transformed 

physiologic and metabolic conditions producing an increased risk for 

mutagenesis/carcinogenesis (Gluckman et al., 2009a; Gluckman et al., 2009b). 

Hence. it was suggested, that the increased incidence of childhood cancers 

(especially leukaemia), as well as of childhood immune diseases including asthma 

and dermatitis are mainly caused by in-utero exposures to the foetus resulting in 

increased genetic and epigenetic alterations  (Wild and Kleinjans, 2003).                          
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1.7.4. Increased susceptibility of children to toxicants 

It was suggested that the foetus and newborn may exhibit an increased 

vulnerability and disproportional susceptibility to environmental toxin exposures in 

comparison with adults. This is not only due to obvious exceptional exposures in 

children, i.e. the relatively increased intake of toxins (to the body weight), but also 

to an exceptional susceptibility (Barton et al., 2005; Decordier et al., 2007; Pedersen 

et al., 2009; van Leeuwen et al., 2008; Wild and Kleinjans, 2003).  Exceptional 

susceptibility may be caused by age-dependent differences in children for 

metabolism of toxins at the target organ leading to decreased detoxification; 

absorption, retention and distribution of toxins; DNA repair and apoptotic capacity; 

cell proliferation and differentiation; immunesystem; and an expected longer life 

extent a head in which to develop chronic diseases (Anderson et al., 2000; Selevan 

et al., 2000; Vinson and Hales, 2002). Hence, both genotype and developmental 

plasticity mediated through genetic and epigenetic processes interactively 

determine individual phenotype and consequently susceptibility to short-and long-

term risk of chronic disease. However, it is not clear yet, if children are indeed more 

susceptible to environmental toxins by comparison with adults and what are the 

respective proportions of maternal and paternal contributions on the genomic 

integrity of the offspring (Anderson, 2005; Merlo et al., 2009; Wild and Kleinjans, 

2003). 
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1.8. Methodologies to detect DNA damage, apoptosis and mutations in 

spermatozoa 

1.8.1. Overview 

Methodologies to detect DNA damaging, apoptotic or mutational events in 

spermatozoa are very seldom compared to somatic cells and female germ cells. This 

is, because of the unique chromatin condensation and lack of nearly all cytoplasm 

in spermatozoa, making appropriate assessment of DNA, mRNA and protein 

parameters highly difficult or limited or for many parameters even impossible 

compared to all other cells in mammalian organisms [Figure 1.8.1.]. 

 

Figure.1.8.1. Diagram showing methodologies to assess DNA damage, apoptosis 

and mutations in spermatozoa and which respective parameter is assessed. 
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1.8.2. Semen analysis  

Semen analysis is the easiest and first way to obtain results about the overall 

reproductive status of spermatozoa. The sample is investigated using a light 

microscope to count the number of sperm, their morphology and to determine the 

percentage that are motile. Also the volume, pH and in some cases fructose as well 

as cotinine levels are determined. Based on these data: aspermia, the total lack of 

spermatozoa; azoospermia, the absence of spermatozoa; teratospermia, 

spermatozoa with abnormal morphology; and asthenozoospermia, spermatozoa 

with reduced motility can be diagnosed.   

 

 

1.8.3. Dominant lethal and related assays 

DNA damage in spermatozoa can be transmitted to the offspring resulting in early 

pregnancy loss, abnormal embryonic development and severe genetic diseases. 

This is the basis of a very powerful test in reproductive toxicology, the dominant  

lethal assay. In this test, a male rodent is exposed to a toxicant and mated with an 

unexposed female, which is then studied for embryo resorption sites in mid-

gestation (Anderson, 2001; Anderson et al., 1993; Anderson et al., 1996b). Damage 

may also be analysed in the heritable translocation test, which involves the 

examination in male F1 animals of diakinesis metaphase I spermatocytes for 

multivalent association (Cattanach, 1982; Leonard, 1973; Leonard, 1975). Fertilized 

ova can also be analysed by cytogenetic analysis (Albanese, 1987), or early embryos 

can be examined by metaphase analysis (Hansmann, 1973). Such techniques are 
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demanding technically, and the heritable translocation assay requires large 

numbers of animals to attain appropriate sample sizes (Anderson et al., 1990). 

Chromosome damage in fertilized ova or early embryos may not be compatible 

with survival after birth, so it is only the heritable translocation assay which 

provides absolute evidence of induced heritable effects. In foetal mice which have 

been exposed transplacentally after exposure of the mother, cells can be assessed 

for micronuclei or metaphase analysis (Cole et al., 1981) (Henderson, 1986). 

 

 

1.8.4. Comet assay (Single cell electrophoresis) 

The Comet assay, also termed the single cell electrophoresis assay is one of the 

most well-established biomarker systems for monotoring of exposures to human 

cells, including spermatozoa. It is able to rapidly and sensitively test DNA-damaging 

toxicants and confounding factors influencing responses (Moller et al., 2000). The 

alkaline version of the Comet assay with a pH ≥13 has become a reliable and an 

accepted assay for genotoxicological evaluations and has been approved by the UK 

Committee on Mutagenicity of Chemicals in Food, Consumer Products and 

Environment and US Food and Drug Administration (Burlinson et al., 2007), due to 

the development of standardised protocols (Collins, 2004; Hartmann et al., 2003; 

McKelvey-Martin et al., 1993; Tice et al., 2000). However, these guidelines are not 

entirely applicable when investigating reproductive cells like spermatozoa in the 

Comet assay, unless several adjustments are made, particularly to relax the 

crystalline chromatin structure of spermatozoa (Brendler-Schwaab et al., 2005).                                                    
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Baseline DNA damage in human spermatozoa in the Comet assay is much higher in 

comparison to somatic cells due to the presence of alkali-labile sites (Singh et al., 

1989). Also, ejaculated spermatozoal  DNA is significantly more damaged than 

testicular spermatozoal  DNA (Steele et al., 2000). Many studies used to the Comet 

assay to assess the exposure of environmental, occupational or specific 

reproductive toxicants on spermatozoa either in vivo or in vitro. A variety of 

toxicants has been investigated in vivo in mice including vanadium (Altamirano-

Lozano et al., 1996; Leopardi et al., 2005), herbicides like bentazon (Garagna et al., 

2005) and X-rays (Cordelli et al., 2003; Dobrzynska, 2005; Haines et al., 2001; Haines 

et al., 2002). In rats, chemotherapeutic drugs like cyclophosphamide (Anderson et 

al., 1996a; Codrington et al., 2004) and bleomycin either on its own (Anderson et 

al., 1996a) or in combination with etoposide and cis-platin (Delbes et al., 2007) 

have been tested with the Comet assay on testicular cells and sperm. Also 

chemicals like ethyl methanesulphonate and the testicular toxin ethylene glycol 

monomethyl ether (Anderson et al., 1996a) have been examined. The in vivo Comet 

assay has also been used with human spermatozoa for evaluating DNA damage of 

occupational exposure of workers to toxicants like acrylonitrile (Xu et al., 2003), 

phthalates (Duty et al., 2003) and pesticides such as fenvalerate (Bian et al., 2004) 

or monitoring populations for environmental exposure to the pesticides carbaryl 

and chlorpyrifos, which appeared to be associated with increased DNA damage in 

human spermatozoa (Meeker et al., 2004).  In populations studies, positive 

correlations between age, caffeine intake and DNA damage as well as cigarette 

smoke, oxidative stress and DNA damage were observed in spermatozoa (Schmid et 

al., 2007). Regression analysis showed that DNA damage was positively associated 
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with age (29-44 years), abnormal sperm and motility and negatively associated with 

sperm concentration (Morris et al., 2002). Studies comparing baseline DNA damage 

in sperm from normozoospermic fertile, normozoospermic infertile and 

asthenozoospermic infertile groups did not show a significant difference between 

the three groups. However, after challenge with X-rays and hydrogen peroxide it 

was concluded that the asthenozoospermic infertile group was more susceptible to 

damage than the normozoospermic infertile group, which in turn was more 

susceptible than the fertile group. The fertile group contained a resistant 

subpopulation of spermatozoa with relatively intact DNA (Hughes et al., 1996; 

McKelvey-Martin et al., 1997). Irvine et al. (2000) stated that a significant 

proportion of infertile men have elevated levels of DNA damage in their ejaculated 

spermatozoa. Highly significant negative correlations were observed between DNA 

fragmentation and semen quality, particularly sperm concentration. In addition, 

multiple regression analysis indicated that other attributes of semen quality, such 

as sperm movement and ROS generation, were also related to DNA damage (Irvine 

et al., 2000). Verit et al. (2006) did not find any relationship between sperm DNA 

damage and oxidative stress in normozoospermic infertile men and considered that 

the pathophysiology of idiopathic infertility cannot be explained by sperm DNA 

damage or seminal oxidative stress (Verit et al., 2006). Trisini et al. (2004) 

attempted to find associations between semen parameters and sperm DNA damage 

with the neutral Comet assay (Comet extent and tail moment). Although there were 

associations between semen and Comet assay parameters, their magnitudes were 

weak, suggesting that the Comet assay provides additional independent 

information on sperm function (Trisini et al., 2004). Studies with the in vitro Comet 
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assay on sperm have mainly been focusing on the investigation of the potential 

genotoxic damage of compounds such as flavonoids (silymarin, myricetin, 

quercetin, kaempferol, rutin, and kaempferol-3-rutinoside) and food mutagens (3-

amino-1-methyl-5H-pyrido (4,3-b)indole (Trp) and 2-amino-3-methylimidazo-4,5-

f)quinoline (IQ)) either on their own or in combination (Anderson et al., 1997a). 

Further research has been carried out on oestrogens (diethylstilbestrol, beta-

estradiol, daidzein, genestein, equol and nonylphenyl) either on their own 

(Anderson et al., 1997b), combined with antioxidants (catalase, vitamin C, SOD) 

(Anderson et al., 2003) or combined with flavonoids (quercetin, kaempferol) 

(Cemeli et al., 2004). Other toxicants investigated included X-rays (Singh and 

Stephens, 1998), gamma-radiation (Haines et al., 1998), doxorubicin (Baumgartner 

et al., 2004), lead sulfate, nitrate and acetate, dibromochloropropane, ethylene 

glycol monoethyl ether, 1,2-epoxybutene, and 1,2,3,4-diepoxybutane (Anderson et 

al., 1997b). All compounds produced positive responses, but ethylene glycol 

monoethyl ether only produced positive responses in spermatozoa, but not in 

peripheral lymphocytes, and similarly the phytoestrogens, genistein and daidzein, 

were less responsive in the peripheral lymphocytes in the male than in the sperm. 

This may be due to greater sensitivity of mature spermatozoa because of their lack 

of repair (Anderson et al., 1997b). However, since damage was generally seen over 

a similar dose range, a one-to-one or a one-to-two ratio of somatic and germ cell 

damage was observed and this has implications for man for risk assessment 

purposes (Anderson et al., 1997a; Anderson et al., 1997b). It was later concluded 

that human testicular cells have limited capacity to repair important oxidative DNA 

lesions, which could lead to impaired reproduction and de novo mutations (Olsen et 
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al., 2003). By contrast, the usefulness of in vitro cultures of rat spermatocytes and 

Sertoli cells in conjunction with the Comet Assay has been reported. This revealed 

the presence of DNA strand-breaks in non-treated cells, whose numbers decreased 

with the duration of the culture, suggesting the involvement of DNA repair 

mechanisms related to meiotic recombination (Perrin et al., 2007). Besides repair 

capacity, when using cells from testes for in vitro studies, it should also be taken 

into account that various testicular cell types show differences in metabolic 

activation of chemical compounds (Bjorge et al., 1995). Anderson et al. believe that 

there are low levels of metabolic activity even in sperm because the heterocyclic 

amines normally requiring metabolic activation have shown positive responses 

(Anderson et al., 1997a). 

 

 

1.8.5. Fluorescence in-situ hybridisation 

FISH analysis of spermatozoa (also termed ‘sperm-FISH’) can provide important 

information about structural or numerical chromosomal abnormalities (Fung et al., 

1998; Fung et al., 2001b; Swiger and Tucker, 1996; Weier et al., 1995b). In recent 

years, FISH on spermatozoa as well as cells of pre-implantation embryos is 

frequently used in countries with the appropriate legislation (such as the UK and 

USA) to determine possible genetic diseases in the offspring before 

fertilization/pre-implantation. Using multicolour FISH schemes, structural 

abnormalities (partial chromosomal duplications and deletions and chromosomal 
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breaks) as well as numerical abnormalities (disomy and diploidy) can be detected. 

(Escudero et al., 2003; Estop et al., 1999; Munne et al., 1998; Munne et al., 1994).  

 

 

1.8.6. Terminal deoxynucleotidyl transferase dUTP nick end labelling assay 

Beside the sperm chromatin structure assay (SCSA), the terminal deoxynucleotidyl 

transferase dUTP nick end labelling (TUNEL) assay is the most common test to 

measure DNA damage in spermatozoa. The assay measures a definitive endpoint, 

the presence of 3’hydroxyl groups, which is indicative for either a single or a double 

strand break (Sharma et al., 2010). Many laboratories and companies use the 

TUNEL assay as a test for apoptosis, while only DNA fragmentation is measured. 

DNA fragmentation is clearly one endpoint of the apoptotic cascade, however, 

particularly for spermatozoa, it is not indicative for apoptosis and TUNEL positive 

spermatozoon can easily fertilize an oocyte. The test is less standardized then the 

SCSA assay, however, it also less technologically demanding and expensive. 

Originally the test was intended only for in-situ studies, making quantification of the 

results difficult, however there are more and more studies using this assay with 

flow cytometry (Aitken and De Iuliis, 2007b; Aitken et al., 2009). 

 

1.8.7. Sperm Chromatin Structure Assay 

The sperm chromatin structure assay (SCSA) was the first cytometric assay using 

flow cytometry to evaluate the ratio of single and double-strand breaks within 

individual spermatozoa (Evenson et al., 1980). Using the metachromatic dye 
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acridine orange (acid-denatured i.e. fragmented spermatozoal DNA is visualized 

red, while double-stranded, i.e. non-fragmented DNA appears green) and the 

susceptibility of the sperm DNA to denature under acidic conditions, the SCSA assay 

has been shown to be highly dose-responsive in reproductive toxicology, while 

generating meaningful biological information on sperm DNA integrity (Evenson et 

al., 2002). This assay is considered the most robust test to quantify the DNA 

integrity of spermatozoa, is linked with clinical outcomes, shows a good correlation 

with the TUNEL assay and has become a standard test in clinical practise as it was 

extensively standardized.  However, the assay is also technologically demanding 

and in the U.S., currently only one commercial laboratory (SCSA Diagnostics, 

Brookings) and its licensed centres are carrying out all analyses for clinical cases. 

 

 

1.8.8. PCR based methods to assess in stem cells induced mutations in 

spermatozoa  

Analysis of tandem repeats and randomly amplified polymorphic sequences provide 

today’s most sophisticated methodologies to detect mutations in individual 

spermatozoa which can be transmitted to the offspring. Mutations found in 

spermatozoa, were likely induced on the spermatogonial stem cell level or before 

compactation of the spermatid.  As opposed to other germline techniques, 

assessment of mutation frequency can also easily be applied to the blood samples 

(or other tissues) in the offspring without extrapolation of the data or the need of 

intensive animal studies (Barber and Dubrova, 2006; Dubrova et al., 1996). 
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However, besides being technically highly demanding with only a few laboratories 

performing these techniques, the main disadvantage  is that the mutation sensitive 

regions investigated do not necessarily overlap with mutations in diseases. Hence, it 

can only be assumed, that increased mutation levels at these loci correlate with the 

overall mutations of an individual which finally result in alterations of the 

phenotype (Verhofstad et al., 2008).  

 

 

1.8.9. Apoptotic markers  

Sakkas et al. were the first showing that an inconsistent proportion of spermatozoa 

exhibits apoptotic markers, such as FAS, phosphatidylserine, Bcl-Xl , caspase 1, 3, 8 

and 9. These markers were assessed using immunostaining, followed by 

quantitative analysis with flow-cytometry. Only some studies used the time-

consuming, but more qualitative assessment of immunostaining via microscopy 

along or without flow cytometry (Sakkas et al., 1999; Sakkas et al., 2002). Of these 

apoptotic markers found in spermatozoa, the phospholipid component of cell 

membrane, phosphatidylserine, detected with staining for Annexin V is of particular 

interest. Phosphatidylserine is usually present on the cytoplasmic side of the 

membrane. However, in apoptotic cells phosphatidylserine is flipped to the 

extracellular surface of the cell membrane and can be detected with Annexin V 

antibodies. The location of phosphatidylserine at the outer surface of cells, makes 

these spermatozoa ideal candidates for selection via magnetic microbeads. Hence 
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normal cells can be separated from apoptotic cells with a likely declined genomic 

quality and used for IVF in clinic, representing currently one of the most promising 

methodologies in infertility research (Grunewald et al., 2006). 

 

 

1.8.10. DNA adducts 

Monocolonal antibodies raised against DNA-adducts were used successfully to 

detect benzo(a)pyrene diol-epoxide DNA-adducts and diol-epoxide DNA-adducts of 

different polyaromatic hydrocarbons in a cross reaction in spermatozoa (Sipinen et 

al., 2010; Zenzes et al., 1999a) showing that those adducts are able to cross the 

blood-testis barrier. There are many other monoclonal antibodies against toxin 

induced DNA-adducts which were applied to somatic cells and might also work on 

spermatozoa, such as 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) 

DNA-adducts (Shaman et al., 2007) or aflatxoin DNA-adducts (Zhang et al., 1991). 

Similar results were obtained in spermatozoa using 
32

p- postlabelling technology 

(Sipinen et al., 2010). 

 

 

1.8.11. mRNA profiles  

Spermatozoal mRNA does not contain ribosomal subunits, indicating that 

spermatozoa are transcriptionally silent. The mRNA levels detected in spermatozoa, 
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however, reflect processes which occurred at an earlier timepoint of 

spermatogenesis (Ostermeier et al., 2002; Ostermeier et al., 2004).  Alterations in 

mRNA levels in toxin exposed and non-exposed individuals may therefore reflect 

responses of the testis to those toxins. Consequently, mRNA profiles of 

spermatozoa have the potential of being a valuable biomarker of genotoxic 

exposure. In this sense, Linschooten et al. used mRNA profiles on spermatozoa to 

assess expression differences between cigarette smoker and non-smokers, finding 

that smoker spermatozoa significantly overexpress the apoptosis marker  SALF, CAT 

and  DDIT4 (Linschooten et al., 2011; Linschooten et al., 2009).  
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1.9. Aims 

I. The chromatin of spermatozoa is highly compacted, transcriptionally and 

translationally silent, hence lacking DNA damage response (DDR). DDR 

foci follow within seconds after a DNA double strand break (DSB) and 

were recently shown to correlate with abortive topoisomerase-IIβ 

activity during spermiogensis. Using cigarette smoke components as  

model compounds of exposure to spermatozoa, the aims are: 

a) to evaluate in vitro the potential of benzo[a]pyrene, one of the most 

hazardous components, found in cigarette smoke to induce DNA 

damage and DNA adducts  in spermatozoa  

b)  to confirm that DDR exists in spermatids of the mouse testis; to 

investigate if DDR also exists in human spermatozoa; and if DDR foci 

may be used as  DNA DSB / damage biomarkers in cohort studies. 

c)  to investigate  if the two most fragile genomic loci (fragile sites 

FRA3B, FRA16D) are also prone to break in human and murine 

spermatozoa compared to lymphocytes and are different in 

spermatozoa of exposed smoking men compared to non-exposed 

men  

II. Determining the origins of DNA damage in the offspring are difficult 

because exposures usually cannot be separated from pre- and post- 

gestational maternal and paternal exposures in humans in contrast to 

rodent models. Epidemiological studies suggest that prenatal (in-utero) 

exposure to environmental toxins influence the susceptibility to chronic 
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diseases in childhood and later life. Using cord, maternal and paternal 

lymphocytes as well as spermatozoa from 39 families in Britain and 

Crete, the aims are: 

a) to analyse if there are differences in DNA damage baseline levels 

between newborns and control unexposed adults as well as  exposed 

adults and their offspring. 

b) to investigate if newborns are exceptionally susceptible to in vitro 

exposures of the toxins B[a]P, aflatoxin B1 and PhIP 

c) to compare all DNA damage data obtained from the simple and fast 

Comet assay with the  time-consuming but highly sensitive confocal 

laser scanning microscopic quantification of pH2AX foci. 

 

 

 

 

 

 

 

 



83 

 

CHAPTER 2 

- 

Materials and methodologies  
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2.1.Materials 

1,4-Diazabicyclo[2.2.2]octane (Dabco)  Sigma (Cat. D-2522) 

2-hydroxy-3-naphthoic acid-2’-phenylanilide phosphate 

(HNPP)  coupled with Texas fast red Fluorescent 

Detection Set   

Roche (Cat. 1758888) 

3’diaminobenzidine (DAB) Enhanced Liquid Substrate 

System tetrahyrocholride 

Sigma (Cat. D3939) 

4',6-diamidino-2-phenylindole (DAPI)  Sigma (Cat. D9542) 

25cm
2
 Corning culture flasks   Sigma  (Cat. CLS430639) 

50bp DNA ladder Promega (Cat. G452A) 

100bp DNA ladder  Invitrogen (Cat. 15628-

019) 

Acrylamide (29:1) Simga-Alldrich 

Acrylamide/bis Acrylamide  Sigma (Cat. A2917) 

Amminoallyl-dUTP Invitrogen (Cat.A-21664) 

Ammonium Persulfate Sigma (Cat. A3678) 

Anti-BPDE-DNA Monoclonal Antibody    AMS (Cat. 4365-MC-100) 

Anti-digoxigenin-rhodamine, Fab fragments  Roche (Cat. 1207750)  

Anti-digoxigenin-Cy3, Fab fragments Roche (Cat. 1207560)  

Aphidicolin   Sigma (Cat. A7081) 

Auto Camera Temo 2.0 (Imaging software)  Nikon 

BAC-clones (murine) Roswell Park Cancer 

centre BAC/PAC 

distribution centre 

Biotinylated protein ladder detection pack New England Biolabs                       

(Cat. 7727) 

Bovine serum acetylated  (BSA)              Sigma (Cat. 232-936-2) 

Bovine Serum  Albumin acetylated   Promega (Cat. R396D)  

BrdU (5-Bromo-2’-deoxy-uridine)   Sigma (Cat. B-9285)  

Centrifuge (max spped 30,000 rpm )   Beckman (Cat. Avanti 

J25) 

Centrifuge ( max speed 6,000 rpm)  MSE 

Centrifuge (max speed 14,000 rpm)   Sanyo (Cat. Micro 

Centaur) 

CCD Camera Digital Sight DS-41  Nikon 

Comet Scoring Software  Kinetic imaging 
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DakoCytomation Pen   Dako (Cat. S2002) 

dCTP (100mM)  Promega (Cat. U120A) 

dGTP (100mM)  Promega (Cat. U122A) 

dTTP (100mM) Promega (Cat. U121A) 

Dimethyl sulfoxide (DMSO)  BDH (Cat. 282166M) 

Diamond Pen VWR (Cat. 631-0537) 

Dithiothreitol (DTT)  Sigma (Cat. D9779) 

Electrophoresis power supply  Electro Consort (Cat. 

E861) 

Enzyme Buffer B   Promega (Cat. R002A) 

Ethanol BDH (Cat. 64-17-5) 

Ethidium bromide (EtBr)  Sigma (Cat. 1239-45-8) 

Ethylenediaminetetraacetic acid (EDTA) Sigma (Cat. E5134) 

Excel 2007 (software)  Microsoft 

Fetal Bovine Serum (FBS)  Invitrogen (Cat. 10270-

106) 

Fetal Bovine Serum (FBS)  Sigma (Cat. F-7524)  

Fine pipettes (0.1-2µl; 2-20 µl; 20-200µl; 100-1000µl) Gilson (Cat. Pipetman) 

  

Fixogum Marabu (Cat. 

290117000) 

Fluorescein Avidin   Vector Labs (Cat. A-

2011) 

Fluorescent Microscope DMLB  Leica 

Fluorescent Microscope Eclipse 80  Nikon 

Formaldehyde VWR (Cat. 284212J) 

Freezer Beko 

Fridge   ProLine 

Gel documentation system  Uvitec 

Gel tank (RSM Assay) BioRad 

Glacial acetic acid  VWR (Cat. JT9511-2) 

Glucose, anhydrous Fisher (Cat. 50-99-7) 

Glucose-6-phosphate dehydrogenase (G-6-P DH) grade                Roche (Cat. 

10127655001) 

Glucose-6-phosphate  Roche (Cat. 

10127647001) 

Glycerole    Fisher (Cat. 56-81-5) 

Goat-serum   Sigma (Cat. G9023) 

Heparin sodium salt  Sigma (Cat. H-3149) 

Herring Sperm DNA solution  Invitrogen (Cat. 15634-
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017) 

Histomount medium   National Diagnostics. 

(Cat.HS-103) 

Human Cot-1 DNA  Invitrogen (Cat. 18440-

016) 

Human Hybloc Competitor DNA Insight Biotechnology 

ImageJ software National Institute of 

Health 

Inverted light Microscope CKX 31  Olympus 

Kalium chloride (KCl) BDH (Cat. 7447-40-7) 

Latex Disposable Gloves “L” (Powder free)   Skytec Iowa 

Loading dye blue-orange 6 x  Promega (Cat. G190A) 

Low melting point (LMP) Agarose Invitrogen (Cat. 15517-

022) 

LSAB 2 Streptavidin-HRP Dako (Cat. K 1015) 

LSM 510 Confocal microscope Zeiss 

Light Microscope Eclipse E-200  Nikon 

Luria Bertani (LB) medium  Lab M  (Cat. LAB169) 

Lymphoprep   Axis shield (Cat. 3773) 

Lyzozyme  Sigma (Cat. L3790) 

Magnesium chloride hexhydrate (MgCl2*6H2O)  Merck (Cat. ) 

Magnesium dichloride (MgCl2) (25mM)  Promega (Cat. A351H) 

Magnesium free (Mg
2+

-free) (10x)  Promega (Cat. M190G) 

Methanol VWR (Cat. 101586B) 

Methanol VWR (Cat. EM-MX0485-

13) 

Metlab (software)  Mathworks 

Mouse Hybloc Competitor DNA Insight Biotechnology  

Msp1 Restriction enzyme Promega (Cat. R6401) 

Multi Core 10 x Buffer  Promega (Cat. R999A) 

Nicotinamide aderine dinucleotide-phosphate (NADP) Roche (Cat. 

10128058001) 

  

Nonfat dry milk powder  Vitamel (Cat. 25002409) 

Nonident P-40 (= IGEPAL CA-630)                                            Sigma (Cat. I-8896) 

Normal melting point (NMP) Agarose Invitrogen (Cat. 15510-

027) 

Oakridge centrifugation tube Nalgene Labwear (Cat. 

3119) 

PapPen Sigma Aldrich  
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Parafilm  Pechiney Plastic Packing 

Paraformaldehyde  Sigma-Aldrich 

PHA-M (Phytohaemagglutinin-M)  Gibco (Cat. 10576-015) 

Phenol/Chloroform isoamyl alcohol, 25:24:1  Sigma (Cat.P3803) 

Phytohaemagglutinin Oxoid (Cat. R30852801) 

Pooled human liver S9 (15 individuals, mixed-sex)  Celsis (Cat. G190A) 

Potassium chloride VWR (Cat. 101985M) 

Primers Sigma Genosys Primers 

Protein kinase  Roche (Cat. 39450-01-6)             

Photoshop 5.1 (software)  Adobe Systems  

Pure Sperm Wash Nidacon (Cat. PSW-020) 

Pure Sperm 40/80 Nidacon (Cat. PS-040/80) 

Phytohaemaglutinin  Sigma-Alldrich 

QIAamp DNA Mini Kit  Quiagen (Cat. 51304) 

RNase  Sigma (Cat. R4875) 

RPMI 1640 medium with Glutamax-I  Gibco (Cat. 72400-013) 

RPMI 160 medium Invitrogen (Cat. 12633-

020) 

RPMI 1640 with HEPES and L-Glutamine                                     Invitrogen (Cat. 72400-

054) 

Saponin Simga-Alldrich 

Serological pipettes (5 ml; 10 ml; 25 ml)     Sarstedt (Cat. 

86.1685.001) 

Sodium Acetate TAAB Lab. (Cat. S027) 

Sodium azide (NaN3)  Sigma (Cat. S2889) 

Sodium Citrate Sigma (Cat. S4641) 

Sodium lauryl sulphate (SDS) Sigma (Cat. L4390) 

Sodium phosphate buffered isotonic saline (PBS)                Oxoid 

Sodium Phosphate, dibasic VWR (Cat. 28026.260) 

Sodium Phosphate, monobasic VWR  (Cat. 28013.264) 

Sodium Phosphate NaH2PO4 (monobasic)  Sigma (Cat. S9638) 

Spectrophotometer  Jenway (Cat. 6305) 

SPSS statistics 15.0 (software) SPSS Inc. 

Sucrose  Fluka (Cat. 84097) 

  

Syber Green Molecular Probes (Cat. 

S7563) 

Taq DNA polymerase Promega (Cat. M1665) 

Taq polymerase buffer Promega (Cat. M190G) 

TEMED   Sigma (Cat. T-9281) 
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2.2 Solutions  

Nucleotide buffer 10x A4 (storage at -

20
o
C)  

5 μl 100mM dATP                                                   

5 μl 100mM dATP                                            

5 μl 100mM dGTP                                                  

5 μl 100mM dCTP                                              

2.5 μl 1M Tris-HCl                                            

0.5 μl 0.5M EDTA, di-sodium salt,pH 8.0                                                                                  

232 μl ddH2O  

2.5X Random Primers Solution (storage 

at -20
o
C)  

125 mM Tris-HCl (pH 6.8) 

12.5 mM MgCl2  

25 mM 2-mercaptoethanol, 

750 μg/ml oligodeoxyribonucleotide primers 

(random octamers) 

10X dNTP Mixture (storage at -20
o
C)  1 mM biotin-14-dCTP  

1 mM dCTP 

2 mM dATP 

2 mM dGTP                                                                        

2 mM dTTP in 10 mM Tris-HCl (pH 7.5)                     

1 mM Na2EDTA 

Formamide-2xSSC (storage at 4
o
C) 70% Formamide / 30% 2xSSC (pH 7.0) 

PN buffer (storage at RT) 

 

1l of 0.1 M Na2HPO4 (dibasic) and 500     ml 

of 0.1 M NaH2PO4 (monobasic) was made. 

The dibasic solution (pH>9)  was titrated by 

adding the monobasic solution (pH~4.5) 

Trizma-Hydrochloride (TrisHCL) Sigma (Cat. T3253) 

YoYo-1 Iodide                                                             Molecular Probes (Cat. 

P35-84) 

Ultra Low temperature freezer New Brunswick 

(Cat.U410) 

Water purifier    Elga (Cat. Purelab DV  

Vortexer Hood & Tucker 

Instruments (Cat. 

Rotamixer) 
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until a pH of 8.0 was reached. Finally 0.05% 

Nonident P-40 was added. 

PNM buffer (storage at 4
o
C)  

 

5g nonfat dry milk powder, 100ml PN-buffer 

and 0.1% NaN3 (sodium azide) were mixed, 

shaked vigorously on a Vortexer for 30 min 

and adjusted to pH8.0 with 1 N HCl while 

stirring. The solution was incubated at 37°C 

for 4 hours and allowed to sit at RT for 3 

days. Finally the solution was spun at 1.000 

rpm for 30 min to clarify and aliquoted  into 

1.5ml Eppendorf
© 

 vials. 

Master Mix 2.1 (storage at -20
o
C) 

 

14.3 % dextrane sulfate was spread along 

the side of a 15-ml Falcon tube, followed by 

addition of 78.6% Formamide, 1.43% 20x 

SSC and 5.7% ddH2O. The mixture was 

heated up to 70°C to dissolve the dextran 

sulfate and the pH adjusted to 7.0 with pH 

paper. 

Antifade solution (storage at -80
o
C) 

  

2 ml 1M Trizma base, pH 8.0                                     

7.2 ml Glycerol                                                  

0.223 g DABCO                                                             

0.8 ml ddH2O  

Blocking buffer 200 µl 5% BSA/PBS                                                     

10ul 1% triton X-100                                    790 

µl PBS    

1% NMP agarose in ddH2O (storage at 

RT) 

1% NMP in ddH2O 

1% LMP agarose (storage at RT) 1% LMP in PBS 

0.5% LMP (storage at RT) 0.5% LMP in PBS 

Lysis stock solution (storage at RT) 2.5 M NaCl                                                                  

100mM EDTA                                                           

10mM Tris  (pH 10.0) 

Final lysis solution (storage at RT) 89% lysing solution                                         

10% DMSO                                                                  

1% Triton X-100 

Electrophoresis stock solution (storage 

at 4
o
C) 

10 M NaOH                                                               

200 mM Na2EDTA·2H2O ( pH 10) 

Ethidium bromide stock solution 

(storage at RT) 

10 mg/ml in ddH2O 

Final Ethidium bromide solution 

(storage at RT)                            

20 mg/ml in ddH2O 
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Fresh electrophoresis buffer (storage at 

4
o
C,  

1930 ml ddH2O (chilled)                                             

60 ml 10M NaOH                                               

10 ml 200mM Na2EDTA·2H2O (pH 13.5) 

Neutralising buffer (storage at 4°C) 12.11g Trizma Base (pH 7.5)                                          

250 ml ddH2O        

S9 Enzyme Mix (storage at -20°C. ) 300 μl S9 liver fraction mix                                                     

33 μl 1 M KCl                                                                   

32 μl 0.25 M MgCl2                                                

25 μl 0.2 M Glucose-6-phosphate         

26.75μl 140 U/ml G-6-dehydrogenase                

100 μl 0.04 M NADP   

300 μl 1x PBS                                                                 

210 μl ddH2O     

Cytochalasin B (storage at -20
o
C)  10 mg of Cyto-B resuspended in 2.5 ml of 

DMSO, diluted 1:4 in RPMI 1960 medium. 

Phytohaemagglutinin (storage at -

20
o
C) 

2 mg PHA                                                                     

5ml RPMI medium 

Carnoy’s solution (storage at RT) 3 parts methanol                                                            

1 part acetic acid 

0.1M Sørensen buffer (storage at RT 51 ml 0.2M NaH2PO4                                                    

49 ml 0.2M Na2HPO4  pH6.8)                                     

100ml H2O 

Basic Medium (storage at 4
o
C)  84 % RPMI 1640 medium                                        

15 % FBS                                                                             

1 % Pen-Strep solution 

DTT-solution (storage at 4
o
C) 50 ml 0.1M Tris-HCl pH7.8 

0.0772 g DTT (storage -4C) 

HNPP-Buffer 1(storage at RT) 100 mM Tris-HCl (pH 7.5)                                          

150 mM NaCl 

HNPP-Buffer 2 (storage at RT)  0.5 % PNM-buffer                                                 

99.5 % HNPP-Buffer 1 

HNPP-Buffer 3 (storage at RT)  0.05 % Tween >20                                                   

99.55 % HNPP-Buffer 1  

HNPP-Buffer 4(storage at RT, pH 8.0) 100 mM Tris-HCl                                                

100 mM NaCl                                                                     

10 mM MgCl2 

Fast Red TR solution (storage at 4°C) 

 

25 mg/ml Fast Red TR in ddH2O 

HNPP- Fast Red TR solution (storage at 

4°C) 

10 μl HNPP (10 mg/ml in 

dimethylformamide) and 10 μl Fast Red TR 
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 solution were mixed with 1 ml HNPP-buffer 

4. The solution was passed through a 0.2 μm 

nylon syringe filter. 

BAC-Solution I (storage at RT)  50mM glucose                                                   

10mM EDTA                                                       

25mM Tris-HCl pH 8.0 

BAC-Solution II (storage  at RT) 

  

0.2N NaOH                                                                              

0.1% SDS 

BAC-Solution III (storage  at RT) 3M NaOAc (pH 4.8)   

Western blot transfer buffer (storage at 

4° C) 

3g  Tris-Base                                                                   

14.4g Glycine                                                             

900ml H2O                                                       

100ml Methanol                                                              

Protein loading buffer  

10x NT buffer (storage at -20° C) 0.5 M Tris-HCl, pH 7.5                                              

50mM MgCl2                                                                                      

0.05% BSA 

dNTP mixture for nick translation 

(storage at -20° C) 

2mM dATP                                               2mM 

dGTP                                                         2mM 

dCTP                                               2mM dTTP                                                                 

dissolve in 100 μl H2O 

DNase I solution (storage at -20° C) 1mg/ml DNAse I in 0.15 M NaCl 50% 

Glycerol                

 

2.3. Human blood samples 

10-20 ml of blood was drawn from healthy volunteers after informed consent, at 

the Bradford Royal Infirmary, University of Bradford and University of Crete into 

sodium heparinised vacutainers (Becton Dickinson, Plymouth, UK), using a butterfly 

blood collection set (Becton Dickinson, Franklin Lakes, NJ). Ethical approval was 

obtained from the Research Ethics Sub-committee for Human Subjects at Bradford 

University in June 2005. 
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2.4. Human semen samples 

Semen samples were obtained from healthy volunteers after informed consent, at 

the University of Bradford and University of Crete after 3–5 days of sexual 

abstinence. Detailed information on age, ethnicity, sexual activity and children (and 

also other factors e.g. occupation, smoking and drinking habits, vitamin intake, 

existing urogenital pathologies, X-ray exposure, chemotherapy) was collected for 

other purposes but was not used for further analysis because of the small sample 

size. The samples were labelled with date and time of collection and given an 

anonymous donor code. Routine analysis of semen quality was conducted within 2h 

of collection using WHO criteria (1999) to provide details on colour, volume, 

viscosity, sperm concentration, pH, motility and morphology; all samples were 

found to be normospermic. Ethical approval was obtained from the Research Ethics 

Sub-committee for Human Subjects at Bradford University in June 2005. 

 

2.5. Mouse blood samples 

Blood was obtained from the murine tail immediately after euthanisation via CO2 

inhalation (Personnel animal licence of Dr Michal Fessing and Andrei Mardarjev of 

Bradford University). Using a scalpel, an up to 1 cm piece of the tail was removed. 

Bloods drops, which appeared were collected in a heparinised capillary tube.  

 

2.6. Mouse semen and testes samples 

Male mice, 12-16 weeks old were euthanized with CO2 inhalation. The testes, vas 

deferens, epididymal fat pads and epididymides were isolated by a crosswise cut 
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through the ventrolateral abdominal body wall and inguinal canal on each side with 

sterile forceps and fine scissors. The epididymis was then removed from its 

adjacent tissues, slit opened at various places and then placed in a Falcon tube with 

50ml of 1xPBS at 32°C for 20 min to let the spermatozoa swim into the tube. The 

solution was then stored in sperm freezing medium at -80°C.  

For mouse testis, the tissue was cleaned from adjacent fat tissue and placed in to 

1xPBS for 5min to wash.  As the tissue architecture of the testis is similarly sensitive 

as brain tissue architecture, the testis was immediately placed in 4% 

paraformaldehyde fixation overnight by applying minimal force to the tissue with 

the forceps. These animal procedures were performed under the licence of the 

University of Bradford and the personal animal licence to Drs Michal Fessing and 

Andrei Mardarjev.  

 

 

 

2.7. Semen analysis  

Semen samples were analysed according to WHO criteria (2010) for Sperm count, 

total sperm count, motility, morphology, pH, volume and liquefraction in order to 

define the following patterns: aspermia (absence of semen), azoospermia (absence 

of spermatoza), Hypospermia (low semen volume), oligozoospermia (low 

spermatoza count), asthenozoospermia (poor spermatozoa motility), and 

teratozoospermia (spermatozoa carrying a significant number of morphological 

defects).                                                                                                                                           

Sperm count measures the concentration of spermatozoa in the ejaculate. Over 16 
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million spermatozoa per ml are considered as normal. A lower sperm count is 

termed oligozoospermia. Total sperm count describes the total number of 

spermatozoa in the whole ejaculate. The lower reference limit is set to 40 million 

spermatozoa per ejaculate. Motility of spermatozoa is divided in four grades: Grade 

1, no movement of any spermatozoa; grade 2, spermatozoa move their tails, but 

spermatozoa themselves cannot move; grade 3: spermatozoa move, but the 

direction of movement is curved or non-linear; grade 4: spermatozoa move linearly 

and fast. A 50% motility within 60 minutes of sample collection is considered as 

normal. The morphology, defines the shape of the nucleus and tail of the 

spermatozoa.
 
The total volume of sample is considered with 1.5 ml and up to 6.5 ml 

as normal. Lower volumes are an indicator of infertility. The pH level should be in 

the normal range of 7.2-8.0 to be considered as normal according to the WHO 

criteria. Liquefaction describes the process in which the proteins of the ejaculate 

dissolve and the ejaculate becomes normally liquid within 20 minutes.  

 

2.8. Density Gradient centrifugation of semen samples 

Principles  

A density gradient allows motile spermatoza to be separated from seminal plasma 

as well as immature sperm, leukocytes, bacteria, epthelial cells and cell debris. 

Although density gradients on spermatoza are intended for usage in assisted 

reproduction technology procedures, here they are used to obtain pure spermatoza 

without contamination of somatic cells for western blot analysis.  
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Protocol  

Using the PureSperm kit, on top of 2 ml PureSperm 80 solution in a falcon tube, 

PureSperm 40 solution was carefully pipetted without mixing the solutions. Then, 

0.5 - 1 ml of semen sample was pipetted on top of this mixture, followed by a 20 

min centrifugation step at 300x g. The supernatant was removed and the pellet 

resuspended in 5 ml of PureSperm wash solution. Next, the mixture was 

centrifuged for 10 min at 500x g, the supernatant was removed and the pellet 

resuspended in FBS, aliquotted and stored. 

 

2.9. Preparation of human metaphases 

To 4.5 ml of RPMI 1640 medium, supplemented with 130 μl phytohaemagglutinin-

M and 10% FBS, 0.5 ml of whole blood was added. The culture flask shaken 

thoroughly and then incubated for 48 h at 37 °C, 5% CO2. 4 h before the end of 

incubation 75 μl colcemid were added, resulting in an end concentration of 0.4 µM 

in the culture flask. After that, each culture was transferred into a 15 ml Falcon tube 

and spun down at 1000 rpm (750 x g) for 10 min, the supernatant was removed 

with a vacuum pump and the pellet washed with 5 ml Hank’s solution at 37°C  

twice, followed by centrifugation for 10 min at 1000 rpm (750 x g). The resulting 

supernatant was removed and the pellet resuspended. 5ml hypotonic solution 

(110mM KCl) was added, thoroughly mixed and incubated for 30 min at 37°C, 

followed by centrifugation for 8 min at 800 rpm (600 x g) and discarding the 

supernatant. In the next (most critical) step, 5ml freshly mixed Carnoy’s (3:1 
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methanol : acetic acid) solution was added very slowly drop by drop on a vortexer 

with medium speed to avoid clumping. Then, the fixed cells were spun down for 10 

min at 1200 rpm (900 x g), the supernatant discarded and again 5 ml Carnoy’s 

solution added. The fixed cells were incubated at RT for 2 days to complete fixation 

and then dropped to frozen slides from 1m height in 20 μl drops. The slides were 

placed for 30 min at 50°C for “aging” (a process in which the proteins of interphase 

and metaphase nuclei crosslink and attach more to the surface of the slide). After 

light microscopic investigation for successful spreading of the metaphase cells, the 

slides were stored  at -20°C in a sealed container until usage (Fung et al., 2001a).  

 

2.10. Preparation of mouse metaphases 

Mouse lymphocytes were cultured using RPMI 1640 medium, supplemented with 

2.5 ml of 1M Hepes buffer, 1.2 ml of 200mM glutamine, 0.2% of penicillin-

streptomycin solution, 500  untis/ml of heparin  and 60 μg/ml of PHA. The cultures 

were incubated at 37°C on a shaker for 44h. During this incubation period the 

cultures were additionally shaken manually ~every 6h. Then 0.15ml of 50μg/ml 

colchicine in 1xPBS was added and the culture incubated for an additional 20min. 

Next, the culture was poured into falcon tubes and spun down at 200 x g (700 rpm) 

for 20 min. The supernatant was removed and the pellet resuspended in 3 ml of 

pre-warmed (37°C) 110mM KCl solution for 20 min at 37°C. The mixture was spun 

down for 15min at 200 x g (700 rpm) and the supernatant removed. Next, 5ml 

freshly mixed Carnoy’s, solution, was added drop by drop on a vortexer with 

medium speed to avoid clumping. Then, the fixed cells were spun down for 10 min 
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at 1200 rpm (900 x g), the supernatant discarded and again 5 ml Carnoy’s solution 

added. The fixed cells were incubated at RT for 2 days to complete fixation and then 

dropped to frozen slides from 1m height in 20 μl drops. The slides were then placed 

for 30 min at 50°C for “aging” (a process in which the proteins of interphase and 

metaphase nuclei crosslink and attach more to the surface of the slide). After light 

microscopic investigation for successful spreading of the metaphase cells, the slides 

were stored  at -20°C in a sealed container until usage. 

 

2.11. Human Lymphocyte separation  

Whole blood was diluted 1:1 with 0.9% Saline and 6 ml of this dilution was loaded 

on 3 ml Lymphoprep (a solution containing sodium diatrizoate and polysaccharide 

which retains lymphocytes while other white blood cells and erythrocytes pass 

through) in 15 ml tubes, followed by centrifugation for 20 min at RT. The middle 

layer containing the lymphocytes was then removed to tubes with 10 ml of normal 

saline for washing and centrifuged at 1900 rpm (1425 x g) for 15 min at RT. The 

supernatant was carefully removed and the pellet resuspended in a mixture of 900 

ml FBS supplemented with 100 μl DMSO. The cell suspension was left at -20
o
C 

overnight and then stored at -80
o
C. 

2.12. Mouse Lymphocyte separation  

The blood sample was spun at 200 x g (700 rpm) for 15 min and the supernatant 

discarded. The resulting pellet was lysed using 200μl of Sigma’s red blood cell lysis 

buffer (a solution containing 8.3 g/L ammonium chloride in 0.01 M Tris-HCl buffer) 

for 2 min. The mixture was diluted with 15 ml of RPMI 1640 medium and spun 
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down at 200 x g (700 rpm) for 15 min. The resulting pellet was again lysed, 

incubated and diluted until no red blood cells were visible. When all erythrocytes 

were finally lysed, the pellet was resuspended in a mixture of 900 ml FBS 

supplemented with 100 μl DMSO. The cell suspension was left at -20
o
C overnight 

and then stored at -80
o
C. 

 

 

2.13. BAC-clones covering loci telomeric and centromeric to the human fragile 

sites FRA3B & FRA16D and its murine orthologs 

DNA sequence-based loci telomeric and centromeric to the human chromosome 

fragile sites FRA3B at 3p14.2 and FRA16D at 16q23 and to the murine chromosome 

fragile site FRA3B at 14pA1-A2 and FRA16D at 8qE1 orthologs were constructed by 

comparing and combining information acquired from the Celera new scaffold 

assemblies and from high-throughput and finished sequence from the public 

University of California at Santa Cruz genome browser.  

 

 

2.14. DNA extraction from BAC clones via alkali lysis  

11 ml LB medium with chloramphenicol was inoculated with 10 μl of BAC clones in 

stab agar and grown for 16 h at 37°C in a shaker (Weier et al., 1995b). 10 ml of this 

culture was transferred to 40 ml Oakridge
©

 centrifugation tubes, spun down at 

6000 rpm (4500 x g) for 10 min at 4°C and then the supernatant discarded ( 1 ml of 
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sub-culture was kept for future BAC extractions and stored at 4°C). The pellet was 

resuspended in 540 μl of BAC-Solution I, 24 μl lyzozyme stock solution was added to 

break the bacterial cell wall, followed by 5 min incubation at RT and finally stopping 

the enzymatic digestion by placing the tubes on ice. Then 1.2 ml of BAC-Solution II 

was added, gently mixed by inverting the tubes a few times (the solution becomes 

clear), followed by 5 min on ice. 0.9 ml of BAC-Solution III was added, the solution 

mixed and incubated for 10 min, followed by centrifugation at 12.900 rpm (9750 x 

g) for 15 min at 4°C. The pellet was discarded, the supernatant transferred into a 

new Oakridge
©

 tube and 1.4ml of isopropanol added and gently mixed by inverting  

the tubes, followed by spinning for ~10min at 12,900 rpm. The supernatant was 

discarded, through carefully (avoiding disturbing the pellet or pouring it out) 

inverting the tube, then washed in 70% ethanol to remove remaining proteins and 

finally the pellet was air dried at RT for ~40 min. The dried pellet was resuspended 

in 400 μl of TE buffer and stored until the phenol/chloroform extraction. Then 400 

μl of phenol/chloroform was added, the mixture shaken for 45 sec on a Vortexer 

with maximum speed and spun down for 3 min at 13,000 rpm (10425 x g). The top 

(aqueous) layer was transferred to a new tube and 400 μl chloroform added. Again, 

the tube was shaken for 45 sec using maximum speed and spun down for 3 min at 

13,000 rpm (10425 x g). Again, the top layer was removed into a new tube and 2.5 

volumes of 100 % ethanol added. The tubes were placed for 30 min at -80°C to 

precipitate the DNA, followed by centrifugation at 13,000 rpm (10425 x g) for 30 

min. The supernatant was discarded, the pellet washed in ice cold 70 % ethanol and 

air dried at 37°C. The DNA extraction was concluded by suspending the pellet in 30 

μl ddH2O supplemented with 10 μg/ml RNase and a 3 h incubation to remove RNA 
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form the DNA. The BAC extraction derived DNA products were confirmed on a 1.5 

% Agarose gel, by loading 5 μl of the DNA solution, mixed with 1 μl of 6x sucrose 

solution and 1 μl of loading dye. For reference, 1 μl of a 50 bp ladder, mixed with 4 

μl ddH2O, 1 μl of 6 x sucrose solution and 1 μl of loading dye was used (Birnboim 

and Doly, 1979; Weier et al., 1995a; Weier et al., 1994). 

 

2.15. Custom fluorescent nucleotide synthesis    

Synthesis of custom labelled nucleotides follows by chemical coupling allylamine-

dUTP to succinimidyl-ester derivatives of fluorescent dyes (Cy3, FITC) or haptenes 

(digoxigenin, biotin).                                

For biotin nucleotide synthesis, 5 mg of biotin were dissolved in 208 μl DMSO to 

obtain a stock solution of 40 mM biotin. 10 μl of this stock solution were mixed with 

10 μl of 20mM aminoallyl-dUTP (1mg of 5-(3-aminoallyl)-2’-deoxyuridine 5’-

triphosphate dissolved in 100 μl 0.2M bicarbonate buffer), 15 μl H2O, 10 μl 0.2M 

bicarbonate buffer and 10 μl DMSO. After 4 h  incubation, 2 μl 2M glycine (pH 8.0) 

were added to stop the reaction , 4 μl 1M Tris-HCl (pH 7.75) to stabilize the 

nucleotides and 139  μl H2O to dilute the biotin d-UTP solution to its final working 

concentration (Henegariu et al., 2000; Nimmakayalu et al., 2000).                                                        

For digoxigenin nucleotide synthesis, 5 mg of digoxigenin were dissolved in 208 μl 

DMSO to obtain a stock solution of 40 mM digoxigenin. 10 μl of this stock solution 

were mixed with 10 μl of 20mM aminoallyl-dUTP (1mg of 5-(3-aminoallyl)-2’-

deoxyuridine 5’-triphosphate dissolved in 100 μl 0.2M bicarbonate buffer), 15 μl 

H2O, 10 μl 0.2M bicarbonate buffer and 10 μl DMSO. After 4 h  incubation, 2 μl 2M 
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glycine (pH 8.0) were added to stop the reaction , 4 μl 1M Tris-HCl (pH 7.75) to 

stabilize the nucleotides and 139  μl H2O to dilute the digoxigenin d-UTP solution to 

its final working concentration (Henegariu et al., 2000; Nimmakayalu et al., 2000). 

 

 

2.16. Labelling of BAC-extraction derived probe DNA via Random Priming  

Principle 

Following DNA denaturation, random primers in octamers are annealed to the 

template DNA and extended by Klenow polymerase in the presence of 

fluorochrome-labelled nucleotides to produce fluorochrome-labelled DNA probes, 

which are approximately 10-40 fold amplified compared to the template DNA 

content.  

Protocol  

For biotin labelling of probe DNA, 2μl template DNA solution (100 ng/μl), 7.5μl 

ddH2O, 2μl 10 x dNTPs and 8μl 2.5 x random primers were mixed and vortexed to 

make a final volume of 19.5μl. The solution was denatured for 5 min at 100°C and 

snap cooled for 2min at -20°C. Then 0.5 μl of Klenow Fragments (40 U/ μl) were 

added, thoroughly but gently mixed, centrifuged for 30 sec at 13,000 (10425 x g) 

and finally incubated for 12 h at 37°C. The enzyme reaction was deactivated by 

adding 2 μl 0.5 M Na2EDTA (pH 8.0). For digoxigenin, Cy3 and FITC labelling of probe 

DNA, 2 μl template DNA solution (100 ng/μl), 3μl ddH2O, 2μl 10 x A4-Mix, 3μl 1mM 

dTTP, 8μl 2.5 x random primers  and 1.5 μl digoxigenin-, FITC- or Cy3-dUTP were 
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mixed to make a final volume of 19.5μl. The solution was denatured for 5 min at 

100°C in a waterbath and snap cooled for 4 min at -20°C. Then 0.5 μl of Klenow 

fragments (40 U/ μl)  was added, thoroughly but gently mixed, centrifuged for 30 

sec at 13,000 (10425 x g) and finally incubated for 12 hours at 37°C. The enzyme 

reaction was deactivated by adding 2 μl 0.5 M Na2EDTA (pH 8.0). The probes were 

stored at -20°C until use (Feinberg and Vogelstein, 1983; Weier et al., 2006). 

 

2.17. Labelling of BAC-extraction derived probe DNA via nick translation 

Principles 

The template DNA, which contains specific sequences (here FRA3B and FRA16D 

loci) to be hybridized as a FISH probe on the target tissue, is first randomly cut via 

DNase I restriction enzyme digestion in the presence of Mg
2+

, producing various 

single-stranded nicks. This is followed by polymerase I and ligase mediated DNA 

strand synthesis in 5'- 3' direction using the 3'-OH termini of the nick as a primer at 

low temperature (15°C). All nucleotides are then removed via the 5'- 3' 

exonucleolytic activity of polymerase I in the direction of synthesis, while its 

polymerase activity simultaneously replaces all nucleotides with fluorochrome- or 

hapten-labelled dUTPs. Hence, unlabelled template DNA is replaced by newly 

synthesized fluorochrome- or hapten labelled template DNA, which can be used as 

a FISH probe (Rigby et al., 1977) (Figure 2.19). 

 

 



103 

 

Protocol 

For nick translation, 2 μl of template DNA is mixed with 2 μl NT buffer, 2 μl 0.1 M 

Mercaptoethanol, 2 μl dNTP mix, 1 μl labelled dUTP, 39.5 μl H2O, 0.5 μl DNase 

(1:250) and 1 μl of Polymerase I. The mixture is vortexed and then placed for 90 

min at 15°C on a thermocycler. To stop the nick translation, reaction, 45 μl of a stop 

mixture, that is 0.1% bromphenolblue, 0.5% dextranblue, 0.1M NaCl, 20mM EDTA 

and 20mM Tris-HCl; pH 7.5) is applied.  

 

2.18. Preparation of lymphocyte and spermatozoa slides for FISH  

For lymphocyte slide preparation, clean glass slides were left for 12 h at -80°C. 

Then, 30 µl of Carnoy’s fixed cell suspension was dropped from a distance of ~1 m 

to the frozen glass in order to let the nuclei disrupt and the metaphases spread. The 

slides where then air dried at 37°C, the cell density checked under a light 

microscope, followed by aging at 45°C for 4 days and storing at -20°C until usage 

(Fung et al., 2001a).                          

For spermatozoa slides, the semen samples were spun down at 2000 rpm (1500 x g) 

for 10 min, the supernatant removed and the pellet washed with 500 µl PBS. The 

semen mixture was spun down again at 2000 rpm (1500 x g) for 10 min, the 

supernatant removed and the pellet diluted in PBS depending on the concentration 

of the semen pellet. 7 µl of semen mixture, mixed gently to insure even suspension 

of the cells, was pipetted onto the far left side of the slide. A clean slide was placed 

at the left side of the semen mixture drop at a 45 degree angle, allowing the liquid 
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to spread along the edge of the upper slide. Slowly but constantly the upper slide 

was drawn the entire length of the lower slide. The result was analysed by light 

microscopy to control the density of the sperm. Slides with spermatozoa were 

incubated for 30 min in ice cold 10mM DTT in 0.1M Tris-HCl (pH 8.0) for 

decondensation. DTT is a reducing agent, which is used to cleave disulfide bonds in 

the DNA in order to leave a more relaxed chromatin structure of the spermatozoa. 

Slides were then washed in 2xSSC buffer for 5 min and air dried for at least 30 min 

at RT under constant humidity before denaturation. The decondensation level was 

evaluated under a light microscope and eventually adjusted. 

 

2.19. Fluorescence in situ hybridisation  

Principles  

Fluorescence in situ hybridization (FISH) was first developed for the visualization of 

nucleic acid sequences with radio-labelled probes in 1969 (Gall and Pardue, 1969) 

and in 1980 (Bauman et al., 1980) was replaced by the first in situ detection of 

sequences with fluorochrome labelled probes, which is today’s commonly used 

procedure for localization of specific nucleic acid sequences inside cells or tissue. In 

a typical FISH procedure, non-isotopically labelled DNA molecules (‘probes‘) are 

incubated with cells or tissue sections which have been denatured to allow binding 

of probes to their cellular targets. Following overnight hybridisation, excess probe 

molecules are removed by repeated wash steps so that only specifically-bound 

probes can be seen in the fluorescence microscope. The efficiency of FISH, and thus 
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the ability to detect a specific target inside a cell nucleus, depends on the 

penetration of probes and detection reagents as well as the accessibility of the 

hybridisation target (Tucker, 2001). Figure 2.19 shows schematically the procedure 

of standard FISH experiment following probe DNA labelling for FRA3B or FRA16D via 

nick translation on spermatozoa or lymphocytes as performed for this thesis. 
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Figure 2.19. Schmematic presentation of a typical fluorescence in situ hyrbidisation 

experiment on spermatoza or lymphocytes using DNA probes for FRA3B or FRA16D, 

labelled here via nick tranlsation with dig- or biotin- labelled dUTPs.
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Protocol  

20-30 µl of labelled DNA probe, 10 µl of COT-1 DNA and 5 µl of Salmon-Sperm DNA 

were mixed and precipitated using 1.5 µl glycogen and 2.5 volumes 100% ethanol at -

80°C for 30 min, followed by 30 min centrifugation at 13.000 rpm (10425 x g). The 

supernatant was discarded and the pellet air dried at 37
o
C. The pellet was resuspended 

in 3 µl ddH2O and mixed thoroughly on a Vortex mixer using maximum speed for 3 min. 

7 µl Mastermix 2.1 was added to a final volume of 10 µl. This mixture was denatured at 

76°C for 10min and for pre-annealing incubated at
 
37

o
C for 30min.

 
In parallel, slides 

were denatured for 3 min (lymphocytes) or 4.5 min (spermatozoa) at 75°C in 70% 

formamide/2x
 
SSC, pH 7.0, followed by dehydration in 70%, 85%, and 100% ethanol for 

2
 
min each step, air dried and finally

 
incubated together with the applied hybridization 

mixture (coverslipped and sealed with Fixogum
©

) at 37°C for 48 h in a moistened 

chamber. Then, Fixogum
© 

glue was removed and slides placed in PN-buffer until all 

coverslips detached. The slides were placed in 30 % FA / 2 x SSC at 45
o
C for 30 min, 

followed by 10 min incubation in 2 x SSC at 45
o
C and 2 min in 0.1 x SSC at 45

o
C. Then 

slides were blocked with PNM buffer solution for 10 min, drained, and application of 

the secondary antibodies FITC-avidin (5 µg/ml) and anti-dig-rhodamine (0.5 µg/ml) in 

PNM solution, 1 h in a moist chamber at 37
o
C. Unbound antibodies were removed by 

washing the slides twice in 2 x SSC for 10 min, followed by a final wash in PN-buffer for 

10 min under constant shaking. Finally the
 
slides were mounted with 4',6-diamidino-2-

phenylindole (0.5 µg/ml) for 10 min at RT, embedded in Antifade solution and 
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coverslipped (Fung et al., 1998; Fung et al., 2001b; Swiger and Tucker, 1996; Weier et 

al., 1995b). 

 

2.20. Microscopy, scoring and image analysis of FISH experiments 

Fluorescence microscopy was performed on a Leica DM fluorescence microscope,
 

equipped with a triple-band filter, set for simultaneous observation of the 

fluorochromes Rhodamine, DAPI and FITC.  Scoring criteria of FISH on spermatozoa was 

based on that of the Wyrobek laboratory (Lawrence Livermore National Laboratory) 

guidelines (Lowe et al., 2001; Sloter et al., 2000): (1) only sperm cells that had a tail 

attachment site or flagellum were scored; (2) since FISH-probes probes might not fully 

penetrate condensed chromatin, spermatozoa smaller than the normal size of 

decondensed spermatozoa were excluded from scoring; (3) only signals located in an 

intact spermatozoa nucleus showing a homogenous DAPI staining pattern and which 

not overlapped another spermatozoa were counted; (4) only experiments with high-

quality hybridization, defined as more than 95% of the spermatozoa having distinct 

hybridization domains were scored; (5) for a break at a fragile site, the red and green 

signals had to be separated by more than the diameter of three full signal domains. If 

red and green signals were of different size, the domains of the larger signal domain 

was chosen; (6) numerical aberrations: spermatozoa with two signals for the red and 

green FISH-probe represent either, disomy 3 (16) or diploidy. Only spermatozoa with 

similar size and fluorescent intensity, as well as separated   by at least one full domain 
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diameter were scored as a disomy 3 (16) or diploidy; (7) nullisomy was not scored, 

because the loss of domains could be due to lack of hybridization efficiency or technical 

artefacts. 

 

2.21. Immunostaining for B[a]P-adducts in spermatozoa using light microscopy 

Sperm cell aliquots were centrifuged for 10 min at 2,000 rpm (1500 x g), the 

supernatant carefully discarded and the pellet dissolved in 300 µl PBS, and again spun 

down at 2,000 rpm (1500 x g) for 10 min. This step was repeated twice to wash the 

sperm pellet thoroughly. The pellet was then fixed in methanol: acetic acid 3:1 by 

slowly dropping the fixative in 30 µl steps to avoid clumping of the sperm cells and 

incubated for 30 min. Fixed sperm cells were applied in 50µl drops to the slide and air 

dried for 3 h.  Sperm cells were decondensed in a Coplin jar with ice-cold 10 mM DTT 

for 30 min. To avoid over decondensation by DTT residues, slides were washed twice in 

2x SSC for 10 min each thoroughly, followed by dehydration in ethanol (70/90/100 %)  

for 3 min for each step and finally completely air dried. The decondensed sperm 

samples were permeabilized with 0.5 % Triton X-100 and then analyzed under the light 

microscope for density and over decondensation. With a hydrophobic DakoCytomation 

Pen
 ©

 a spot for hybridisation was marked (Zenzes et al., 1999a; Zenzes et al., 1999b). 

Unspecific binding sides of the sperm cell preparation were first blocked with 10% 

Goat-serum in PBS, followed by application of 100 µl 5D11 monoclonal antibody 1:50 in 

1% goat serum. Clone 5D11 reacts on the one hand with BPDE–DNA adducts and on the 

other hand cross-reacts with diol epoxide-DNA adducts of different polycyclic aromatic 
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hydrocarbons. The slide was incubated in a humidity chamber for 16 h at 4°C, to allow 

slow and thorough recognition of the BPDE DNA-adducts by the antibody. After 

hybridization, the sperm cell preparation was washed three times in 1x PBS for 10 min 

each, followed by adding 100 µl of the 2
nd

 antibody, containing anti-mouse and anti-

rabbit immunoglobulins, and incubation for 40 min at RT in a humidity chamber. The 

slide was washed again three times in 1x PBS for 10 min each, followed by application 

of peroxidase-conjugated Streptavidin and incubation for 40min at RT in humid 

chamber. Slides were washed twice in 1x PBS for 10 min, and finally washed in ddH2O 

for 10 min. The peroxidase reaction was developed with 3,3-diaminobenzidine (DAB) 

Substrate-Chromagen for 3-5 min, which results in a brownish precipitate at the 

antigen binding site. Slides were shortly washed in ddH2O, air dried and finally fixed 

with Histomount mounting medium. For negative controls, sperm preparations were 

treated with 10% goat serum instead of the primary antibody, followed by application 

of the secondary antibodies as described above (Zenzes et al., 1999a; Zenzes et al., 

1999b).  All slides were blindly scored. For the evaluations of staining intensity, each 

sperm cell was scored as negative (STI 0), weak (STI 1), moderate (STI 2), or strong (STI 

3) for a total of 100 sperm cells per sperm donor. A staining intensity score (e.g., the 

sum of the products for the STI levels 0-3, with STI 0 = 1 points, STI 1 = 2 points, STI 2 = 

3 points, STI 3 = 4 points) was calculated for each successful hybridized spermatozoa 

sample (Zenzes et al., 1999a; Zenzes et al., 1999b). 
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2.22. Preparation of lymphocyte slides for Immunostaining using a Cytospin 

Lymphocytes samples were washed twice in 1 x PBS and centrifuged at 2000 rpm (1500 

x g) for 5min. The supernatant was removed and the pellet resuspended in 4% 

Paraformaldehyde dissolved in 1 x PBS and filtered. The mixture was incubated for 

15min at RT and then spun down at 2000 rpm (1500 x g) for 5min. The supernatant was 

removed and the pellet washed three times in 1 x PBS for 5min each. The pellet was 

resuspended in 1 x PBS and 200μl of the suspension loaded in each of the Cytospin 

cartridges. The cells were spun onto the slides at 250 rpm for 3 min. Then, the slides 

were removed from the cartridges and the area containing the cells was marked with a 

PapPen, followed by incubation on 1 x PBS until application of antibody solution. 

 

2.23. Preparation of spermatozoa slides for Immunostaining 

For spermatozoa slides, the semen sample were spun down at 2000 rpm (1500 x g) for 

10 min, the supernatant removed and the pellet washed with 500 µl PBS. The semen 

mixture was spun down again at 2000 rpm (1500 x g) for 10 min, the supernatant 

removed and the pellet diluted in PBS depending on the concentration of the semen 

pellet. 7 µl of semen mixture, mixed gently to insure even suspension of the cells, was 

pipetted onto the far left side of the slide. A clean slide was placed at the left side of 

the semen mixture drop at a 45 degree angle, allowing the liquid to spread along the 

edge of the upper slide. Slowly but constantly the upper slide was drawn the entire 

length of the lower slide. The result was analysed by light microscopy to control the 
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density of the sperm. Slides with spermatozoa were incubated for 30 min in ice cold 

10mM DTT in 0.1M Tris-HCl (pH 8.0) for decondensation. DTT is a reducing agent, 

which is used to cleave disulfide bonds in the DNA in order to leave a more relaxed 

chromatin structure of the spermatozoa. Slides were then washed in 2xSSC buffer for 5 

min and air dried for at least 30 min at RT under constant humidity before 

denaturation. The decondensation level was evaluated under a light microscope and 

eventually adjusted. 

 

2.24. Cryosectioning, fixation and antigen retrieval of testes for Immunostaining  

Testes were carefully placed in 4% Paraformaldehyde dissolved in 1 X PBS for 18h at 

4°C. Testes were then washed twice for 5 min  0.1 M phosphate buffer at RT and 

incubated for 16h in 20% sucrose dissolved in 0.1 M Phosphate buffer 4°C. Slides were 

then placed in Eppendorf
©

 caps, filled with Tissuetek
©

 medium and quick frozen at -

80°C. The Eppendorf
©

 caps were removed and the frozen testis block attached to the 

Cryotstat tissue holder. The testis was then cut into slices with a diameter between 25 

and 50 μm and attached to a positively charged slide. Slides were stored at -80°C until 

usage. Before immunostaining, cross linking of proteins via paraformaldehyde was 

removed via antigen retrieval to successfully penetrate the cell with antibodies. Slides 

were first equilibrated in 10mM sodium-citrate, pH 6.0 at RT, and then for 30-50 

seconds heated in microwave until the boiling point was reached, followed by 

incubation for 20-30 min at 95°C in a waterbath in the same 10mM citrate buffer.  
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2.25. Immunostaining on spermatozoa and lymphocytes  

Principle 

Immunodetection describes the process to localise specific proteins or markers, termed 

“antigens” in cells and tissues with antibodies. Visualisation of the antigen-antibody 

complex can be achieved with a colour-producing reaction of an enzyme conjugated to 

a secondary antibody, such as peroxidase or via coupling of the primary antibody with a 

secondary antibody, labelled with a fluorochrome (Walker, 2006). 

 

Protocol 

Following fixation in 4% paraformaldehyde (dissolved in 1 x PBS) for 15min at RT and 

washing three times in PBS the spermatozoa or lymphocytes were either dropped or 

spun using a Cytospin onto the slides. This was followed by permeabilisation of the cells 

using 0.15% Triton X-100 in 4% BSA for 15min. Next, the slides were washed three 

times using PBS, followed by blocking in 4% BSA for 20min. The primary antibodies 

were applied at the respective concentrations (see table 2.36) dissolved in 4% BSA and 

the slides incubated in a humidified chamber at 4°C for 16h. Subsequently the slides 

were washed using PBS containing 0.01% Triton X-100 for 10 min three times. The 

secondary antibodies, diluted to the appropriate concentrations with 4% BSA were 

applied and the slides incubated for 2h at RT in a humidified, dark chamber. Finally the 

slides were washed three times for 10min in PBS, stained with DAPI in Antifade 
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solution, coverslipped and sealed. For detection of Annexin V, prior to fixation with 

PFA, cells were incubated for 15min in Annexin V binding buffer (0.1 M HEPES / NaOH 

(pH 7.4), 1.4 M NaCl, 25 mM CaCl2 ) at RT in a humidified chamber. This was followed 

by incubation with the primary antibody in Annexin V binding buffer for 30min at RT 

and washing with PBS three times for 10 min each. Then the slides were incubated with  

secondary antibody, diluted in 1:400 PBS, for 2h in a humidified chamber. This was 

followed by a 4 times washing step in PBS, followed by fixation in 4% 

paraformaldehyde for 15min. For detection of other antigens than Annexin V, the 

protocol was used as described above. However, a more sensitive permeabilisation 

solution (0.2% Saponin / 0.05 % Triton X-100 in 4% BSA) was used instead of 0.15% 

Triton X-100 in 4% BSA in order to keep the cell membrane intact.  

 

 

2.26. Immunostaining on testes cryosections 

Following antigen retrieval, the surroundings of the sections were wiped with paper 

tissue and marked by a PapPen, a hydrophobic circle was applied around the tissue. 

Next, primary antibodies diluted in their respective concentration in blocking buffer 

(0.1% Triton X-100, 2% BSA, 0.05% Saponin in PBS) were applied into the hydrophobic 

circle, followed by incubation of the slides for 16h in a humidified chamber at 4°C. On 

the next day, the unbound primary antibodies were washed off in PBS containing 

0.01% Triton X-100 three times for 10min each at 37°C. Then the secondary antibodies 

in their respective concentration in blocking buffer were applied into the hydrophobic 
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circle and the slides incubated in a humidified chamber for 1 h at 37°C. Finally the slides 

were counterstained with 4',6-diamidino-2-phenylindole (5 µg/ml) diluted in Antifade 

solution for 10 min at RT, covered with a 24 x 50 mm
2
 coverslip, sealed with nail polish 

and stored at 4
 o

C until microscopic examination. 

 

2.27. Terminal deoxynucleotidyl transferase dUTP nick end labelling on spermatozoa 

& Lymphocytes 

Principle 

 The 3’ ends of DNA fragments, i.e. breakpoints of DNA single or double strand breaks 

are coupled with either direct labelled or biotin-coupled dUTP nucleotides using the 

enzyme terminal deoxynucleotidyl transferase (TdT). The fluorescence is linear to the 

DNA damage in a single cell can be in situ or flow cytometric quantified. 

Protocol  

Slides with spermatozoa or lymphocytes, were prepared as described above. Either a 

commercial cell death kit from Roche or a non-commercial protocol was applied. The 

slides were rinsed in 1 x PBS and a hydrophobic circle using a PapPen. When using the 

commercial kit, 22.5 μl of enzyme buffer solution was mixed with 2.5 μl of enzyme 

solution and the mixture applied to the hydrophobic circle, followed by incubation for 

90 min at 37°C.  The slides were washed three times in 1 x PBS for 5 min at RT each. 

When using the non-commercial protocol, the slides were incubated for 10 min in 



116 

 

terminal deoxytransferase buffer (30 mM trizma-base, pH 7.4, 140 mM sodium 

cacodylate, and 1 mM cobalt chloride, pH 7.4). 25 μl of 5 μM biotin-dUTP and 0.3 U/μl 

TdT enzyme were added to the hydrophobic circle and the slide incubated for 90 min at 

37°C in a humidified incubation chamber. The reaction was stopped by rinsing the 

slides three times in TBS, pH 7.6. 

 

2.28. Quantitative image analysis of γH2AX foci confocal images 

From each lymphocyte sample (untreated and treated with the respective toxicant) at 

least 80 cells were analyzed. Microscopic pH2AX foci were immunolocalized and images 

were acquired using confocal laser scanning microscopy epifluorescence sectioning 

microscopy (Zeiss LSM 510) and a Plan Neofluar 63x objective with 1.3 numerical 

aperture resulting in a pixel size of 0.10 x 0.10 µm2. The γH2AX foci (Alexa488) and 

nucleus (DAPI) digital images were captured serially. Z-stacks of at least 15 different 

positions were taken from each sample with at least 13 slices per stack (40 – 70 cells 

per stack) at different positions. Data were analyzed on a “per nucleus basis” using the 

National Institute of Health’s ImageJ software with a custom software macro 

“FociCount” designed to count particles by Zlobinskaya and Schmid (Schmid et al., 

2011). Results of the analysis are presented as a total foci number per image; individual 

foci positions were not analyzed. The macro was partially adopted from Boghal et al. 

(2009) and Cai et al. (2009). It operates by evaluating the maximum intensity projection 

of a three-dimensional (3D)-stack of images to produce a single two-dimensional 
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intensity image, which is then processed. The images were normalized and background 

noise was corrected. The noise suppression was performed with minimum reduction in 

focus detection sensitivity (Bocker and Iliakis, 2006). Nuclear boundaries and foci were 

automatically identified in images by a threshold algorithm. For identifying nuclear 

boundaries a DAPI staining was used. Minimum foci size of 5x5 (0.25 µm2) pixels and 

maximum foci size 200 pixel were selected. Adjunct or overlapping nuclei were 

adequately segmented using watershed transformation. Cells that are partially on the 

edge of the image or deformed cells were excluded by the software and were not 

counted. Cells with pan-nuclear staining or band-like staining of mitotic cells were not 

analysed either. For validation, individual nuclei were extracted from the original 

images with ImageJ software and each was analyzed separately (Bhogal et al., 2009; Cai 

et al., 2009). 

 

2.29 Quantitative image analysis of multicolour immunostaining on spermatozoa 

As spermatozoa are in terms of volume the by far smallest cell in vertebrates, a 

quantitative analysis via image capturing and subsequent automated analysis as done 

for lymphocytes was not possible. Hence, for triple colour immunostaining of 

spermatozoa, fluorescence microscopy was performed on a Leica DM fluorescence 

microscope,
 
equipped with a triple-band filter set for simultaneous observation of the 

fluorochromes Rhodamine/Cy3, DAPI and FITC/Alexa488 using a 100x objective with 

1.3 numerical aperture. The following scoring criteria were applied: (1) only 

spermatozoa that had a tail attachment site or flagellum were scored; (2) spermatozoa 
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smaller than the normal size of decondensed spermatozoa were excluded from scoring; 

(3) only signals located in an intact spermatozoa which had not overlapped another 

spermatozoa were counted. 

 

2.30. Isolation of spermatozoa nuclear extract  

Density gradient isolated spermatozoa (120 x 10
6
 spermatozoa/ml) were pelleted and 

resuspended in 4ml of 10mM dithiothreitol dissolved in 0.05 M Tris-HCl, pH 8.0, 

minimally sonicated and incubated for 20 min at 4˚C. Spermatozoa were spun down at 

13,000 rpm (9500 x g) at 4˚C for 5 min, the supernatant discarded, and the pellet 

washed twice by vortexing for 10 sec and centrifuging the suspension 5 min each time 

with 200µl of 1mM PMSF in isopropanol in order to lyse the cells by hypotonic shock. 

The sediment was resuspended in 50 ul of 20mM EDTA, 1mM PMSF, 100mM Tris, pH 

8.0. Then 50 ul (one volume) of 6M guanidine hydrochloride was added, vortexed, and 

incubated at RT for 30min, while the tubes were protected from direct light by a 

aluminium foil cover. Five volumes of ice-cold ethanol was added and the solution was 

incubated at -20°C for 2min, centrifuged for 15 min at 9500 x g and the supernatant 

discarded. The spermatozoal nuclear proteins of the sediment were then extracted 

with 500µl of 0.5M HCL at 37˚C for 90 min, which resulted in dissociation of the 

chromatin proteins from the DNA and was followed by a centrifugation at 9500 x g for 

10min. The extracted proteins in the supernatant were precipitated with TCA (20% final 

concentration) for 10 min at 4˚C. The proteins were collected by centrifugation at 9500 
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x g for 10 min , washed twice with 500 µl of 1% 2-mercaptoethanol in acetone, air dried 

at RT  for 20-30 min and dissolved in 5-20µl of 5.5.M urea, 20% 2-mercaptoethanol, 

and 5% acetic acid (w/v) and subsequently analysed by Western blotting (Balhorn et al., 

1977; Carrell and Liu, 2001).  

 

2.31. Western blotting 

The spermatozoal nuclear extract samples as well as the protein ladder were mixed  

with 2x protein loading buffer in a 1:1 ratio, boiled for 2min and loaded on a 10% 

acrylamide gel composed of 0.9 M acetic acid, 2.5 M urea, 15% acrylamide, 0.09% bis-

acrylamide, 0.12% APS and 0.14% TEMED (tetramethylethylenediamine). The gel was 

subsequently run at 125V for 1.5 – 2 hours in 1 x TGS buffer (that is 25 mM Tris, 192 

mM glycine, 0.1% SDS). The proteins were transferred to polyvinylidine fluoride 

microporous 0.45 μm membrane which had been pre-soaked in 100% methanol and 

equilibrated in transfer buffer. The gel was transferred for 1 h at 150 V at 4˚C. The 

membrane was blocked for 1 h at room temperature with 5% non-fat dried milk, 0.05% 

Tween 20 and 1 x TBS. The membrane was incubated at 4
o
C overnight with the primary 

antibody at the appropriate dilution in 0.05% TBS/Tween 20 and milk.  The membrane 

was washed in 0.05% TBS/Tween and incubated with a 1 : 10,000 dilution of the 

secondary antibody, anti-mouse, anti-rabbit or anti-biotin horseradish peroxidase 

(HRP) for 1 h. After washing, the blot was exposed to a chemiluminescent detection 

reagent. The blot was exposed to X-Ray film between 5-20 sec in a dark room and 
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developed using developer solution. In case the control antibody was not included with 

the target primary antibody, the blot was stripped using a stripping buffer, that is 12% 

SDS, 0.36 M Tris-HCl, pH6.8, 2-mercaptoethanol for 15 min at 50
o
C, washed for 1 hour 

at RT with TBST buffer and blocked for an additional hour in TBST/milk. The Western 

blot was then probed with the primary control antibody for 1 h and washed. 

Subsequently, the blot was probed in a 1 : 10,000 dilution with the secondary antibody, 

anti-mouse or anti-rabbit horseradish peroxidase (HRP) for 1 h. After washing, the blot 

was exposed to a chemiluminescent detection reagent, exposed to X-Ray film between 

5-20 sec in a dark room and developed using developer solution. 

 

 

2.32. Comet Assay on spermatozoa and lymphocytes 

Principles  

The Comet assay is a simple and sensitive technique used to detect DNA damage in 

single cells. Ostling and Johanson first published a method using micro-gel 

electrophoresis of immobilized cells lysed at high salt concentrations and discovered 

that when they applied an electrophoretic field with neutral pH, “tails” were observed 

where some DNA fragments from the nucleus migrated faster than the rest of the 

chromatin (Ostling and Johanson, 1984). Alkaline denaturation at a higher pH and DNA 

unwinding were incorporated, which allowed at a pH of ≥13, the detection of DSBs, 
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single-strand breaks (SSB) and alkali-labile sites (ALS) (Singh et al., 1988). When DNA 

fragments migrated during the electrophoresis, they were forming the tail of the 

Comet which consisted mainly of single stranded DNA, due to the predominant 

relaxation of supercoiled loops, rather than alkaline unwinding. Nevertheless, 

separation of both DNA strands, i.e. unwinding, occurs under alkaline conditions. By 

choosing different pH conditions for electrophoresis and the preceding incubation, 

different damage types and different levels of sensitivity can be assessed. When both 

the electrophoresis and lysing step are carried out under neutral conditions (pH 7-9) 

exclusively DSBs (Ostling and Johanson, 1984) can be detected with only few SSBs, due 

to the relaxation of supercoiled loops containing the breaks, which might contribute to 

the observed Comet (Fairbairn et al., 1995; Tice et al., 2000). 

 

Protocol  

After flaming in ethanol, slides were pre-coated with a first layer of 1% NMP agarose 

and aged for 16 h at RT. When using spermatozoa, the cryovials containing semen 

samples were defrozen at 32
o
C and depending on the concentration, 1-5 μl of 

spermatozoa were transferred into a tube, filled with PBS and the respective 

compound to test. The solution was gently shaken and incubated for 60 min at 32
o
C, 

followed by a washing in 1 x PBS and centrifugation for 3 min at 3000 rpm (2250 x g) 

twice. 900 μl of supernatant were discarded and the remaining 100 μl, including the 

cell pellet were resuspended with 100 μl of 2% LMP agarose. 100 μl of this solution was 
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added to a pre-coated agarose slide and a cover-slip added. Slides were placed for 10 

min on ice, the coverslip removed and a third layer of 0.5% LMP agarose added, 

followed by 10 min of incubation to let the agarose layers harden.  To assess the highly 

compacted spermatozoa chromatin, the slides were incubated for 1 h at 4
o
C in 10mM 

DTT dissolved in 100mM Tris-HCl, pH 7.8. DTT is a reducing agent, cleaving the disulfide 

bonds of DNA. Slides were then rinsed in PBS, followed by 1 h incubation at 4
o
C in 

2.5mg of Proteinase K dissolved in 50ml of fresh lysing solution in oder to cleave the 

DNA’s peptide bonds (Baumgartner, 2009)                                                                                                 

For treatment of lymphocytes, cryovials with lymphocytes were spun down for 5min at 

1500 rpm ( 1250 x g ) and washed with 1 x PBS to remove traces of FBS and DMSO. The 

supernatant was discarded, the pellet resuspended in RPMI 1640 medium and 

incubated for 3h at 37
o
C with the compound to test in its respective concentration.  

The cells were then spun down for 5 min at 3000 rpm (2250 x g ), the supernatant 

discarded so that 100 μl of supernatant remained including the cell pellet. The pellet 

was resuspended with 100 μl of 1% LMP agarose. The solution was carefully mixed and 

then as the 2
nd

 agarose layer added to the pre-coated slides, cover-slipped and 

incubated for 10 min on ice. Coverslips were removed and a 3
rd

 agarose layer (0.5% 

LMP) applied, cover-slipped, incubated for an additional 10 min on ice. Cover-slips 

were removed from the solid agarose and the slides incubated in fresh lysing solution 

for 1h to a maximum of 16 h at 4
o
C (Tice et al., 2000).  Before single cell 

electrophoresis, both, lymphocyte and spermatozoa slides were rinsed with 

electrophoresis buffer, placed in an electrophoresis tank, filled with 2 L of ice-cold 
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electrophoresis buffer and incubated for 20 min (spermatozoa) or 30 min 

(lymphocytes) at 4
o
C to allow the DNA to unwind at a pH of 13.5. Electrophoresis was 

performed for 20 min (lymphocytes 30 min) with 300 mA / 25 V (0.78 V/cm). After 

completion of electrophoresis, slides were rinsed 3 three times for 5 min in 

neutralization buffer, visualized with 60 μl ethidium bromide solution, covers-slipped, 

and incubated for 5 min. All slides were coded and blind scored under a 625x 

magnification using a Leica fluorescent microscope and Andor’s Comet assay software. 

DNA damage was quantified using “% Tail DNA”, as recommended in the international 

guidelines (Kumaravel et al., 2009; Tice et al., 2000). 

 

Figure 2.32. Schematic construction of a Comet assay slides, showing the three 

different agarose layers. 
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2.33. Comet-FISH  

Principle  

Comet-FISH, the combination of the Comet assay (Ostling and Johanson, 1984) and 

fluorescence in situ hybridisation (FISH) (Swiger and Tucker, 1996) assesses the overall 

DNA damage Comet assay) along with chromosomal abnormalities at specific gene loci 

(FISH). Since its development (Santos et al., 1997) only ten laboratories have published 

research papers using the Comet-FISH technique on somatic cells investigating 

distribution of telomeres,  centromeres or whole chromosomes in Comet tails 

(Arutyunyan et al., 2005; Santos et al., 1997); DSBs within p53 (McKenna et al., 2003b); 

SSBs induced by UV-A light (Rapp et al., 2000); region-specific repair activities 

(Horvathova et al., 2004; McKenna et al., 2003a); transcription-coupled DNA repair 

(Spivak et al., 2009); distribution of telomeres in comet tails (Arutyunyan et al., 2005) 

and re-arrangements in cancer cells (Harreus et al., 2004; Kumaravel and Bristow, 

2005).  

Protocol 

The Comet assay on spermatozoa was performed as described in 2.33., however with 

two exceptions: firstly, no third layer of LMP agarose was applied; secondly, YoYo-1 

Iodide was used to stain DNA and instead of ethidium bromide, (the latter dye gave so 

much background after denaturation that analysis was impossible). After the last step 

(slide neutralization) of the Comet assay protocol, the slides were stained with YoYo-1 

Iodide (1:100) and analyzed for cell density and extent of fragmentation of migrated 
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DNA. Slides were subsequently washed in PN-buffer for 20 min and placed for at least 2 

weeks in 100 % ethanol at 4
o
C in order to let the agarose layers harden (“age”). After 

this time period, the slides were rehydrated in ethanol series (100  / 90 / 70 %) for 2 

min each and air dried at RT. Slides were then placed 3 min in a preheated Coplin jar 

filled with 70% formamide/ 2x SSC at 74
o
C for denaturation of DNA, followed by 

dehydration through ethanol series (100  / 90 / 70 %) for 2min each and air drying at 

RT. 10 µl of hybridization mixture was added to the slides, which were then 

coverslipped and sealed with Fixogum
©

. Slides were incubated in a pre-warmed, 

moistened chamber at 37
o
C for 48 h. Fixogum

© 
was carefully removed with forceps and 

the slides placed in PN-buffer until the coverslips detached. The slides were then 

incubated in 50 % FA / 2x SSC at 45
o
C for 30 min, followed by 10 min incubation in PN-

buffer at 45
o
C and 2 min in 0.1 x SSC at 45

o
C. Unspecific binding sites were blocked with 

100 μl of PNM blocking solution for 10 min, followed by detection of FISH probes using 

FITC-avidin (5 µg/ml) or anti-dig-rhodamine (0.5 µg/ml) or anti-dig-Cy3 (0.3 µg/ml)  in 

PNM blocking solution
 
for 45 min in a moist chamber at 37

o
C. Slides were then washed 

twice in 2 x SSC for 10 min, followed by a final wash in PN-buffer for 10 min. Slides 

were drained and 100 µl of freshly prepared anti-digoxigenin-AP conjugate, diluted 

1:500 in HNPP-buffer I was applied, followed by an incubation of 60 min at 37 
o
C in a 

humidified chamber. The slides were washed three times in HNPP-buffer II for 10 min 

each on a shaker at RT, followed by three washes in HNPP-buffer 3 for 10 min each. 

Slides were drained, counterstained with 20µl DAPI (0.05 µg/ml) in antifade solution for 

10 min at RT, covered with a 24x50 mm
2
 coverslip and immediately analyzed under the 
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fluorescence microscope, since the agarose layers made storing impossible 

(Baumgartner, 2009). For each successfully hybridized single cell, the number of signals 

and the localization of signals (head or tail of the Comet) were scored. Since the Comet 

software did not recognize the cells after the denaturation procedure and stained with 

DAPI or YOYO I, 50 cells were scored manually. 

 

2.34. Cytochalsein B Micronucleus-Assay 

Principles 

The formation of micronuclei is commonly used in molecular epidemiology as a 

cytogenetic biomarker of chromosomal damage, genomic instability and expression of 

neoplastic disease. Micronucleation occurs mostly in cells with defective repair and cell 

cycle control pathways, thus, micronuclei are found with significantly higher rates in 

tumour cells. Conventionally, micronuclei arise from acentric chromosomal fragments 

or whole chromosomes that lag behind at anaphase and are not incorporated into the 

daughter nuclei during nuclear division (Fenech, 2000; Fenech, 2007). The cytokinesis-

block micronucleus assay was developed in 1985 (Fenech and Morley, 1985) and 

measures micronuclei, nucleoplasmic bridges, nuclear division rate nuclear buds, 

apoptosis, necrosis as well as apoptosis. Hence, the micronucleus assay provides 

comprehensive measures for mitotic activity and cytotoxicity (Fenech, 2000; Fenech, 

2007). 
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Protocol  

0.4 ml of whole blood was added to a 5 ml culture flask containing 4.5 ml basic medium 

with 100 µl PHA and shaken briefly. After an incubation of 44 h at 37
o
C, 5% CO2, 30 µl 

of 1mg/ml Cyto-B solution in RPMI was added to the culture flask, briefly shaken, and 

followed by continuation of incubation for 28 h at 37
o
C, 5%CO2 (Fenech, 2006). The 

medium was transferred into a 15 ml falcon tube, centrifuged for 8 min at 800 rpm 

(600 x g) at RT. The supernatant was discarded with a vacuum pump until 0.5 ml of 

precipitate remained, followed by resuspension of the precipitate by patting the tube 

and addition of 5 ml 110 mM KCl by gentle vortexing. The tubes were incubated for 

15min at 4
o
C to allow the cells to become hypotonic. After centrifugation at 800 rpm 

(600 x g) for 8 min the supernatant was discarded until 0.5 ml precipitate remained, 

followed by resuspension of the precipitate by patting the tube. The cells were fixed by 

addition of 5 ml Carnoy’s drop by drop, slowly at the start, then a little faster 

afterwards, on a vortex mixer with medium speed and addition of 150 µl 

formaldehyde. The fixed cells were centrifuged at 800 rpm (600 x g) for 8 min, the 

supernatant discarded until 5 ml precipitate remained, which was then resuspended by 

patting the tube. The fixation was repeated twice, but without the addition of 

formaldehyde. The fixed micronuclei were stored at 4
o
C until further use (Fenech, 

2000; Fenech, 2006).                                                                                                                                    

The falcon tubes were centrifuged at 800 rpm (600 x g) for 8 min, the supernatant 

discarded until 100 µl remained and the cell pellet resuspended by adding 200-600 µl 

fresh Carnoy’s fixative according to cell density. Two 20 µl drops were spread in pre-
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marked positions (marked on the back of the slide, 13 mm distance from the edges) on 

a glass slide; the tip of the 50 µl-pipette was nearly touching the slide. The slides were 

left to dry for 16 h at RT. The slides were stained for 20 min in a Coplin jar with a freshly 

prepared, twice filtered through a Whatman 41 filter, 5% Giemsa solution in Sørensen 

buffer. Slides were rinsed thoroughly by ddH2O and air dried for 16h at RT. The next 

day the cells were mounted with 3 drops of mounting media on a 40
o
C hot plate and 

cover-slips added (Fenech, 2000; Fenech, 2006). 

 

2.35. Restriction-site mutation (RSM) Assay on spermatozoal DNA  

Principles 

This technique is based upon the detection of a mutated recognition sequence of a 

specific restriction enzyme, rendering it indigestible, and its subsequent amplification 

via PCR. (Jenkins et al., 1999). 

Protocol 

The first three steps of the Qiagen DNA mini extraction kit manual were modified. 

Briefly, 100 μl sperm were incubated for 1.5 h at 55°C with 100 μl of  a Buffer 

containing 20mM Tris-HCL (pH 8.0), 20mM EDTA, 200mM NaCl, 80mM DTT, 4% SDS 

and 250 μg/ml Proteinase K. Incubation was followed by addition of 200 μl Buffer 

AL(included in the Qiagen kit) and 200 μl ethanol and vortex mixed. The remaining 

steps 3-8 were equal to the manufactor’s protocol (Qiagen, 2008). For the first 
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restriction enzyme digestion 1.5 μl of isolated DNA were digested with 0.75 U/ μl of 

Msp1, carried out in 20 μl of Mg
2+

-free Taq polymerase buffer supplemented with 

1.5mM MgCl and 0.1 mg/ml acetylated BSA to enhance the activity of the restriction 

enzyme at 37
o
C for 16 h. To guarantee complete digestion of the non-mutated DNA 

sequences additional 10 U of Msp1 were added, followed by incubation for 6 h. 20 μl of 

the digested DNA solution, containg now only undigested DNA, e.g. p53 mutated DNA, 

was then amplified using primers flanking the Msp1 restriction site at exon 7, codon 

248 in the p53 gene, using 10 pmol of each, the forward primer : 

TTGGCTCTGACTGTACCAC and the reverse primer: AGTGTGCAGGGTGGCAAG, 5 μl 10 x 

(Mg
2+

-free) Taq Polymerase buffer, 2.5 U polymerase, 1.5 mM MgCl2 and 100 μM 

dNTPs. The following PCR scheme was used: after initial denaturation for 2 min at 94°C, 

to ensure complete denaturation of the template DNA, 36 PCR cycles followed: 30 sec 

denaturation at  94°C, 1 sec primer annealing at 60°C, and 10 sec polymerisation at 

72°C, with a ramp time (the time period to heat or cool, respectively form one 

temperature to the other) setting of 1 min for all three steps. Amplification of the 

mutated p53 sequences was followed by a second restriction enzyme digestion, to 

digest possibly amplified wildtype sequences: 10 μl of amplified DNA were digested 

with 0.75 U/ μl of Msp1, carried out in 20 μl of Mg
2+-

free Taq Polymerase buffer 

supplemented with 1.5mM MgCl and 0.1 mg/ml acetylated BSA to enhance the activity 

of the restriction enzyme at 37
o
C for 16 h. For controls, Msp1 enzyme was 

substituted with the same amount of ddH2O for digestion step 1 and 2 (Jenkins et al., 

2001; Parry et al., 1990). PCR products were visualized on 8% polyacrylamide gels 
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stained for 10 min in 1mM YoYo-1. Photographs of the YoYo1-stained gels were taken 

with a gel documentation system. On the gels, undigested wildtype DNA sequences 

were observed as undigested bands of the right size (137 bp) when compared to the 

PCR control. Complete digestion of the control DNA was a prerequisite to accept 

mutated DNA bands with around 69 bp. As a reference a 50 bp ladder was used 

(Jenkins et al., 2001). 
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Table 2.36. Antibodies and dilutions 

Antibody Reactivity Dilution 

pH2AXpSer139 anti Mouse 1:400 (ICC) 

pH2AXpSer139 anti Mouse 1:300 (IHC) 

pH2AXpSer139 anti Mouse 1:10.000 (western) 

H2AXpSer139 anti Rabbit 1:400 (ICC) 

H2AXpSer139 anti Rabbit 1:300 (IHC) 

ATMpSer1981 anti Mouse 1:400 (ICC) 

ATMpSer1981 anti Mouse 1:300 (IHC) 

ATMpSer1981 anti Mouse 1:10.000 (western) 

RAD 50 anti Sheep 1:300 (ICC) 

BPDE  anti Mouse 1:50 (ICC) 

N45.1to 8-Hydroxy-2'-deoxyguanosine  anti Mouse 1:200 (ICC) 

Annexin V anti Goat 1:200 (ICC) 

β-actin anti Mouse 1:5000 (western) 

Alexa 646 Goat anti Mouse 1:200 (ICC) 

Alexa 680 Goat anti Rabbit 1:200 (ICC) 

FITC Goat anti Sheep 1:200 (ICC) 

Alexa 488 Goat anti Mouse  1:200 (ICC) 

FITC Goat anti Rabbit 1:300 (ICC) 

Cy5 Goat anti Rabbit 1:300 (ICC) 

Alexa 350 Goat anti Mouse 1:50 (ICC) 

Cy3 Goat  anti Mouse 1:200 (ICC) 

Avidin-FITC anti Avidin 1:300 (FISH) 

Rhodamine anti Digoxigenin 1:300 (FISH) 

HRP Goat anti Mouse 1:10.000 (western) 

HRP Goat anti Mouse 1:10.000 (western) 

Abbreviations: ICC: Immunocytochemistry; IHC: Immunohistochemistry; Western: Western blotting 
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2.37. Statistical analysis 

Data were tested for normal distribution via calculation of kurtosis to measure the 

asymmetry of the probability distribution and via calculation of skewness to measure if 

the data were peaked or flat relative to a normal distribution and kurtosis. Data were 

then tested for significance via one-way ANOVA or if data violated the normal 

distribution pattern via non-parametric Mann-Whitney. The level of significance was 

set at p < 0.05. Generalized estimating equations models were used to account for 

correlations between scorers (Diggle et al., 2002), and overdispersion in the data was 

adjusted via the negative binomial family. Although an exchangeable correlation 

structure between an individual’s counts was assumed, the robust option was used to 

obtain estimates of the standard errors. Separate models were fit for each respective 

measurement, and this model was offset by the total number of spermatozoa or 

lymphocytes analyzed. Due to the restricted number of samples, the generalized 

estimating equations models were only adjusted by scorer. The interaction of smoking 

status and scorer as well as of cell type and scorer on the outcomes was investigated by 

adding an interaction term to the generalized estimating equations models. All 

regression-model hypotheses were confirmed by evaluating standardized residuals for 

mean values close to 0 and standard deviations close to 1. Regression-model 

coefficients were exponentiated to gain incident rate ratios (IRRs) and transformed 

95% confidence intervals (CIs) for each outcome (Sloter et al., 2007). All statistical 

analysis were performed using Metlab
©

 and/or SPSS
©

 software. 
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CHAPTER 3 

- 

Evaluation of DNA damage and DNA adducts in 

spermatozoa from smokers and non-smokers exposed to 

benzo[a]pyrene or its metabolite benzo[a]pyrene-7,8-

diol-9,10-epoxide 
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3.1. Introduction                                  

Environmental pollutants such as products of fossil fuel combustion and contaminants 

in food and water are—together with lifestyle factors—unquestionably linked to 

human health. One such compound is the polycyclic aromatic hydrocarbon (PAH), 

benzo[a]pyrene (B[a]P), an ubiquitous environmental pollutant found in tobacco smoke 

and grilled food. When ingested or inhaled, B[a]P can be transformed by phase I 

enzymes such as the CYP450 enzymes into several DNA-reactive metabolites, including 

the directly acting carcinogen benzo[a]pyrene-7,8-diol-9,10-epoxide (BPDE) (Pelkonen 

and Nebert, 1982; Xue and Warshawsky, 2005) which binds covalently to DNA (Jeffrey 

et al., 1977). BPDE can also act in synergy with other exposures e.g. ultraviolet light 

(Gao et al., 2005)ultimately increasing the risk of mutation, cancer or possibly other 

adverse effects (Denissenko et al., 1996; Eastman and Barry, 1992; Li et al., 1996). B[a]P 

can also contribute to the genotoxic burden in cells by reaction via the aldo-keto 

reductase superfamily leading to oxidative stress (Penning, 2004). The oxidized 

quinones produced via this pathway may in addition revert to catechols, which can 

react with DNA and other biomolecules to form covalent adducts.                  

When mutations occur in male or female reproductive cells, future progeny may be at 

risk of hereditary predispositions to various developmental defects or disease including 

cancer. Studies suggest that exposure to PAHs is correlated with reduced semen quality 

and higher risk of infertility; men with idiopathic infertility and also abnormal 

spermatozoa parameters [World Health Organization (WHO) criteria (1999)] were 

shown to have increased levels of urinary PAH metabolites compared to control groups 
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(Xia et al., 2009). Moreover, studies have shown that smoking men have higher levels 

of BPDE–DNA adducts than non-smokers and that the level of adducts in embryos from 

smoking couples seems to depend more on the smoking habit of the father than that of 

the mother, implying that the adducts in embryos could be more of paternal origin 

(Zenzes et al., 1999a; Zenzes et al., 1999b). In addition to issues relating to fertility, 

DNA damage in the mature spermatozoa may provide information about the genotoxic 

burden of the germ line. In vivo, such DNA lesions may arise in dividing testicular stem 

cells or at varying stages during spermatogenesis and spermiogenesis. The 

susceptibility at the various stages to chemicals will depend on the ability of the cells to 

remove the damage by DNA repair (Chandley, 1991; Holstein et al., 2003; Jansen et al., 

2001; Olsen et al., 2001) but it also relates to the packaging and restructuring of the 

chromatin at the various stages, including replacement of histones with protamines 

which occurs progressively during spermiogenesis (Marchetti and Wyrobek, 2005; 

Ward and Coffey, 1991). 
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3.2. Materials and Methods 

Human semen samples from 6 smokers (average age 32.7 years) and 5 non-smokers 

(33 years) were obtained at the University of Bradford after 3-5 days sexual abstinence. 

Routine analysis of semen quality was conducted within 2 h of collection using WHO 

criteria (1999) to provide details on colour, volume, viscosity, sperm concentration, pH, 

motility and morphology; all samples were found to be normospermic. Ethical approval 

was obtained from the Research Ethics Sub-committee for Human Subjects at Bradford 

University in June 2005 [for details see 2.4]. Although numbers used were small, 

statistically significantly responses were able to be detected ( see later - Table 3.3.3 and 

Figure 3.3.4.2 in Results section). 

The alkaline Comet assay protocol is based on Singh et al. (1988) with modifications for 

the use on spermatozoa samples (addition of DTT and Proteinase K to break disulfide 

bonds in order to assess the highly decondensed spermatozoa chromatin structure) as 

described by Anderson et al. (1998). The detailed protocol can be found in 2.32.  

For immunostaining an anti-BPDE monoclonal antibody was applied on decondensed 

spermatozoa samples and evaluated with light microscopic image analysis. A staining 

intensity (STI) range from 0-3 was applied to quantify the results. For further details see 

2.21.   

The high-performance liquid chromatography analysis of metabolites after exposure of 

mature spermatozoa to B[a]P were performed by V Sipinen and G Brunborg at the 

Norwegian Institute of Public Health. Briefly, spermatozoa sample aliquots of 250 μl 

were exposed under two different conditions, either unwashed in the presence of 
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seminal plasma or washed in PBS. Washed samples were prepared by centrifugation at 

9300x g for 5 min; the plasma above the cell pellets was removed and the pellets were 

resuspended and mixed thoroughly in 250 μl PBS and centrifuged for another 5 min. 

The supernatant was then removed and the cell pellets were resuspended in a new 250 

μl PBS. A volume of 250 μl ejaculate or washed sperm cells was exposed to 10 μM B[a]P 

dissolved in DMSO. All incubations were performed at 32°C for 1 or 24 h. After 

incubation, the samples were extracted three times with 1 ml ethyl acetate, which was 

subsequently evaporated under a continuous nitrogen flow. The residues were 

redissolved in 100% methanol and analysed by reversed phase high-performance liquid 

chromatography (HPLC); the samples were injected onto a Supelco Hypersil 5 column 

(250 x 3 mm). Elution was performed by using two mobile phases: Mobile phase A 

contained 100% methanol and mobile phase B contained 40% methanol and 60% (v/v) 

water. A gradient elution programme, with a flow rate of 0.5 ml/min, started with 30% 

A and 70% B for 5 min, then gradually changed to 90% A in 25 min, held at 90% for 5 

min, then back to 30% A in 2 min and held at 30% A for 3 min before the next injection. 

Detection was performed by a Perkin Elmer model LS 30 fluorescence spectrometer 

with 257 and .350 nm as excitation and emission wavelengths, respectively. 

The comet assay sample differences were determined by one-way analysis of variance 

with a Dunnett’s or Tukey’s post test. For immunostaining, all generated data were  

data were found to violate normality and therefore, nonparametric Mann–Whitney 

was used to test for significant differences. If not specified, the level of significance is 

P<  .05. Further details can be found in 2.29. 
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3.3. Results 

3.3.1. BPDE adducts analysed with immunostaining in spermatozoa from smokers and 

non-smokers exposed in vitro  

Table 3.3.1 summarises staining intensity levels using the BPDE–DNA antibody, with 

samples from three smokers and three non-smokers. The data are derived from typical 

images shown in Figure 3.3.1; baseline values are shown as well as responses to 40 μM 

B[a]P activated with 1% S9-mix. The STI score was significantly increased in smokers 

compared to non-smokers.  

 STI score STI 0 STI 1 STI 2 STI 3 

 

Non-smokers, non-treated 

(n=3, mean ± SE) 

69.0 ± 2.3 36.0 ± 3.74 59.0 ± 4.8 

 

5.0 ± 1.4 0.0 0 

Smokers non-treated  

(n=3, mean ± SE) 

182.0 ±15.2 3.0 ± 1.87 37.0 ± 5.3 35.0 ± 3.0 25.0 ± 10.0 

P-value 0.050 0.050 0.046 0.050 0.037 

Non-smokers, non-treated 

(n=3, mean ± SE) 

186.0 ± 5.1 0.0 ± 0 34 ± 3.0 46.0 ± 3.9 20.0 ± 4.3 

Smokers non-treated 

 (n=3, mean ± SE) 

216.0 ± 9.4 0.0 ± 0 22.0 ± 3.2 40.0 ± 5.0 38.0 ± 8.3 

P-value 0.050 1.000 0.050 0.275 0.127 

 

Table 3.3.1 Mean values for staining intensity levels in spermatozoa of non-smokers 

(n=3) and smokers (n=3).  Staining intensity levels (STI ± SE) and statistical differences 

(p-values) shown for spermatozoa exposed for 1h with 40μM B[a]P plus S9 mix or 

unexposed. Samples were analysed using a monoclonal antibody to detect DNA 

adducts and light microscopy.  
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Figure 3.3.1 In situ immunodetection with a monoclonal BPDE–DNA antibody, in 

spermatozoa  from smokers and non-smokers treated with 40μM B[a]P (in 1% DMSO) 

and human S9-mix. Representative light microscopic images of smoker spermatozoa, 

untreated;  non-smoker spermatozoa, untreated; smoker spermatozoa, treated with 40 

μM B[a]P and human S9-mix; non-smoker spermatozoa, treated with 40 μM B[a]P and 

human S9-mix; control for smoker spermatozoa, no primary antibody applied and 

control for non-smoker spermatozoa (no primary antibody applied) are shown. 
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3.3.2. BPDE adducts analysed with 
32

P postlabelling in spermatozoa exposed in vitro 

 (These results were produced by V Sipinen & G Brunborg at the National Institute of Public Health, Oslo) 

Spermatozoa samples were treated in vitro with 5, 10 or 25 μM B[a]P ± S9 mix or 5, 20 

or 50 μM BPDE. DNA was extracted and analysed with the 
32

P postlabelling technique. 

No B[a]P induced adducts were detected by 
32

P postlabelling in samples exposed to 

either B[a]P or B[a]P plus S9-mix (data not shown). However, BPDE exposure led to a 

dose-dependent increase in adduct levels; these levels were extremely high and far 

beyond what is considered to be physiologically relevant (Figure 3.3.2). 

 

 

 

Figure 3.3.2 
32

P postlabelling analysis of BPDE adducts in sperm cells. Results for 

control (DMSO 1%), BPDE standard and spermatozoa exposed to 5 μM BPDE are 

shown. 

 

3.3.3.  B[a]P metabolites in spermatozoa analysed after in vitro exposure with HPLC 

(These results were produced by J Linschooten, RW Godschalk & FJ van Schooten at Maastricht University) 



 

Mature sperm obtained f

into reactive metabolites, but the positive results in the comet assay with B[a]P in our 

study prompted a metabolite analysis by HPLC. Three B[a]P

indeed detectable aft

These derivatives could not be chemically identified since they had different retention 

times as compared to several known metabolites (including 7,8

B[a]P). The unidentif

similar to several known quinones (including 1,6

the metabolites could not be identified, these results suggest that 

seminal fluid is capable of some form of oxidative metabolism of B[a]P

Figure 3.3.3 Analysis of B[a]P metabolites from sperm exposed to B[a]P for 1 or 24 h. 

B[a]P related metabolites, predominantly 9,10

the incubation, indicating that mature human sperm indeed is capable of metabolising 

Benzo[a]pyrene.  

3.3.4. Evaluation of DNA damage in spermatozoa exposed to B[a]P or its metabolite 

[a]PDE using the Comet assay 
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Mature sperm obtained from an ejaculate is not expected to be able to transform B[a]P 

into reactive metabolites, but the positive results in the comet assay with B[a]P in our 

study prompted a metabolite analysis by HPLC. Three B[a]P-related metabolites were 

indeed detectable after 24 h of incubation of sperm with 10 lM B[a]P (data not shown). 

These derivatives could not be chemically identified since they had different retention 

times as compared to several known metabolites (including 7,8

B[a]P). The unidentified B[a]P metabolites had retention times very close, but not 

similar to several known quinones (including 1,6-; 3,6- and 6,12-B[a]P

the metabolites could not be identified, these results suggest that 

pable of some form of oxidative metabolism of B[a]P

Analysis of B[a]P metabolites from sperm exposed to B[a]P for 1 or 24 h. 

B[a]P related metabolites, predominantly 9,10-dihydroxy-B[a]P, were detected after 

dicating that mature human sperm indeed is capable of metabolising 

Evaluation of DNA damage in spermatozoa exposed to B[a]P or its metabolite 

[a]PDE using the Comet assay  

rom an ejaculate is not expected to be able to transform B[a]P 

into reactive metabolites, but the positive results in the comet assay with B[a]P in our 

related metabolites were 

er 24 h of incubation of sperm with 10 lM B[a]P (data not shown). 

These derivatives could not be chemically identified since they had different retention 

times as compared to several known metabolites (including 7,8-diol and 9,10-diol 

ied B[a]P metabolites had retention times very close, but not 

B[a]P-dione). Although 

the metabolites could not be identified, these results suggest that spermatozoa or the 

pable of some form of oxidative metabolism of B[a]P(Figure 3.3.3). 

 

Analysis of B[a]P metabolites from sperm exposed to B[a]P for 1 or 24 h. 

B[a]P, were detected after 

dicating that mature human sperm indeed is capable of metabolising 

Evaluation of DNA damage in spermatozoa exposed to B[a]P or its metabolite 
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Using the alkaline Comet assay, spermatozoa from 5 smokers and 6 non-smokers 

revealed significant differences in their baseline DNA damage levels and also 

differences in the levels obtained in samples when treated in vitro with DMSO plus S9 

or S9 alone; samples from the smokers had higher levels of DNA damage than non-

smokers (P= .001; P = .003; P = .023, respectively) (Figures 3.3.4.1 and 2). When the 

samples were treated with B[a]P in vitro, there were dose-dependent increases in DNA 

damage, in both groups (except non-significant differences of smoker’s baseline levels 

versus treatment of the same samples with 1 μM B[a]P ± S9). However, a further 

increase with S9 was only observed in non-smoker samples exposed to either 1 or 25 

μM B[a]P (P=  .03; P = .04, respectively). 

 

Figure 3.3.4.1 Representative Comet assay image, showing undamaged and damaged cells, 

indicated by less intensively stained head and a slight increased tail in a “comet-shape”.  

B 
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Figure 3.3.4.2 DNA damage in sperm from five smokers and six non-smokers. DNA damage levels are shown [baseline and in vitro 

exposure to 0, 1, 10 and 25 μM of B[a]P (in 1% DMSO) ± human S9-mix]. Data represent the mean % Tail DNA, from three individual 

experiments repeated for all treatments and samples. Spermatoza from smokers had significantly higher levels of DNA damage 

compared to non-smokers (baseline, S9, DMSO). For both groups, in vitro exposure to B[a]P gave a dose-dependent increase in DNA 

damage. Speramtoza of non-smokers are shown in blue and smokers in grey. 
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3.4. Discussion 

B[a]P has been extensively tested for its adverse effects in a large number of in vitro 

and in vivo studies and much of its toxicity is well documented. In general, metabolic 

activation by endogenous enzymes is required for B[a]P to be genotoxic; in particular, 

the metabolite BPDE is known to interact with biomolecules such as proteins and DNA 

(Godschalk et al., 2003), with new reactive B[a]P metabolites still being discovered 

(Sagredo et al., 2006). In vivo, some B[a]P activation products probably have sufficient 

stability to be transported from cells or organs possessing the ability to metabolize 

B[a]P, to cells or tissues lacking such activity (Ginsberg and Atherholt, 1989). Recently, 

DNA adducts were detected in spermatozoa from mice exposed to B[a]P in vivo, 

strongly suggesting that B[a]P activation products had diffused from metabolically 

competent surrounding tissues (Verhofstad et al., 2010). In view of the current 

understanding of the metabolism of B[a]P, it is expected that there would be  little 

genotoxicity of this compound in spermatozoa, which are assumed to be deficient in 

metabolizing activity when incubated in vitro. However, genotoxic activities in both 

lymphocytes as well as spermatozoa were shown for various compounds generally 

assumed to require enzymatic activation (Anderson et al., 1997c), (Anderson et al., 

1997a), (Anderson et al., 1997b).Consistent with these findings a moderate but 

significantly increased level of DNA damage was observed induced by B[a]P in this 

study (Figure 3.3.4.2). These results are in agreement with  reported spermatozoal DNA 

damage in the absence of S9 mixture and increased levels of cellular oxidants (Russo et 

al., 2006). It was suggested that peroxidases present in spermatozoa are important for 
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the oxidative stress induced by B[a]P. Using the 
32

P postlabelling assay, extremely high 

levels of BPDE–DNA adducts were measured in BPDE-exposed sperm samples (Figure 

3.3.3). By means of in situ immunodetection using a monoclonal BPDE–DNA antibody, 

adducts were readily detected also in samples exposed to B[a]P plus S9 (Figure 3.3.1). 

The higher immunostaining in smokers versus non-smokers is in correspondence with 

the data from the Zenzes laboratory (Zenzes, 2000; Zenzes et al., 1999a; Zenzes et al., 

1999b). Similarly, the observed higher baseline levels of DNA damage in spermatozoa 

from smokers compared to non-smokers in the comet assay is in correspondence with 

earlier studies (Fraga et al., 1996). Most bulky DNA adducts induced by B[a]P/BPDE are 

stable, and they are not detected as DNA breaks in the comet assay in the absence of 

DNA repair (Speit and Hartmann, 1995; Speit et al., 2004b). In a cell-free system, BPDE 

reacts with not only DNA forming stable adducts (notably, BPDE–N2–Gua) but also 

unstable ones including BPDE–N7–guanine, N6–adenine and N3–cytosine (Osborne et 

al., 1978; Osborne et al., 1981). Unstable lesions caused by chemicals in cells may lead 

to the formation of ring-opened bases which may in turn be substrates for glycosylases 

such as FPG (Chetsanga and Frenette, 1983; Tudek, 2003) as has been demonstrated 

for methyl methanesulfonate (Speit et al., 2004a). The ultimate level of lesions that are 

detectable in the comet assay will also be largely affected by the tight packaging of 

DNA in sperm cells—even after extensive lysis and unwinding, as demonstrated with X-

rays. Taken together, these findings seem to mostly correspond with the occurrence 

and the nature of the various types of lesions induced by BPDE (or B[a]P plus S9). The 

formation of unstable adducts from B[a]P is known to occur via a one-electron 
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oxidation; however, both CYP enzymes and aldo-keto reductase are needed also for 

this pathway (Godschalk et al., 2003). An ‘untraditional’ form of activation of B[a]P 

therefore seems to be taking place, either via extracellularly or via mitochondria. Some 

metabolism of B[a]P, possibly by spermatozoa, was confirmed by the observation of 

B[a]P related metabolites after an in vitro incubation of spermatozoa with B[a]P, and 

the retention times of these unknown derivatives indicated that they behaved like 

B[a]P quinones. Quinones are known to generate reactive oxidative species and they 

have both spermicidal and spermostatic effects (Hughes et al., 2009). In agreement 

with this it was suggested that the DNA damage induced by oestrogens in human 

spermatozoa in vitro may be due to quinone formation (Anderson et al., 2003). Also, 

increased mutagenic activity of B[a]P in the Ames test when seminal fluid was included, 

it was reported, suggesting that enzymes in the seminal fluid might be responsible for 

B[a]P activation (Rivrud, 1988). Taking together, the presence of DNA adducts in 

spermatozoa after in vitro B[a]P exposure, as demonstrated with 
32

P postlabelling or 

immunostaining, suggests that spermatozoa are susceptible to B[a]P adduct induction 

also when exposed to this compound in vivo. Correspondingly, spermatoza could 

possibly be used as a biomarker for exposure to environmental chemicals, both for the 

individual and at the group level. Differences in biomarker levels may then be 

attributed to environmental and/or lifestyle factors, which could ultimately be related 

to fertility and the genetic integrity of sperm. Despite the very high sensitivity of 
32

P 

postlabelling and immunostaining, these techniques are time consuming. The comet 

assay is fast and considerable cheaper and hence more suitable for cohort studies. The 
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observation of higher levels of baseline spermatozoa DNA damage in smokers versus 

non-smokers suggests that lesions induced during spermatogenesis may be specifically 

measured using the comet assay. 
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CHAPTER 4 

- 

Break frequencies of the human fragile sites FRA3B / 

FRA16D and its murine orthologs in spermatozoa 

compared to lymphocytes and its potential as a 

biomarker of exposure 
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4.1. Introduction  

Chromosomal aberrations transmitted through spermatozoa can cause morphological 

and biochemical defects in the offspring, including spontaneous abortion, infant 

mortality, birth defects, infertility, and severe genetic diseases. It was shown that 

chromosomal aberrations are significantly elevated in men exposed to lifestyle or 

environmental toxicants, such as tobacco smoke, air pollution, consumption of certain 

drugs, such as diazepam (Valium
©

) chemotherapy or alcohol (Olshan, 1995; Savitz et 

al., 1994). After FISH technology became the reference method over 15 years ago for 

the detections of chromosomal aberrations in spermatozoa, more than a hundred 

studies evaluated numerical anomalies in men or rodent models. It is believed, that 

errors in meiotic chromosome segregation of spermatocytes during the meiotic stages 

of spermatogenesis leads to aneuploid phenotypes, such as disomy or diploidy 

(Robbins et al., 1995). Before development of the FISH technology, the hamster-egg 

method was the reference method for the detection of chromosomal aberrations in 

spermatozoa. When reviewing the results of 10 studies using this technique, 

comprising nearly 10,000 spermatozoa metaphases, it was revealed that 5-13% of 

spermatozoa carry structural aberrations, while only 1 - 3 & carry numerical 

aberrations (reviewed in Sloter et al., 2000). Surprisingly, only three studies 

investigated consequent structural aberrations in spermatozoa via FISH on 

chromosome 1 band q12 reporting significant increased break frequencies in older men 

and oligospermic infertility patients (Schmid et al., Sloter et al, 2000, 2007). However, 

the 1q12 locus represents a cytogenetically “normal”, non-fragile locus. In contrast, 
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fragile loci, also termed fragile sites, are non-random specific loci which are prone to 

exhibit chromosome instability and contribute to the formation of DSBs following 

partial inhibition of DNA-synthesis or occur spontaneously. Common fragile sites are 

present in all individuals, while rare fragile sites are only found in <5% of the population 

segregating in a Mendelian manner with varying incidences, but also de novo 

appearance is reported (Debacker and Kooy, 2007; Schwartz et al., 2006; Sutherland et 

al., 1998).                                    

Hence, the present chapter aims to detect the baseline break frequencies of the most 

commonly expressed genomic fragile sites FRA3B and FRA16D in spermatozoa and to 

compare these results with break frequencies in lymphocytes from the same donor. To 

evaluate whether these break frequencies at fragile sites in human spermatozoa are 

conserved interspecies, since the results will be compared to break frequencies at the 

murine fragile sites orthologs FRA3B and FRA16D in mouse spermatozoa.                           

Using unique BAC derived FISH probes, located at telomeric and centromeric sites 

adjacent to the two most frequently expressed fragile sites in human somatic cells, 

FRA3B and FRA16D,  a simple two colour FISH assay was developed for the detection of 

broken fragile sites in spermatozoa and lymphocytes. This FISH assay was extended to 

detect also the expression frequencies of the FRA3B and FRA16D orthologs in murine 

spermatozoa and lymphocytes using BAC-derived murine DNA probes.                                

Besides detecting a break, indicated by separated red and green FISH signals, the assay 

detects within the same experiment a possible disomy of the respective FISH probed 

chromosome, indicated by two FISH signals for red and two signals for green. However, 
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as only one chromosome is targeted by two FISH probes, it is not possible to distinguish 

a possible disomy from a possible diploidy. Also segmental chromosome aberrations, 

i.e. deletion or duplication of one part of the chromosome located either 

centromerically or telomerically to the break is detected. A nullisomy FISH phenotype, 

seen as missing of both, the red and green FISH signals can also be detected, however 

this alteration can also caused by technical artefacts, i.e. the FISH probes were not able 

to penetrate the chromatin and bind to the target sequences. Figure 4.1.1.1 shows the 

possible FISH phenotypes and predicted genotypes in spermatozoa. The location of all 

fragile sites and the labelling strategy are shown in Figure 4.1.1.2.      

 

Figure 4.1.1. Five different FISH phenotypes can be detected in one 2 colour fragile site 

FISH experiment. These phenotypes predict the genotype in the investigated 

spermatozoa samples. Breaks at FRA3B and FRA16D as well as disomies and diploidy 

are compared with segmental duplication or deletion as well as nullisomy common 

genotypes detected with this assay.   
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Figure 4.1.2. Hybridisation strategy to detect breaks at fragile sites FRA3B and FRA16D as well as its murine orthologs on the murine 

chromosomes 14 and 16. The FISH probes are located telomerically and centromerically adjacent to the respective fragile site region 

and are labelled in with the fluorochromes FITC (green) and Rhodamine or Cy3 (both red). 
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4.2. Material and Methods 

Human semen samples from 18 smokers and 18 non-smokers were obtained at the 

Universities of Crete and Bradford, human lymphocytes from 10 non-smokers as well as 

semen and lymphocyte samples from 10 mice were obtained at the University of 

Bradford [for details see 2.3-2.6]. All sample characteristics and be found in appendix 1. 

FISH slides with mouse and human semen or lymphocyte interphases were prepared as 

described in 2.11, 2.12 and 2.18. The preparation of murine and human control 

metaphases was performed following essentially the descriptions in 2.9 and 2.10. 

Construction of FISH probes for fragile sites FRA3B and FRA16D as well as its murine 

orthologs is described in 2.13 and their physical location on the respective 

chromosomes is shown in figure 4.1.b The production of DNA from BAC clones for FISH 

probes followed an alkali lysis protocol based on the method first described by 

Birnboim and Doly (1979) which is described in detail in 2.14.                      

For labelling the nucleotides with the appropriate fluorochrome or haptene, chemical 

coupling of allylamine-dUTP to succinimidyl-ester derivatives of the respective 

fluorescent dyes or haptenes was used [for details see in 2.15].                                               

For production of the final FISH probes, nick-translation was used to label murine FISH 

probes used on semen samples. Nick translation is generally expected to give a 

stronger fluorescent signal, hence it is ideal to hybridize to the significantly stronger 

compacted mouse spermatozoa chromatin [for details see in 2.17]. The disadvantage is 

a significant higher cost, that is why for all other probes the cheaper random priming 

method was used, which in contrast to nick translation amplifies the fluorescence 
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labelled target DNA [for details see 2.16].                              Finally, for 

the FISH experiment, protocols based on Swinger and Tucker (1996) and Weier et al. 

(1995b) were used with modifications (decondensation with DTT for spermatozoa 

slides) based on the Wyrobek laboratory protocols, described in Sloter et al. (2000). 

The experimental procedures are described in detail in 2.19. and illustrated in Figure 

2.19.                                   

Also for scoring of FISH slides the Wyrobek laboratory guidelines were used (Sloter et 

al., 2000) with some modifications for the special detection of fragile sites using three 

colour FISH as  described in 2.20. All FISH slides were re-scored by Dr Irene Bassano 

(present address: Institute of Cellular and Molecular Biology at the University of Leeds). 

For statistical analysis, generalized estimating equations models were used to account 

for correlations between scorers (Diggle et al., 2002), and overdispersion in the data 

was adjusted via the negative binomial family. All regression-model hypotheses were 

confirmed by evaluating standardized residuals for mean values close to 0 and standard 

deviations close to 1. Regression-model coefficients were exponentiated to gain 

incident rate ratios (IRRs) and transformed 95% confidence intervals (CIs) for each 

outcome (Sloter et al., 2007). Details of the statistical calculations can be found in 2.39. 
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4.3. Results  

4.3.1. Testing of BAC derived FISH probes on metaphase chromosomes and structural 

aberrations  found in spermatozoa  

After construction of all FISH probes, the probes were successfully tested for 

chromosome specificity and cross-hybridisation on human and murine metaphases. 

The results are shown in maximal projections of Z-stacks from confocal scans in Figures 

4.3.1.-2.                                                   

Figures 4.3.1.3.-5 show representative images of human and murine spermatozoa 

carrying a chromosomal break at a fragile site, disomy or diploidy also presented as 

maximal projections of Z-stacks. 
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Figure 4.3.1.a, b. FISH probes centromeric and telomeric located to FRA3B and FRA16D hybridized to human control lymphocytes 

show specific binding with no cross-hybridisation. 
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Figure 4.3.2.a, b. FISH probes centromeric and telomeric located to the murine fragile sites orthologs FRA3B and FRA16D hybridized 

to mouse lymphocytes show specific binding with no cross-hybridisation. 
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Figure 4.3.3.a, b. FISH probes centromeric and telomeric located to FRA16D hybridized to human spermatozoa showing 

chromosomal breaks, i.e. expressed fragile sites. 
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Figure 4.3.4.a, b. FISH probes centromeric and telomeric located to FRA3B hybridized to human spermatozoa showing chromosomal 

breaks, i.e. expressed fragile sites. 
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Figure 4.3.5.a, b.  FISH probes centromeric and telomeric located to FRA3B hybridized to human spermatozoa showing disomy 3 or 

diploidy (both cannot be distinguished) with this assay. B. FISH probes centromeric and telomeric located to the murine fragile site 

ortholog FRA3B hybridized to murine spermatozoa showing a chromosomal break, i.e. an expressed fragile site (yellow arrow).

FRA3B ortholog (telomeric)                         

DAPI                                                   

FRA3B ortholog (centromeric)         FRA3B ortholog  (telomeric)        DAPI                                                   FRA3B ortholog (centromeric) 

 

DAPI                                       FRA3B (centromeric)          FRA3B (telomeric)              DIC                                                   

DAPI                                

FRA3B (centromeric) 

FRA3B (telomeric)     

DIC                                                   

Human spermatozoa 

Mouse spermatozoa 

a 

b 



161 

 

4.3.2. Expression frequencies of the human fragile site FRA3B and FRA16D in 

spermatozoa compared to lymphocytes in non-smoking men 

Table 4.3.2.1 summarizes the expression frequencies of fragile sites FRA3B and FRA16D 

in spermatozoa and lymphocytes from 10 healthy men. The FRA3B baseline expression 

frequency of 20.8 breaks per 10.000 spermatozoa was 2.4 fold higher compared to 

lymphocytes (p <.001), while for FRA16D a nearly 3 fold higher expression frequency in 

spermatozoa was detected (p <.001). Also frequencies for disomy 3 and 16 and diploidy 

were significantly increased in spermatozoa compared to lymphocytes, showing for 

both a more than threefold higher numerical aberration frequency in spermatozoa (p 

<.001). Segmental duplications or deletions were very rarely found (2.5 – 1.1 per 

10.000 cells) in both, germ and somatic cells, showing significant differences only for 

chromosome 3 duplications and deletions (p =.003). After summing up the detected 

structural, numerical and segmental abnormalities, a nearly threefold increased level of 

total anomalies in male germ cells compared to somatic cells was detected (p <.001). 

Table 4.4.b shows the incident rate ratios (IRRs) and 95% confidence intervals for each 

scorer, which were obtained and transformed from exponentiated regression-model 

coefficients. A good correlation between the total number of breaks at FRA3B and 

FRA16D with the total number of disomies 3 and 16, as well as diploidies within the 

individual spermatozoa donor samples are shown in Figure 4.3.2.1. A similar 

association was found for the total number of breaks with the total number of 

numerical aberrations  in lymphocytes. Figure 4.3.2.2.represents a visualization of the 

results presented in Table 4.3.2.2. 
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Table 4.3.2.1 Frequencies of spermatozoa and lymphocytes with breaks at human 

FRA3B and FRA16D as well as numerical and segmental anomalies in non-smoking men. 

 Human 

Spermatozoa 

Human 

Lymphocytes 

IRR
a 

95% CI
b 

P-value 

Number of men
c
  

 

10 10    

Breaks at human FRA3B 

 

20.8 ± 1.3 8.8 ± 0.9 2.35 1.70-3.26 >.001 

Breaks at human FRA16D 

 

15.6 ± 1.4 5.4 ± 0.6 2.87 1.93-4.28 >.001 

Total breaks at fragile sites 

 

36.4 ± 2.6 14.3 ± 1.5 2.55 1.80-3.60 >.001 

Segmental duplications 

and deletions at Chr.3
d
 

2.5 ± 0.3 1.2 ± 0.2 2.18 1.31-3.65 .003 

Segmental duplications 

and deletions at Chr.16d 

1.6 ± 0.2 1.1 ± 0.2 1.48 0.85-2.57 .168 

Total duplications and 

deletions  

4.1 ± 0.4 2.2 ± 0.4 1.85 1.13-3.02 .015 

Disomy 1 and diploidy 

(triploidy)
e 

 

17.5 ± 1.6 4.85 ± 0.7 3.59 2.32-5.56 >.001 

Disomy 16 and diploidy 

(triploidy)
e 

 

17.2 ± 1.4 4.3 ± 0.37 3.96 2.97-5.28 >.001 

Total numerical 

abnormalities 

 

34.7 ± 2.8  9.2 ± 1.0 3.77 2.66-5.35 >.001 

Total anomalies
 

 

75.2 ± 5.4 26.0  ± 2.9 2.89 2.02-4.13 >.001 

Note: All frequencies per 10.000 spermatozoa/lymphocytes ± SE.                                                                                                  
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                                             

c
For each donor, two scorers each analyzed 10.000 spermatozoa/lymphocytes on independently 

hybridized slides.                                                                                                                                                                                           
d 

duplications and deletions of an unknown stretch of chromosomal DNA encompassing the probe. This 

also included spermatozoa/lymphocytes classified as “other”, e.g. with multiple aberrations.                                                       
e 

It is not possible to distinguish between disomy 3 (16) from diploidy (spermatozoa) or triploidy 

(lymphocytes), which has the same signal pattern.  
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Table 4.3.2.2 Incident rate ratios, 95% confidence intervals, and P values for FISH on 

human spermatozoa and lymphocytes outcomes by each scorer. 

 Scorer 1 Scorer 2 

 IRR
a
 95% CI

 b
 P value IRR

a
 95% CI

 b
 P value 

Breaks at human FRA3B 2.56 1.80-3.63 >.001 2.16 1.55-3.01 >.001 

Breaks at human FRA16D 2.75 1.79-4.22 >.001 3.00 1.97-4.56 >.001 

Total breaks at fragile sites 2.64 1.84-3.77 >.001 2.46 1.74-3.48 >.001 

Total duplications / deletions 1.75 1.09-2.79 .019 1.95 1.07-3.56 .030 

Total numerical abnormalities  3.76 2.61-5.42 >.001 3.78 2.62-5.46 >.001 

Total anomalies 2.97 2.08-4.22 >.001 2.89 2.03-4.11 >.001 
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                                             

 

 

 

 

Figure 4.3.1. Correlation between the total number of breaks at the fragile sites FRA3B 

and FRA16D and total number of numerical aberrations for lymphocytes and 

spermatozoa in each donor sample. Each data point represents the frequency of 

abnormal spermatozoa and lymphocytes (per 10,000 scored cells).
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Figure 4.3.2. Expression frequencies of fragile sites FRA3B and FRA16D as well as numerical and segmental aberrations in 

spermatozoa and lymphocytes from 10 healthy men are shown. The FRA3B baseline expression frequency of 20.8 breaks per 10.000 

spermatozoa was 2.4 fold higher compared to lymphocytes (p <.001). Also FRA16D expression differences between spermatozoa and 

lymphocytes revealed high statistical significance (p <.001). disomy 3 and 16 and diploidy revealed a threefold higher numerical 

aberration frequency in spermatozoa compared to lymphocytes (p <.001).  
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4.3.3. Frequencies of spermatozoa and lymphocytes with break at the murine FRA3B 

and FRA16D orthologs as well as numerical and segmental anomalies in mice 

FISH analysis of spermatozoa and lymphocytes from 10 mice revealed only significant 

differences for the murine fragile site orthologs FRA16D (p= .27) and FRA3B (p <.001), 

but not for other aberrations. FRA3B was found with 11.4 breaks per 10.000 cells 

nearly twofold increased expressed in spermatozoa compared to lymphocytes. 

Numerical aberrations was well as segmental duplications and deletions were found 

similar expressed in spermatozoa and lymphocytes having a nearly twofold lower 

incidence level compared to structural aberrations. Consequently, the total anomalies 

detected in spermatozoa and lymphocytes from the mouse reached not statistical 

significance (p= .063) (Table 4.3.3.1). There were statistical differences between the 

two scorers found for the murine FRA16D ortholog, which was found significant 

expressed for scorer 1 (p= .014), while scorer 2 found no significance (p= .99). The 

other parameters were found consistent, statistical indicated by similar incident rate 

ratios based on exponentiated regression-model coefficients (Table 4.3.3.2).                         

Good correlations between total number of breaks at the murine FRA3B and FRA16D 

orthologs with the total number numerical aberrations within the individual mouse 

semen sample as well as for lymphocytes is shown in Figure 4.3.3.1.                                             

The results presented in table 4.3.3.1 are also shown as graph in Figure 4.3.3.2.  
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Table 4.3.3.1 Frequencies of spermatozoa and lymphocytes with break at the murine 

FRA3B and FRA16D orthologs as well as numerical and segmental anomalies in mice. 

 Murine 

Spermatozoa 

Murine 

Lymphocytes 

IRR
a 

95% CI
b 

P-value 

Number of mice
c
 

 

10 10    

Breaks at FRA3B ortholog 

 

11.4 ± 1.2 5.1 ± 0.7 2.24 1.44-

3.49 

<.001 

Breaks at FRA16D ortholog 

 

10.2 ± 1.3 6.3 ± 0.7 1.61 1.05-

2.44 

.027 

Total breaks at fragile sites 

 

21.6 ± 2.4 11.5 ± 1.3 1.89 1.26-

2.85 

.002 

Segmental duplications 

and deletions at Chr.14
d
 

1.6 ± 0.2 1.1 ± 0.2 1.41 0.86-

2.32 

.174 

Segmental duplications 

and deletions at Chr.8
d
 

1.2 ± 0.2 1.0 ± 0.2 1.09 0.57-

2.07 

.791 

Total duplications and 

deletions  

 

2.7 ± 0.3 2.2 ± 0.4 1.26 0.77-

2.05 

.363 

Disomy 14 and diploidy 

(triploidy)
e 

 

5.2 ± 0.7 4.1 ± 0.6 1.27 0.73-

2.18 

.396 

Disomy 8 and diploidy 

(triploidy)
e 

 

4.6 ± 0.6 4.70 ± 0.8 0.99 0.58-

1.68 

.977 

Total numerical 

abnormalities 

 

9.9 ± 1.2 8.8 ± 1.3 1.12 0.66-

1.90 

.676 

Total anomalies
 

 

34.2 ± 3.7 22.5 ± 2.7 1.52 0.98-

2.38 

.063 

Note: All frequencies per 10.000 spermatozoa/lymphocytes ± SE.                                                                                                  
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                                             

c
For each animal, two scorers each analyzed 10.000 spermatozoa/lymphocytes on independently 

hybridized slides.                                                                                                                                                                                           
d 

duplications and deletions of an unknown stretch of chromosomal DNA encompassing the probe. This 

also included spermatozoa/lymphocytes classified as “other”, e.g. with multiple aberrations.                                                           
e 

It is not possible to distinguish between disomy 3 (16) from diploidy (spermatozoa) or triploidy 

(lymphocytes), which has the same signal pattern.  
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Table 4.3.3.2 Incident rate ratios, 95% confidence intervals, and P values for FISH on 

murine spermatozoa and lymphocytes outcomes by each scorer. 

 Scorer 1 Scorer 2 

 IRR
a
 95% CI

 b
 P value IRR

a
 95% CI

 b
 P value 

Breaks at FRA3B ortholog 2.30 1.53-3.47 <.001 2.18 1.30-3.65 .003 

Breaks at FRA16D ortholog 1.80 1.12-2.88 .014 1.43 0.93-2.19 .099 

Total breaks at fragile sites 2.02 1.38-3.03 .001 1.77 1.15-2.73 .009 

Total duplications/ deletions 1.24 0.76-2.00 .383 1.27 0.71-2.27 .414 

Total numerical abnormalities  1.09 0.66-1.81 .714 1.14 0.65-2.00 .652 

Total anomalies 1.56 1.02-2.39 .041 1.49 0.93-2.38 .096 
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                                             

 

 

 

Figure 4.3.3.1 The correlations between frequencies of total breaks and total numerical 

abberations in murine spermatozoa as well as lymphocytes is shown. Each data point 

represents the frequency of abnormal spermatozoa (per 10,000 scored cells) in each 

animal’s semen sample. 
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Figure 4.3.3.2 Summary of FISH analysis on spermatozoa and lymphocytes from 10 mice for expression frequencies of the murine 

fragile site orthologs FRA3B and FRA16D as well as numerical and segmental aberrations. Only for the murine fragile site orthologs, 

differences of statistical significance were detected (FRA16D, p= 0.27; FRA3B p< .001), however, neither for numerical nor segmental 

aberrations. Consequentially, when evaluating the total number of anomalies detected in spermatozoa and lymphocytes from the 

mouse statistical significance was not reached (p= 0.063). 
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4.3.4. Frequencies of human and murine spermatozoa with a break at FRA3B and 

FRA16D or its murine orthologs as well as numerical and segmental anomalies 

Compared to the murine FRA3B ortholog, spermatozoa of 10 healthy, non-smoking 

men showed a nearly twofold increased break frequency at FRA3B sequences (p <.001), 

while FRA16D was 1.5 fold higher expressed in human spermatozoa (p = .035). Both, 

disomy 3 and 16 as well as disomy frequencies were found in human spermatozoa 

nearly threefold increased compared to murine spermatozoa (p <.001). The total 

anomalies detected for human spermatozoa were 75.2 per 10.000 cells, while murine 

spermatozoa were twofold decreased in comparison (table 4.3.4.1.).  Incident rate 

ratios obtained from regression models and transformed 95% confidence intervals as 

well as P values for FISH on human and murine spermatozoa outcomes by each scorer 

are shown in table 4.3.4.2.                                                                                                                                            

FRA3B and FRA16D fragile site expression in human spermatozoa show a good 

correlation with its murine fragile site orthologs (figure 4.3.4.1), except for one animal. 

Figure 4.3.4.2 summarizes these results in one graph. 
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Table 4.3.4.1. Frequencies of human and murine spermatozoa with a break at FRA3B 

and FRA16D or its murine orthologs as well as numerical and segmental anomalies.  

 Human 

Spermatozoa 

Murine 

Spermatozoa  

IRR
a 

95% CI
b 

P-value 

Number of men / mice
c

 

 

10 10    

Breaks at human FRA3B & 

murine FRA3B ortholog 

20.8 ± 1.4 11.4 ± 1.2 1.83 1.34-2.49 <.001 

Breaks at human FRA16D  

& murine FRA16D ortholog 

15.6 ± 1.5 10.2 ± 1.3 1.54 1.03-2.29 .035 

Total breaks at fragile sites 

 

36.5 ± 2.6 21.6 ± 2.4 1.69 1.20-2.36 .002 

Segmental duplications & 

deletions at Chr.3
d
 (Chr.14) 

2.5 ± 0.2 1.6 ± 0.2 1.61 1.08-2.41 .020 

Segmental duplications and 

deletions at Chr.16
d
 (Chr.8) 

1.6 ± 0.2 1.2 ± 0.2 1.35 0.81-2.27 .253 

Total segmental 

duplications and deletions  

4.1 ± 0.4 2.7 ± 0.3 1.50 1.02-2.19 .037 

Disomy 3 (human) & disomy 

14 (murine) and diploidy
e 

17.5 ± 1.6 5.3 ± 0.8 3.32 2.13-5.18 <.001 

Disomy 16 (human) & disomy 

8 (murine) and diploidye  

17.2 ± 1.4 4.6 ± 0.6 3.71 2.56-5.37 <.001 

Total numerical 

abnormalities 

 

34.7 ± 2.8 5.5 ± 1.2 3.50 2.37-5.19 <.001 

Total anomalies
 

 

75.2 ± 5.4 34.2 ± 3.7 2.20 1.56-3.10 <.001 

Note: All frequencies per 10.000 spermatozoa ± SE.                                                                                                  
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                                             

c
For each donor/animal, two scorers each analyzed 10.000 spermatozoa on independently hybridized 

slides.                                                                                                                                                                                           
d 

duplications and deletions of an unknown stretch of chromosomal DNA encompassing the probe. This 

also included spermatozoa classified as “other”, e.g. with multiple aberrations.                                                           
e 

It is not possible to distinguish between disomy 3 (16) from diploidy, which has the same signal pattern.  
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Table 4.3.4.2 Incident rate ratios, 95% confidence intervals, and P values for FISH on 

human and murine spermatozoa outcomes by each scorer. 

 Scorer 1 Scorer 2 

 IRR
a
 95% CI

 b P value IRR
a
 95% CI

 b
 P value 

Breaks at FRA3B & its ortholog 2.03 1.47-2.8 <.001 1.65 1.12-2.33 <.001 

Breaks at FRA16D&its ortholog 1.45 1.00-2.14 .057 1.63 1.03-2.56 .037 

Total breaks at fragile sites 1.74 1.34-2.25 <.001 1.64 1.28-2.19 .001 

Total duplications / deletions 1.62 1.13-2.32  .009 1.39 0.89-2.18 .145 

Total numerical abnormalities  3.46 2.35-5.09 <.001 3.55 2.35-5.35 <.001 

Total anomalies 2.23 1.62-3.10 <.001 2.16 1.49-3.14 <.001 
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                                             

 

 

 

Figure 4.3.4.1 Association between frequencies of human spermatozoa with breaks at 

FRA3B and breaks at FRA16D sequences and the correlation between frequencies of 

murine spermatozoa with breaks at the fragile site orthologs FRA3B and FRA16D. Each 

data point represents the frequency of abnormal mouse/human spermatozoa (per 

10,000 scored cells) for each donor/animal semen sample. 
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Figure 4.3.4.2 Summary of anomalies found in human and murine spermatozoa of 10 healthy, non-smoking men and 10 mice.  Men 

showed a nearly twofold increased break frequency at FRA3B (p <.001) compared to its murine fragile site ortholog, while FRA16D 

was found 1.5 fold higher expressed in human spermatozoa (p = .035). In total 75.2 anomalies per 10.000 spermatozoa were 

detected in human spermatozoa, while murine spermatozoa were twofold decreased in comparison. 
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4.3.5. Frequencies of human and murine lymphocytes with breaks at FRA3B and 

FRA16D or its murine orthologs as well as numerical and segmental anomalies 

When comparing murine lymphocytes with human lymphocytes from 10 mice and 10 

healthy, non-smoking men, respectively for fragile site expression, numerical 

aberrations as well as segmental duplications and deletion frequencies, only expression 

of FRA3B was significant increased in humans (p= .017), while all other parameter were 

found with similar frequencies. The murine FRA16D ortholog was even found slightly 

increased in mouse lymphocytes, but did not reach significance (p= .0854). 

Consequently, the total anomalies were of nearly equal frequencies, with 32.9 events 

in human and 27.0 events in murine lymphocytes per 10.000 scored cells (p= .351) 

(table 4.3.5.1). The incident rate ratios and 95% confidence intervals for each scorer, 

which were obtained and transformed from exponentiated regression-model 

coefficients, are shown in table 4.3.5.2.                                                              

While a clear correlation between FRA3B and FRA16D expression frequencies within 

the individual lymphocyte donors can be seen in figure 4.3.5.1, while for the murine 

fragile site orthologs this clear association is not given and the results are found more 

scattered. A graphical summary of these results is presented in figure 4.3.5.2. .                                                                                                              
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Table 4.3.5.1 Frequencies of human and murine lymphocytes with breaks at FRA3B and 

FRA16D or its murine orthologs as well as segmental and numerical anomalies. 

 Human 

lymphocytes 

Murine 

lymphocytes  

IRR
a 

95% CI
b 

P-

value 

Number of men / mice 
c
 

 

10 10    

Breaks at human FRA3B & 

murine FRA3B ortholog 

8.9 ± 1.0 5.10 ± 0.72 1.74 1.10-2.74 .017 

Breaks at human FRA16D  

& murine FRA16D ortholog 

5.5 ± 0.7 6.35 ± 0.68 0.96 0.59-1.56 .854 

Total breaks at fragile sites 

 

14.3 ± 1.6 11.45 ± 1.29 1.25 0.83-1.99 .289 

Segmental duplications & 

deletions at Chr.3
d
 (Chr.14) 

1.2 ± 0.2 1.1 ± 0.2 1.04 0.58-1.88 .889 

Segmental duplications and 

deletions at Chr.16
d
 (Chr.8) 

1.1 ± 0.2 1.1 ± 0.2 1.00 0.51-1.96 .998 

Total segmental duplications 

and deletions  

2.2 ± 0.4 2.1 ± 0.4 1.02 0.57-1.82 .945 

Disomy 3 (human) & disomy 14 

(murine) and triploidy 
 

4.8 ± 0.7 4.1 ± 0.8 1.17 0.68-2.00 .568 

Disomy 16 (human) & disomy 8 

(murine) and triploidy e  

4.3 ± 0.4 4.7 ±  0.8 0.93 0.58-1.49 .928 

Total numerical abnormalities 

 

9.2 ± 1.0 8.8 ±  1.4 1.04 0.63-1.70 .877 

Total anomalies
 

 

32.9 ± 3.6 27.0  ± 3.1 1.22 0.80-1.86 .351 

Note: All frequencies per 10.000 lymphocytes ± SE.                                                                                                  
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                                             

c
For each donor / animal, two scorers each analyzed 10.000 lymphocytes on independently hybridized 

slides.                                                                                                                                                                                           
d 

duplications and deletions of an unknown stretch of chromosomal DNA encompassing the probe. This 

also included spermatozoa classified as “other”, e.g. with multiple aberrations.                                                           
e 

It is not possible to distinguish between disomy 3 (16) from triploidy, which has the same signal pattern.  
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Table 4.3.5.2 Incident rate ratios, 95% confidence intervals, and P values for FISH on 

human and murine lymphocytes outcomes by each scorer. 

 Scorer 1 Scorer 2 

 IRR
a
 95% CI

 b
 P value IRR

a
 95% CI

 b
 P value 

Breaks at FRA3B & its ortholog  1.83 1.19-2.81  .006 1.66 1.00-2.75  .049 

Breaks at FRA16D&its ortholog 0.95 0.57-1.58  .842 0.78 0.53-1.14  .201 

Total breaks at fragile sites 1.33 0.86-2.05  .194 1.18 0.78-1.78 .431 

Total duplications / deletions 1.01 0.62-1.64 .965 1.07 0.63-1.82 .805 

Total numerical abnormalities  1.14 0.65-2.01 .643 1.00 0.45-1.82 .789 

Total anomalies 1.18 0.75-1.85 .475 1.11 0.71-1.74 .641 
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                           

 

 

 

Figure 4.3.5.1 A moderate association is shown for the frequencies of human 

lymphocytes with breaks at FRA3B and FRA16D, while only a weak correlation between 

the frequencies of lymphocytes with breaks at the murine fragile site orthologs FRA3B 

and FRA16D is given. Each data point represents the frequency of broken lymphocytes 

(per 10,000 scored cells) in each donor’s or animal’s blood sample. 



176 

 

 

Figure 4.3.5.2 Expression frequencies of fragile sites FRA3B / FRA16D and its murine orthologs as well as frequencies of numerical 

and segmental aberrations in lymphocytes of 10 healthy, non-smoking men and 10 mice. The only investigated parameter found 

increased of statistical significance in human lymphocytes compared to the mouse lymphocytes was breakage at FRA3B (p= .017), 

while all other parameter were found with similar frequencies. The murine FRA16D ortholog was even found slightly increased in 

mouse lymphocytes, but did not reach significance (p= .0854). Hence, the total anomalies were of nearly equal frequencies (p= .351). 
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4.3.6. Frequencies of spermatozoa from smokers and non-smokers with breaks at 

FRA3B and FRA16D as well as segmental and numerical anomalies in healthy men 

When analyzing semen samples from 18 smoking men and 18 non-smoking men for 

breaks at fragile sites FRA3B and FRA16D as well as numerical and segmental 

aberrations, there were only differences of statistical significance breaks at both fragile 

sites found (p> .001; p> .001). Segmental and numerical aberrations were on both 

chromosomes at similar frequencies detected (table 4.3.6.1.). In table 4.3.6.2. the 

results for scoring outcomes by both scorers are shown with the respective incidence 

rate ratios, 95% confident intervals and p-values.                                                                                           

Correlation analysis are show in figures 4.3.6.1. and 4.3.6.2., showing a good 

correlation in smoker and non-smoker spermatozoa samples for breaks at both fragile 

sites as well as for breaks and numerical aberrations in non-smoking spermatozoa, 

while for spermatozoa for smoking men, a scattered correlation was detected. The 

results are summarized in a graphical overview in figure 4.3.6.3. 
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Table 4.3.6.1. Frequencies of spermatozoa from smokers and non-smokers with breaks 

at FRA3B and FRA16D as well as segmental and numerical anomalies in healthy men. 

 Non-Smoker 

Spermatozoa 

Smoker 

Spermatozoa  

IRR
a 

95% CI
b 

P-value 

Number of men
 c
 

  

18 18    

Breaks at human FRA3B 

 

19.9 ± 1.0 26.4  ± 1.4 0.76 0.62-0.91  .004 

Breaks at human FRA16D 

 

22.9 ± 0.9 14.6  ± 0.9 0.64 0.52-0.77 <.001 

Total breaks at fragile sites 

 

34.5 ± 1.8 49.3  ± 2.2 0.7 0.58-0.84 <.001 

Segmental duplications 

and deletions at Chr.3
d
 

2.4 ± 0.2 2.9 ± 0.2 0.83 0.59-1.15  .265 

Segmental duplications 

and deletions at Chr.16
d
 

1.6 ± 0.2 2.1 ± 0.2 0.76 0.53-1.09  .140 

Total duplications and 

deletions  

4.1 ± 0.3 5.1 ± 0.5 0.80 0.58-1.10  .169 

Disomy 1 and diploidy
e 

 

16.4  ± 1.1 16.6  ± 1.3 0.99 0.76-1.28  .929 

Disomy 16 and diploidye 

 

15.8  ± 1.0 16.6  ± 1.5 0.95 0.71-1.28  .769 

Total numerical 

abnormalities 

32.2  ± 2.0 33.1  ± 2.7 0.97 0.74-1.27  .839 

Total anomalies 23.7  ± 1.9 15.9  ± 2.7 0.80 0.58-1.1  .152 

Note: All frequencies per 10.000 spermatozoa ± SE.                                                                                                  
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                                             

c
For each donor / animal, two scorers each analyzed 10.000 spermatozoa on independently hybridized 

slides.                                                                                                                                                                                           
d 

duplications and deletions of an unknown stretch of chromosomal DNA encompassing the probe. This 

also included spermatozoa classified as “other”, e.g. with multiple aberrations.                                                           
e 

It is not possible to distinguish between disomy 3 (16) from diploidy, which has the same signal pattern.  
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Table 4.3.6.2 Incident rate ratios, 95% confidence intervals, and P values for FISH on 

spermatozoa from smokers and non-smokers spermatozoa outcomes by each scorer. 

 Scorer 1 Scorer 2 

 IRR
a
 95% CI

 b
 P value IRR

a 
 95% CI

 b
 P value 

Breaks at FRA3B  0.87 0.71-1.08 .204 0.78 0.64-0.95 .013 

Breaks at FRA16D  0.71 0.58-0.87 .001 0.71 0.56-0.90 .004 

Total breaks at fragile sites 0.79 0.65-0.97 .024 0.75 0.61-0.91 .004 

Total duplications / deletions 0.86 0.62-1.21 .864 0.91 0.66-1.25 .562 

Total numerical abnormalities  1.08 0.83-1.40 .586 1.02 0.78-1.36 .844 

Total anomalies 0.91 0.73-1.12 .375 0.89 0.72-1.12 .321 
a
Incident rate ratio, using generalized estimating equation models.                                                                                              

b
95% confidence interval of incident rate ratio.                                                                                                                                                             

 

 

 

Figure 4.3.6.1 Correlation analysis between spermatozoa from smoking and non-

smoking men for breaks at FRA3B and FRA16D showing good correlations with only 2-3 

outliers for smokers and non-smokers, respectively. Each data point represents the 

frequency of broken spermatozoa in each donor’s semen sample. 
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Figure 4.3.6.2. Correlation analysis between smoker and non-smoker spermatozoa, 

showing a high association between numerical aberrations and the total number of 

breaks at FRA3B and FRA16D in non-smokers, and a more scattered correlation for 

spermatozoa from smoking men.  
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Figure 4.3.6.3 Frequencies of spermatozoa from 18 smokers and 18 non-smokers for breakage at FRA3B and FRA16D as well as 

numerical aberrations. There are highly statistical significant differences between smoker and non-smoker spermatozoa in 

expression of FRA3B and FRA16D, while values for numerical and segmental aberrations are similar. 
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4.4. Discussion  

 

Using a novel FISH methodology to detect the breakage frequencies of the two most 

frequently expressed fragile sites in somatic cells as well as their murine orthologs, 

direct evidence was given, that (a) in male germ cells of mice and men, compared to 

somatic cells the human fragile site FRA3B and FRA16D and their murine orthologs are 

more than twofold (human FRA16D > threefold) higher expressed (tables 4.3.2.1 and 

4.3.3.2); (b) in spermatozoa breaks at FRA3B are nearly twofold and at FRA16D 1.5 fold 

more frequent than in their murine orthologs (table 4.3.4.1); (c) in lymphocytes breaks 

at FRA3B are nearly twofold increased compared to its murine FRA3B ortholog, while 

FRA16D is slightly increased in murine lymphocytes (table 4.3.5.1); (d) in human and 

murine spermatozoa compared to lymphocytes numerical aberrations were three- and 

two-fold more detected, respectively (tables 4.3.2.1 and 4.3.3.2); (e) the spontaneous 

frequency of structural aberrations (breaks at fragile sites together with segmental 

duplications and deletions) was increased in human spermatozoa as well as murine 

lymphocytes and significant increased in human lymphocytes and murine spermatozoa 

(table tables 4.3.2.1 and 4.3.3.2).                                                                                                             

So far, breakage frequencies on spermatozoa were only detected by Sloter et al. (2000, 

2007) and Schmid et al. (2004) from the Wyrobek group for a 15 Mbp DNA stretch at 

the 1q12 centromere region on chromosome 1. The detected breakage frequencies for 

the control groups were 13.9, 10.4 and 10.9 per 10.000 spermatozoa. The here 

reported break frequencies for the only 4.3 Mbp FRA3B and 1 Mbp FRA16D region of 

20.8 and 15.6 per 10.000 spermatozoa are considerable higher for a much smaller DNA 



183 

 

stretch. However, the fundamental difference between the studies by Sloter et al. and 

Schmid et al. is the breakpoint location. While the 1q12 region represents a non-fragile 

region within the genome, are FRA3B and FRA16D the two most frequent expressed 

genomic fragile sites. Hence, the here reported increased breakage frequencies give 

the first direct evidence that fragile sites are also in male germ cells more prone to 

breakage compared to non-fragile genomic regions. Breaks at fragile sites in mature 

spermatozoa can be caused by rearrangements affecting the FRA3B/FRA16D region at 

the spermatogonial stem cell stage; or by unequal crossing over in primary 

spermatocytes during spermacytogenesis; or by altered topoisomerase 2B mediated 

chromatin remodelling during early spermiogenesis leading to un-rejoined breaks.  

Fertilization by sperm carrying such breaks would be expected to produce acentric 

fragments that would be lost during early embryonic development, or to provide the 

opportunity for chromosomal exchanges in the zygote, resulting in early pregnancy loss 

or a chromosomal rearrangement in the chromosomes of the offspring (Marchetti and 

Wyrobek, 2005; Schmid et al., 2004; Sega, 1979; Wyrobek et al., 2005). 

Furthermore, the significant higher breakage rates of fragile sites in spermatozoa 

compared to those in somatic lymphocytes in both, mouse and man, may give 

important insights into the chromosomal evolution process. It is believed, that 

chromosomal evolution is driven by specific regions of genomic instability, termed 

“fragile regions” which are repeatedly re-used in the evolutionary process (Bourque et 

al., 2004; Murphy et al., 2005; Pevzner and Tesler, 2003a; Pevzner and Tesler, 2003b). 

Certain “fragile regions” were shown to correspond with the locations of evolutionary 
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breakpoints and genomic fragile sites in bioinformatical simulations. Because many 

mammalian species share similar evolutionary breakpoint locations corresponding to 

fragile sites, an evolutionary conserved function was assumed. The genome was 

consequently considered as a combination of fragile regions prone to re-organization 

that have been conserved in different lineages, and genomic tracts exhibiting different 

levels of evolutionary plasticity (Robinson et al., 2008; Ruiz-Herrera et al., 2006; Ruiz-

Herrera et al., 2005). Because germ cells are the only cell type which are totipotent and 

able to create a completely new organism, higher rates of breaks at fragile sites in 

mouse as well as murine germ cells compared to somatic cells corroborates the 

hypothesis of the genome as an in different lineages conserved composite of fragile 

regions, or in the case of FRA3B and FRa16D fragile sites.  

Sloter et al. (2000) validated in their landmark study the breakage frequencies at the 

1q12 locus as well as numerical aberrations at chromosome 1 detected via FISH in four 

healthy individuals against nearly 10.000 spermatozoal metaphases obtained via the 

hamster-egg method in several studies. Rudak et al. (1978) developed the hamster-egg 

system, which became the cytogenetic reference method for detecting chromosomal 

aberrations in spermatozoa by standard cytogenetic staining techniques before 

introduction of the molecular FISH technology. The breakage frequencies for 1q12 was 

extrapolated across the haploid spermatozoa along with significant lower rates of 

numerical aberrations compared to chromosomal breaks were found in total 

agreement with these hamster-egg system data.  
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The results presented here are in agreement with these data as well as the data of 

Schmid et al. (2004), confirming that the spontaneous frequencies of spermatozoa with 

structural chromosomal aberrations are higher than those of numerical aberrations and 

that chromosomal breaks are more common than segmental duplications and 

deletions. Also the here detected disomy 3 and 16 levels are consistent with those 

reported in earlier studies (table 4.4).  

 

Disomy 3 per 10
4
 

spermatozoa 

Disomy 16 per 10
4
 

spermatozoa 

Chromosomes 

detected  

Reference 

- 14 16 and 18 (Williams et al., 1993) 

- 11 1 and 16 (Spriggs et al., 1996) 

- 4 1 and 16 (Baumgartner et al., 1999) 

- 39 1 and 16 (Bischoff et al., 1994) 

- 17 15 and 16 (Martin et al., 1993) 

- 17 1 and 16 (Miharu et al., 1994) 

- 15.8 3 and 16 This study 

34 - 1 and 3 (Bischoff et al., 1994) 

31 - 1 and 3  (Guttenbach et al., 1994) 

16.4 - 3 and 16 This study 

 

Table 4.4. Comparison of disomy 3 and 16 frequencies in FISH studies detecting 

numerical aberrations. 

 

 

Many FISH studies on spermatozoa identified in the past 15 years certain paternal risk 

factors for numerical aberrations, such as cigarette smoking (Robbins et al., 1997; 

Rubes et al., 1998), age (Griffin et al., 1995; Martin et al., 1995), chemotherapy (Martin 
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et al., 1997; Monteil et al., 1997) or drugs (Schmid et al., 2001). Two FISH studies 

detected beside numerical also structural aberrations in spermatozoa, describing 

statistical differences for the factors age (Sloter et al., 2007) and oligozoospermic 

infertility (Schmid et al., 2004). The here developed novel FISH approach detects beside 

numerical aberrations, also frequencies of the most common expressed genomic fragile 

sites. Fragile sites are hotspots of chromosomal rearrangements in somatic cells and 

associated with several severe genetic diseases including cancer. However, also during 

gametogenesis fragile sites may have tremendous impact, as de novo breakpoint loci of 

chromosomal rearrangements in spontaneous abortions and newborns coincided with 

fragile site locations, implying that certain fragile sites in germ cells are also susceptible 

to breakage. To show the clinical significance of this novel FISH methodology, the 

fragile site FISH assay was used to compare numerical and structural aberrations at 

fragile sites in spermatozoa from 18 smoking and 18 non smoking men. Tobacco smoke 

components are among the best studied male germ line toxicants, which lead oxidative 

stress. This is particularly for spermatozoa the case, exhibiting up to 50% increased 

DNA damage and oxidative base adduct formation (Fraga et al., 1996). Tobacco smoke 

was also shown to induce DNA lesions at fragile site FRA3B in somatic cells, such as 

deletions, translocation and double strand breaks which triggered carcinogenesis 

(Brauch et al., 1987; Holschneider et al., 2005; Mao et al., 1997; Stein et al., 2002; Tong 

et al., 1996).  

Indeed, a smoking-related, significant increase was found for breaks at FRA3B (p= .004) 

and FRA16D (p< .001) in spermatozoa (table 4.3.6.1). Surprisingly, breaks were more 
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frequent at FRA16D compared to FRA3B, although the latter fragile site is more often 

expressed in somatic cells and a well established tumour suppressor gene, which is 

frequently targeted by cigarette smoke. The elevated frequency of spermatozoa with 

breaks at the fragile sites FRA3B and FRA16D is likely caused by increased chromosomal 

instability in the postmeiotic period of spermatogenesis with smoking induced 

oxidative stress. Spermatids and immature spermatozoa are already transcriptional and 

translational silent during this vulnerable, postmeiotic stages, hence incapable of DNA 

strand break repair.  

In contrast to the finding of increased chromosomal breaks at fragile sites of smokers, 

this study did not detect a smoking related increase in the frequencies of spermatozoa 

with numerical abnormalities. For both disomy 3 (p= .929) and disomy 16 (P= .769) 

similar frequencies were detected in spermatozoa of smokers and non-smokers (table 

4.3.3.1). Previous results from other FISH studies provided ambiguous evidence for a 

correlation between men’s smoking habit and numerical aberrations in spermatozoa. 

While statistical significant increases in disomy frequencies for chromosome 13 (Shi et 

al., 2001), 1 (Harkonen et al., 1999), Y (Rubes et al., 1998) as well as for the numerical 

combinations XY18 (Rubes et al., 1998) and XY8 (Robbins et al., 1997) were detected in 

smokers, increases were found for chromosomal disomy  X (Robbins et al., 1997; Rubes 

et al., 1998; Shi et al., 2001), 7 (Harkonen et al., 1999), 18 (Robbins et al., 1997), 8 

(Rubes et al., 1998), Y (Robbins et al., 1997; Shi et al., 2001) and 21 (Shi et al., 2001). 

Only one out of these four studies detected an increased diploidy level in smokers 

(Harkonen et al., 1999). Based on these results as well as on many other aneuploidy 
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studies investigating different toxicants than tobacco smoke it was suggested that 

certain chromosomes are more susceptible to chromosomal non-disjunction triggered 

by toxicants while others are not during spermatogonial meiosis. This can also explain 

the in the present study detected similar frequencies for numerical aberrations of 

chromosomes 3 and 16 in spermatozoa of 18 smokers and 18 non-smokers (33.2 vs. 

33.1 aberrations per 10
4 

sperm). It is likely that chromosomes 3 and 16 belong to those 

chromosomes that are less susceptible to toxicant triggered chromosomal non-

disjunction, as the mean values are in the range of those found in control subjects 

other studies, hence diminishing the likeliness of technical FISH assay differences 

influencing the values, such as FISH efficiencies and pre-treatments or scoring criteria 

(table 4.4.).                                    

The finding of cigarette smoke toxicant triggered fragile site expression may have 

considerable clinical implications, given the general concurrence between genomic 

fragile sites and de novo breakpoint loci of chromosomal rearrangements in 

spontaneous abortions as well as newborns (Hecht and Hecht, 1984; Warburton, 1991). 

Interestingly, both fragile sites span in their entire length for tumour suppressor genes, 

WWOX (FRA16D) and FHIT (FRA3B). The latter gene is known as one of the most 

affected genes in tobacco smoke associated carcinogenesis and many knock out studies 

showed FHIT’s enormous potential to induce tumours in mice. Hence, the here 

identified susceptibility of FRA3B and FRA16D to tobacco smoke may also be important 

for the aetiology of childhood cancers. This is particularly important, as Rupa et al. 

(1997) and Sloter et al. (2000) showed that nearly  all in spermatozoa detected 
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chromosomal breaks were are also found in the fertilized oocyte. This led the authors 

to the conclusion, that all breaks found in the oocyte must have pre-existed in 

spermatozoa before fertilization, as no further breaks were induced after successful 

fertilisation and there was no negative selection against spermatozoa with breaks took 

place (Rupa et al., 1997; Sloter et al., 2000). Hence there here detected two fold 

increased break frequencies in spermatozoa of smoking men, consequently means 

twofold higher risk for the developing foetus to carry a chromosome with a break, 

leading likely to spontaneous abortion of pregnancy.                                                     

Taking together, the here developed simple and fast two-colour FISH assay to 

simultaneously detect chromosomal breaks at the two most common fragile sites, 

rearrangements, and numerical abnormalities in spermatozoa may have extensive 

applications in human genetics, reproductive medicine and reproductive toxicology. 
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CHAPTER 5 

- 

DNA damage response proteins in spermatozoa and its 

potential as a biomarker  
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5.1. Introduction  

Following a DNA double strand break in somatic cells, the RAD50, MRE 11 and NBS1 

(RMN complex) binds to the DNA at the sites of DNA damage, recruits ATM by 

phosphorylation, which consequently phosphorylates H2AX at its tail. The unique 

position of H2AX within the centre of the nucleosome, enables a variation in its tail to 

rapidly modify the histone code following phosphorylation in response to DNA damage. 

Then the MDC1 binds to the phosphorylated H2AX and recruits more RMN-ATM 

complexes. These new pATMs then phosphorylate H2AX located at more distal DNA 

stretches and the DNA repair damage response foci arise to DNA stretches of up to 

30kbp (Figure 5.1.1.). Phosphorylated H2AX (pH2AX or ɣH2AX) is the key initiator of the 

chromatin restructuring processes which provide the basis for concentration of DNA 

repair and signalling proteins and re-joining of the broken DNA strands (Fernandez-

Capetillo et al., 2004; Stucki et al., 2005).                          

The detection of pH2AX, pATM and/or RAD50 foci is increasingly used as reliable and is 

currently considered as the most accurate biomarker, for the detection of even a single 

DNA double strand break. In elongated spermatids of the mouse testis, which are the 

direct precursor cells of spermatozoa, pH2AX foci were recently identified along with 

endogenous DNA polymerase repair activity and TUNEL positivity, indicating the 

existence of a regular, DNA damage response signalling comparable to somatic cells 

during normal spermiogensis (Meyer-Ficca et al., 2011). Topoisomerase mediated DNA 

breakage and re-joining is a regular process in all somatic cells and also spermatids. 

However, the enormous numbers of millions of DSBs in spermatids is unique in 



192 

 

spermatids. Hence, failures during the rejoining process are very likely and may easily 

lead to unrepaired DNA damage in spermatids. Hence, it was suggested that abortive 

topoisomerase IIβ activity is a regular component during spermiogensis and followed 

by a DNA repair response signalling (Meyer-Ficca et al., 2011). Hence, pH2AX would be 

an ideal biomarker to access DNA damage in human spermatozoa on a precision level, 

which is far higher than any of the current methodologies, such as the Comet, TUNEL or 

SCSA assay.           

However, mature spermatozoa are translationally and transcriptionally silent and their 

chromatin is highly inaccessible due to an up to 10 fold tighter condensation compared 

to somatic cells, making a regulated DNA damage response and DNA repair cascade - as 

diagrammed above - impossible. However, Li et al. (2006) detected surprisingly pH2AX 

along with Rad50 and 53BP1 DNA damage response foci in human spermatozoa and 

more importanly, a clear dose- and time-dependant response to H2O2 exposure. In 

2008, the same authors generated similar results when exposing human spermatozoa 

to the chemotherapy drug Adriamycin (Li et al., 2008).                                                   

Hence, the present chapter aims to repeat the experiments of Li et al. (2006) and 

Meyer-Ficca et al. (2011) in order to verify the exsitentence of pH2AX, along with other 

DNA damage response proteins (pATM, RAD50) in spermatids of the mouse testis as 

well as in human spermatozoa exposed to different concentrations of H2O2 using multi-

colour immunostaining and western blotting techniques. If pH2AX is indeed existent in 

human spermatozoa, the potential of pH2AX as a novel biomarker for DNA damage in 

spermatozoa will be evaluated on spermatozoa samples from 20 smokers and non-
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smokers. Along with the in-situ detection of possible DNA damage response foci in the 

form of pH2AX, pATM and RAD50 also markers for DNA damage, apoptois and 

oxidative stress DNA-adducts (TUNEL assay, Annexin V and 8-hydroxy-guanosine 

antibodies ) will be applied in different combinations. 

 

 

Figure 5.1.1. Model of RAD50, MRE 11 and NBS1 (RMN) complex regulated 

phosphorylation of H2AX via pATM and its amplification to a foci which can reach up to 

30 kbp. 
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5.2. Material and methodologies  

18 human semen samples were obtained at the University of Bradford and 22 samples 

were obtained at the University of Crete from smokers and non-smokers after 3-5 days 

sexual abstinence. Routine analysis of semen quality was conducted within 2 h of 

collection using WHO criteria (1999) to provide details on colour, volume, viscosity, 

sperm concentration, pH, motility and morphology; all samples were found to be 

normospermic. Ethical approval was obtained from the Research Ethics Sub-committee 

for Human Subjects at Bradford University in June 2005 [for details see 2.4]. There 

were no statically significant differences between the donors from Bradford and Crete, 

when analysing the effects of smoking. Thus, the effects of different countries did not 

confound each other. 

Preparation of spermatozoa slides for immunostaining was performed according to 

paragraph 2.23. using 10 mM DTT in 0.1M Tris-HCl, pH 8.0 for 30 min to decondensate 

the spermatozoal  chromatin.  

For exposure to H2O2 , spermatozoa samples were incubated for 1 h at 32°C at 40 and 

250 μM H2O2 dissolved in 1 x PBS. 

Five murine testis samples were obtained from the animal facilities at the University of 

Bradford. Preparation of the testis samples for cryosectioning was essentially 

performed as described in paragraph 2.6. Cryosectioning of 25 – 70 μm thick testis 

sections was performed using a 3030 Leica cryostat. For details see 2.26. 

For immunostaining on spermatozoa samples, a range of antibodies alone or in 

combination with TUNEL staining was used in different combinations. The respective 
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antibody concentrations and the respective species can be found in table 2.36. For the 

fixation, permeabilisation and staining protocols, details can be found under 2.25. The 

protocol for the TUNEL assay can be found under paragraph 2.27. 

As spermatozoa are more than 10 fold smaller than any other cells in the human body, 

image capturing followed by computer assisted quantification of the immunostaining 

results, as done for ɣH2AX foci on lymphocytes in chapter 6, was not possible. Hence, 

quantification was done manually by eye, following essentially the guidelines described 

in detail in 2.29. 

For staining of testis samples, overnight fixation in 4% PFA was performed, followed by 

incubation in a sucrose gradient and antigen retrieval in Citrate buffer at 95°C for 

20min. For subsequent staining, overnight incubation with a mixture containing Triton 

X-100 and Saponin for cell membrane permeabilisation, BSA for blocking of unspecific 

binding sides and the respective primary antibodies were used. The respective 

antibody concentrations can be found in table 2.36. For details to these protocols see 

2.26. 

For western blotting, spermatozoa obtained directly from the ejaculate as well as 

spermatozoa obtained after density gradient centrifugation were used. Spermatozoa in 

the ejaculate are usually contaminated with somatic cells, such as leukocytes and 

epithelial cells or fragments of these cells. To obtain only protein of spermatozoa, a 

density gradient is applied, in which only living spermatozoa will swim up to the most 

upper layer, while all dead spermatozoa and somatic cells (which obviously cannot 

swim up) are found at the bottom. For details of density gradient centrifugation see 
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paragraph 2.8. To isolate the nuclear extract from spermatozoa samples the method of 

Balhorn et al. (1977) from the Wyrobek laboratory was used with modifications 

described by Carell et al. (2001). The full protocol is described in 2.30. For western 

blotting, the nuclear extracts were boiled for 2 min and applied to the chambers of the 

10% acrylamide gel together with the appropriate amount of loading buffer and run for 

1.5.-2 hours at 125 V. The membrane was blotted with pH2AX and β-actin as loading 

controls. For antibody dilutions see paragraph 2.36 and for the western blot protocol 

see paragraph 2.31.  

For statistical analysis, generalized estimating equations models were used to account 

for correlations between scorers (Diggle et al., 2002), and overdispersion in the data 

was adjusted via the negative binomial family. All regression-model hypotheses were 

confirmed by evaluating standardized residuals for mean values close to 0 and standard 

deviations close to 1. Regression-model coefficients were exponentiated to gain 

incident rate ratios (IRRs) and transformed 95% confidence intervals (CIs) for each 

outcome (Sloter et al., 2007). Details of the statistical calculations can be found in 2.39. 
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5.3. Results 

5.3.1. Identification of phosphorylated H2AX and ATM in spermatozoa 

To investigate, if RAD50, pATM and pH2AX are also existent in transcriptional and 

translational silent spermatozoa, multi colour immunostaining was carried out on 

mouse testis sections and decondensed human spermatozoa, followed by western 

blotting with pH2AX on nuclear extracts of spermatozoa.                                                        

First simultaneous staining for RAD50, pATM and pH2AX was successfully established 

on human lymphocytes exposed to 40 μM H2O2 (Figure 5.3.1.1.).                                                                                         

Second, distinctive pH2AX and pATM were successfully located in elongated spermatids 

in thick (70 μm) mouse testis sections. Elongated spermatids are already transcriptional 

and translationally silent germ cells and represent the last maturation stage before 

being released from the Sertoli cells as a mature spermatozoon. Beside pH2AX and 

pATM in spermatids, both were also detected in dramatically higher number in meiotic 

spermatocytes (Figures 5.3.1.2-5.).                        

Third, multi colour immunostaining on human spermatozoa showed co-localisation of 

distinctive pH2AX, RAD50 and pATM foci (Figures 5.3.1.6-7.).                           

Fourth, to correlate pH2AX expression with other possible nuclear events in 

spermatozoa, and biomarkers for oxidative stress induced DNA-adducts (8-hydroxy-

guanosine), apoptosis (Annexin V) and DNA fragmentation were simultaneously 

applied. Phosphorylated H2AX was found in combination with 8-hydroxy-guanosine 

DNA adducts, DNA fragmentation and apoptosis or as a unique event alone (5.3.1.8.-

10.). When exposing spermatozoa to different concentrations of  H2O2, no increase of 
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H2AX phosphorylation was found, however increases in the number of cells with 8-

hydroxy-guanosine DNA adducts, DNA fragmentation and apoptosis were detected 

(5.3.1.9.B). Fifth, the existence of pH2AX was further shown in western blots with 

pH2AX of spermatozoal nuclear extracts, showing a distinctive band at 17dDA (Figure 

5.3.1.11).                        

Sixth, to investigate if pH2AX can be used as a novel biomarker for DNA integrity of 

spermatozoa, 20 smoker and 20 non-smoker spermatozoa, pH2AX was quantified in a 

simple 3-colour immunostaining assay, along with simultaneous detection of Annexin V 

and TUNEL staining (5.3.2)                              

Seventh, to quantify if pH2AX is inducible in mature spermatozoa or not, 8 

spermatozoa samples were exposed to 40 and 250 μM H2O2 and detected along with 

Annexin V and TUNEL staining (5.3.3). 

 

Figure 5.3.1.1. Lymphocytes exposed to 40 μM H2O2 for 45min are used as a control for 

simultaneous immunostaining with anti RAD50, pH2AX and pATM antibodies. 
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Figure 5.3.1.2. Immunostaining with pH2AX and pATM antibodies on a 70μm testis 

section from an adult mouse. A. Representative maximal projection of the 3D Z-stack. 

B. 3D Z-stack consisting of 111 single X-Y images. The image marked with the red frame 

shows a spermatid with a single pH2AX/pATM foci. C.  Magnification of a marked X-Y 

image in B. showing an  elongated spermatid with a pH2AX/pATM foci (yellow arrows). 
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Figure 5.3.1.3. Immunostaining with pH2AX and pATM antibodies on a 1.2 μm section 

taken from 3D z-stack in Figure 5.1.3.  Five X-Y images in 30 μm distance show location 

of the elongated spermatid with a pH2AX/pATM foci (yellow arrows).
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Figure 5.3.1.4. A representative maximal projection of a 3D Z-stack, generated by rotating the Z-stack around the X-axis is shown for 

an adult mouse testis stained with pH2AX. A. Overview of entire testis. B. A 2
nd

, separate maximal projection of 3-D Z-stack from the 

same testis, shows the spermatids with multiple pH2AX foci at higher magnification (yellow arrows). 
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Figure 5.3.1.5. A representative maximal projection of a 3D Z-stack, generated by rotating the Z-stack around the X-axis is shown for 

an adult mouse testis stained with pH2AX. A. Overview of entire testis. B. A 2
nd

, separate maximal projection of 3-D Z-stack from the 

same testis, shows the spermatids with two pH2AX foci at higher magnification (yellow arrows).
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Figure 5.3.1.6.A,B. Two human spermatozoa showing multiple pH2AX-RAD50-pATM 

DNA damage response foci in maximal projections of a 3D Z-stack. 
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Figure 5.3.1.7. One human spermatozoa showing three pH2AX-pATM DNA damage 

response foci in a maximal projection of a 3D Z-stack. There is no TUNEL staining for 

this particular spermatozoon (although small traces are visible.  
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Figure 5.3.1.8. A. Spermatozoon positive for 8-hydroxy-guanosine, TUNEL and Annexin 

V staining, but not for pH2AX (3 pH2AX foci are visible in a 2
nd

 spermatozoon). B. 

Spermatozoon positive for 8-hydroxy-guanosine & TUNEL staining, but not pH2AX and 

Annexin V (2 pH2AX foci are seen in a 2
nd

 spermatozoon). A, B are maximal projections. 
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Figure 5.3.1.9. A. One Spermatozoon positive for 8-hydroxy-guanosine, TUNEL, Annexin 

V and pH2AX staining. B. Multiple spermatozoa (exposed to 40μM H2O2) positive for 8-

hydroxy-guanosine, Annexin V & TUNEL staining, only one is positive for pH2AX foci.  
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Figure 5.3.1.10. Two colour TUNEL and pH2AX staining on spermatozoa, visualized in 

representative maximal projections of Z-stacks. A. A Tunel positive spermatozoon with 

two pH2AX foci. B. A Tunel positive spermatozoon with countless pH2AX foci. C. 

Magnification of the TUNEL and pH2AX positive spermatozoon in B. D. TUNEL positive 

spermatozoon without pH2AX foci, one spermatozoon with a single pH2AX foci. 
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Figure 5.3.1.11.Western blotting with anti-H2AX antibody on nuclear extracts from 

spermatozoa. A. Nuclear extracts of spermatozoa before density gradient 

centrifugation. Strong bands for pH2AX at 17kDa are seen in lane 1-4 and 5-9.  B. 

Nuclear extracts of spermatozoa after density gradient centrifugation showing a weak 

17kDa band for pH2AX (lanes 8 and 9) and a strong band for β-actin loading control at 

45 kDa (lanes 1-6 and 8). 
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5.3.2. The ɣHTA (ɣH2AX-TUNEL-Annexin V) assay on spermatozoa 

With the identification of phosphorylated H2AX in spermatozoa, it is possible to use 

this common biomarker in somatic cells also in spermatozoa. In combination with 

terminal deoxynucleotidyl transferase dUTP nick end labelling and immune-staining for 

Annexin V, H2AX can be simultaneously and quickly detected with a triple band filter 

set for synchronized observation of the fluorochromes Rhodamine (Cy3), DAPI (Alexa 

350) and FITC (Alexa 488) in decondensed spermatozoa. This unique ɣHTA (ɣH2AX-

TUNEL-Annexin V) assay is able to detect frequencies as well as correlations of DNA 

double stranded breaks (pH2AX), fragmented DNA (TUNEL) and apoptosis (Annexin V) 

simultaneously in spermatozoa. The ɣHTA assay is schematically diagrammed on a 

spermatozoon in Figure 5.3.2.1. Representative images for ɣHTA assay stained 

spermatozoa are shown in Figures 5.3.2.2-3. 

 

Figure 5.3.2.1. Spermatozoon showing schematically the ɣH2AX-TUNEL-Annexin V 

assay with the target antigens for ɣH2AX and Annexin V antibodies as well as nuclear 

staining of the TUNEL assay. 
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Figure 5.3.2.2 ɣHTA assay on spermatozoa. A. TUNEL and Annexin V positive 

spermatozoon with one pH2AX foci. B. A TUNEL and Annexin V positive spermatozoon 

without pH2AX, a 2
nd

 spermatozoon shows two distinct pH2AX foci.  
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Figure 5.3.2.3 Maximal projections of a Z-stack visualizing a TUNEL and Annexin V 

positive spermatozoon without pH2AX foci. 
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5.3.3. Frequencies of spermatozoa positive for pH2AX, TUNEL and Annexin V in 20 

smoking and 20 non-smoking men  

Using the ɣHTA assay, spermatozoa of 20 smoking and 20 non smoking men from 

Bradford, UK and Crete, Greece were investigated for double strand break, DNA 

fragmentation and apoptosis levels and their correlations. The baseline frequency of 

spermatozoa positive for pH2AX, i.e. spermatozoa with one pH2AX foci or up to various 

foci, appearing as a full nucleus staining was 21 in 1,000 spermatozoa per donor. This 

0.21 % of spermatozoa is composed of 13 in 1,000 spermatozoa showing 1-3 foci and 

0.18 % spermatozoa showing whole cell staining. When comparing these numbers to 

spermatozoa from 20 cigarette smoking men, a close to twofold, increase was detected 

, which was highly statistically significant (p >.001), based on negative binominal 

regression models. Also for the simultaneously detected apoptosis marker Annexin V 

and the TUNEL DNA fragmentation marker, statistically significant increases were found 

(p = 0.018 and p <.001, respectively) in smokers compared to non-smokers. The 

baseline frequency of TUNEL positive spermatozoa in non-exposed men was 11.4 % 

and for Annexin V positivity a baseline level of 12.8 % was detected. Spermatozoa with 

fragmented DNA were found 1.4 fold increased compared to non-smokers and Annexin 

V stained cells showed a 1.2 fold, statistical significant increase (p = 0.018). There was a 

high correlation between the TUNEL positive and pH2AX positive spermatozoa, as well 

as TUNEL, Annexin V and pH2AX positive spermatozoa, while only a few cells, positive 

for pH2AX and Annexin V alone were found. These correlations in non-exposed 

spermatozoa were also found in cigarette smoke exposed germ cells, showing 
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statistically significant increases for pH2AX along with TUNEL staining as well as pH2AX 

along with TUNEL and Annexin V staining. However, there was a decrease for 

spermatozoa of non-smoking men for pH2AX (1-3 foci) staining along with Annexin V 

and only a slight, non statistically significant increase for pH2AX (≥4 foci) staining along 

with Annexin V in smokers. Also the incident rate ratio (IRR) was 1.226 increased 

compared to all other IRRs. On average, 3.4 out of a total of 13 spermatozoa positive 

for 1-3 pH2AX foci as well as 2.4 out of 8 spermatozoa positive for ≥4 pH2AX foci 

showed no staining for DNA fragmentation or apoptosis, or both. These results are 

shown in Figure 5.3.3.1. as well as Table 5.3.3. along with the respective incident rate 

ratios and 95% confidence intervals.                                                                                                

When analysing the correlations for each spermatozoa sample for smokers and non-

smokers a good correlation for the total number of pH2AX positive cells and TUNEL as 

well as Annexin V positive cells was found (Figures 5.3.3.2 and 3). A very high 

correlation was found between DNA fragmentation and apoptosis staining (Figure 

5.3.3.2.4). However, when correlating spermatozoa of non-smokers and smokers, for 

both a highly scattered distribution of frequencies for each donor semen sample was 

found (Figure-5.3.3.2.5).  
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Table 5.3.3 Frequencies of human spermatozoa positive (+) for pH2AX, TUNEL and/or 

Annexin V staining (simultaneously visualized) among smoking and non-smoking men.  

 Non-smoker 

spermatozoa 

Smoker 

spermatozoa 

IRR
a 

95% CI
b 

P 

value 

Number of men 
c 

 

20 20  

+ pH2AX (1-3 foci)  

 

3.4 ± 0.7 6.8 ± 0.9 0.496 0.31-0.78 .003 

+ pH2AX (1-3 foci), TUNEL  

 

5.1 ± 0.7 8.2 ± 0.9 0.620 0.44-0.87 .005 

+ pH2AX (1-3 foci), AnnexinV  

 

1.4 ± 0.2 1.3 ± 0.3 0.675 0.43-1.05 .082 

+ pH2AX (1-3 foci), TUNEL, 

   Annexin V  

3.2 ± 0.5 5.7 ± 3.5 0.553 0.38-0.81 .002 

+ pH2AX (1-3 foci) Total 

 

13.0 ± 1.6 22.7 ± 2.4 0.570 0.42-0.78 <.001 

+ pH2AX (≥ 4 foci)  

 

2.4 ± 0.4 3.7 ± 0.4 0.658 0.46-0.94 .021 

+ pH2AX (≥ 4 foci), TUNEL  

 

1.8 ± 0.3 4.4 ± 0.4 0.387 0.28-0.54 <.001 

+ pH2AX (≥ 4 foci), Annexin V  

 

1.0 ± 0.2 1.4 ± 0.3 0.714 0.41-1.25 .239 

+ pH2AX (≥ 4 foci), TUNEL,  

   Annexin V  

2.8 ± 0.3 4.4 ± 0.7 0.636 0.44-0.92 0.17 

+ pH2AX (≥ 4 foci) Total 

 

8.0 ± 0.8 14.1 ± 1.1 0.567 0.44-0.72 <.001 

+ Annexin V  

 

40.3 ± 3.0 38.4 ± 3.3 1.226 0.85-1.30 .651 

+ Tunel 

 

21.9 ± 2.4 33.0 ± 2.9 0.663 0.51-0.87 .003 

+ TUNEL, Annexin V  

 

81.3 ± 4.6 106.3 ± 9.3 0.765 0.63-0.93 .008 

+ TUNEL Total 

 

115.4 ± 7.1 162.1 ± 12.4 0.712 0.59-0.86 <.001 

+ Annexin V Total 

 

127.8 ± 9.7 158.15 ± 3.9 0.808 0.67-0.96 .018 

+ pH2AX Total 

 

20.95 ± 2.8 36.8 ± 3.3 0.569 0.43-0.75 <.001 

a 
Incident rate ratio, using generalized estimating equation models.                                                                                              

b 
95% confidence interval of incident rate ratio.                          

c
For each donor, two scorers each analyzed 1.000 spermatozoa.                                                                                                                 
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Figure 5.3.3.1 The baseline frequencies of spermatozoa positive for pH2AX, i.e. spermatozoa with one pH2AX foci or up to various 

foci as well as TUNEL and Annexin V in 20 smokers and 20 non-smokers.   When comparing smokers and non-smokers for pH2AX a 

nearly twofold pH2AX increase was detected (p >.001) based negative binominal regression models 
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Figure 5.3.3.2. Correlation between the total number of pH2AX positive spermatozoa 

(i.e. 1-3 and ≥4 pH2AX foci) and the total number of Annexin V positive spermatozoa.  

 

 

Figure 5.3.3.3 Association between the total number of pH2AX positive spermatozoa 

(i.e. 1-3 and ≥4 pH2AX foci) and the total number of TUNEL positive spermatozoa. Each 

data point represents the frequency of abnormal spermatozoa and lymphocytes per 

1.000 scored cells. 
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Figure 5.3.3.4 Correlation between the total numbers of Annexin V and TUNEL positive 

spermatozoa from 20 smokers and 20 non-smokers. 

 

 

Figure 5.3.3.5 Correlation between the total number  between the total number of 

spermatozoa with 1-3 and those showing ≥4 pH2AX foci in smokers and non-smokers. 

Each data point represents the frequency of abnormal spermatozoa and lymphocytes 

per 1.000 scored spermatozoa. 
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5.3.4. Frequencies of spermatozoa positive for pH2AX, TUNEL and Annexin V in 

smoking and non-smoking men exposed to two different concentrations of hydrogen 

peroxide 

Eight spermatozoa samples (4 smokers and 4 non-smokers) were challenged to 1h in 

vitro exposure with 40 μM H2O2 to investigate the effects on H2AX phosphorylation. For 

the total number of spermatozoa positive for pH2AX as well as for spermatozoa with 1-

3 pH2AX and ≥ 4 foci there were no increases detected. However, there were 

statistically significant differences for spermatozoa with 1-3 pH2AX foci along with 

Annexin V apoptosis staining as well as for ≥ 4 H2AX foci along with TUNEL staining (p= 

.002; p= .009)). The total number of Tunel positive spermatozoa only slightly increased 

1.2 fold (p= .030) after 40 μM H2O2 exposure, however, the total number of Annexin V 

increased 1.7 fold and was of high statistical significance (p< .001). Also the frequencies 

of spermatozoa stained for TUNEL along with Annexin V increased significantly after 

exposure (p= .009). These results are summarized in Table 5.3.4 along with their 

incidence rate ratios and 95% confidence intervals based on linear regression models as 

well as in Figure 5.3.4.2. Figures 5.3.4.3 to 5.3.4.4 show the correlations between the 

total number of pH2AX phosphorylation and TUNEL as well as well Annexin V staining 

for each individual subject. 
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Table 5.3.4. Frequencies of human spermatozoa positive (+) for pH2AX, TUNEL and/or 

Annexin V staining, simultaneously visualized, among smoking and non-smoking men 

exposed to + 40 μM H2O2.   

 Unexposed 

spermatozoa  

+ 40 μM H2O2       

spermatozoa  

IRR
a 

95% CI
b 

P 

value 

Number of men 
c 

 

8 8  

+ pH2AX (1-3 foci)  

 

4.1 ± 1.0 2.6 ± 0.3 1.571 0.95-2.61 .082 

+ pH2AX (1-3 foci), TUNEL  

 

5.5 ± 0.8 5.0 ± 0.6 1.100 0.78-1.55 .583 

+ pH2AX (1-3 foci), 

AnnexinV 

1.8 ± 0.3 3.1 ± 0.4 0.560 0.39-0.81 .002 

+ pH2AX (1-3 foci), TUNEL,  

   Annexin V  

5.0 ± 2.4 6.2 ± 0.9 0.800 0.53-1.20 .279 

+ pH2AX (1-3 foci) Total 

 

16.4 ± 2.5 17.0 ± 1.6 0.963 0.69-1.34 .825 

+ pH2AX (≥ 4 foci)  

 

2.8 ± 0.6 2.4 ± 0.5 1.158 1.22-4.89 .577 

+ pH2AX (≥ 4 foci), TUNEL  

 

2.7 ± 0.6 1.1 ± 0.4 2.444 1.22-4.89 .012 

+ pH2AX (≥ 4 foci),                

Annexin V  

1.8 ± 0.3 4.4 ± 0.4 0.387 0.25-0.82 .009 

+ pH2AX (≥ 4 foci), TUNEL,   

   Annexin V  

4.8 ± 1.2 5.1 ± 0.9 0.927 0.53-1.62 0.789 

+ pH2AX (≥ 4 foci) Total 

 

11.6 ± 1.9 11.5 ± 1.3 0.567 0.70-1.43 .987 

+ Annexin V  

 

39.5 ± 5.1 64.9 ± 3.9 0.609 0.47-0.79 <.001 

+ Tunel 

 

22.8 ± 1.5 23.0 ± 2.1 0.989 0.81-1.21 .917 

+ TUNEL, Annexin V  

 

87.8 ± 8.3 118.1 ± 9.2 0.743 0.59-0.93 .009 

+ TUNEL Total 

 

127.4 ± 10.3 158.4 ± 11.1 0.804 0.66-0.98 .030 

+ Annexin V Total 

 

134.8 ± 9.6 200.5 ± 12.4 1.488 1.25-1.77 <.001 

+ pH2AX Total 

 

28.0 ± 4.0 28.6 ± 2.8 0.978 0.71-1.35 .892 

a 
Incident rate ratio, using generalized estimating equation models.                                                                                              

b 
95% confidence interval of incident rate ratio.                   

c
For each donor, two scorers each analyzed 1.000 spermatozoa. 
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Figure 5.3.4.1. Average frequencies of spermatozoa positive (+) for pH2AX, TUNEL and/or Annexin V staining among smoking and 

non-smoking men exposed to + 40 μM H2O2 and the respective untreated controls.  Each value represents the total number of 

positive stained spermatozoa within 1.000 spermatozoa.   
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Figure 5.3.4.2. Correlation between the total number of pH2AX positive spermatozoa 

(i.e. 1-3 and ≥4 pH2AX foci) and the total number of Annexin V positive spermatozoa. 

 

Figure 5.3.4.3 Association between the total number of pH2AX positive spermatozoa 

(i.e. 1-3 and ≥4 pH2AX foci) and the total number of TUNEL positive spermatozoa. Each  
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Figure 5.3.4.4 Correlation between the total numbers of Annexin V and TUNEL positive 

spermatozoa from 20 smokers and 20 non-smokers. 

 

Figure 5.3.4.5 Correlation between the total number  between the total number of 

spermatozoa with 1-3 and those showing ≥4 pH2AX foci in smokers and non-smokers.  
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5.4. Discussion 

DNA damage response proteins pH2AX, pATM and RAD50 were identified in spermatids 

of mouse testis as well as in human spermatozoa (Figures 5.3.1.2-11). On average, two 

in 100 spermatozoa showed at least one pH2AX foci. In 28 % of these cases, pH2AX foci 

were found in fragmented and apoptotic spermatozoa, while 33% were only 

fragmented and 11 % only apoptotic by means of Annexin V staining. But 0.6 in 100 

spermatozoa revealed distinctive pH2AX foci, without fragmented DNA or activation of 

the apoptotic cascade. Hence, these spermatozoa must be considered as “normal” 

using current methodologies to detect damaged and apoptotic spermatozoa. The 

identification of this fraction of spermatozoa with pH2AX foci is of great interest for 

human reproduction and genetics, as biomarkers for the detection of DNA damage in 

spermatozoa to ensure the genetic integrity in the offspring as well as to identify 

causes of infertility are very limited.  Only a few tests, such as TUNEL, Comet, SCSA and 

Annexin V assays are regularly performed in human biomonotoring studies and in the 

clinic. In case of infertility, this insufficiency is demonstrated by the consistently high 

number of patients in clinic, whose spermatozoa are negative for TUNEL staining 

and/or whose Annexin V positive spermatozoa were even eliminated by magnetic cell 

sorting, but who still remain infertile (Grunewald et al., 2006; Sharma et al., 2010). 

Those fractions of 0.6 % of spermatozoa having phosphorylated H2AX, but no other 

signs of DNA damage or apoptosis are likely carrying spermatozoa with an unresolved 

double-strand break but must be otherwise considered as physiologically normal, 

hence are able to fertilize the oocyte. Although, the oocyte is usually equipped with all 
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necessary proteins to initiate and successfully complete repair of paternally introduced 

DNA damage, the repair is only to some extent possible and after a critical threshold of 

paternal DNA damage is reached, embryo development is blocked. Additionally, the 

repair of a fragmented spermatozoa carrying many single strand breaks by the oocyte 

is much easier than the repair of a single double strand break and the repair of multiple 

double strand breaks is virtually impossible (Aitken and De Iuliis, 2007a; Aitken and De 

Iuliis, 2010; Aitken et al., 2004; Sakkas and Alvarez, 2010). Based on this, the following 

scenario is likely to take place after successful fertilization of a spermatozoa carrying 

one or multiple pH2AX foci the oocyte first halts all replication activity until any DNA 

damage of the spermatozoal genome is repaired and then embryo development can 

begin. However, if the oocyte recognizes that a certain threshold of DNA damage is 

reached, it will stop embryo development and the possible pregnancy is lost. Or, much 

more severe, the oocyte fails to recognise all DNA damage appropriately, probably in 

older women, and subsequently, the DNA damage introduced by the paternal genome 

introduced DNA damage will be converted into a permanent mutation in the 

developing offspring. Hence, the identification of an immunological marker for the 

detection of a single or multiple strand breaks in spermatozoa can be one factor beside 

others in determining the risk of a possible pregnancy as well as an indicator for 

exposure to environmental or lifestyle toxicants, both for the individual and the group 

level, if pH2AX levels are different in exposed and non exposed individuals.                      

To explore this, the pH2AX foci levels in spermatozoa form 20 smokers were compared 

with those of 20 non-smokers, along with simultaneous staining for DNA fragmentation 
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and apoptosis. A nearly twofold, statistical significantly increase in pH2AX foci levels for 

non fragmented or apoptotic spermatozoa in smokers was found, while in comparison, 

the increases for fragmented and apoptotic spermatozoa were lower in smokers. When 

assessing spermatozoa being apoptotic but not fragmented, smokers and non smokers 

had even similar frequencies with or without the presence of pH2AX foci in contrast to 

fragmented spermatozoa which were significantly affected by smoking. Thus, pH2AX 

foci frequencies are affected by exposures and the differences are of statistical 

significance. Based on this, pH2AX foci have the potential to be a valuable biomarker in 

assessing the risk of a possible pregnancy and for exposure measurement to 

environmental or lifestyle toxicants. It would be important to determine, if pH2AX foci 

are detectable via high-throughput techniques such as flow cytometry, making 

assessment of high numbers of spermatozoa per individual possible at a dramatically 

faster time than the time consuming, manual scoring. However, the low frequency of 

spermatozoa with pH2AX as well as the tiny size of a pH2AX foci in a spermatozoon, the 

by far the smallest cell in the human body could make flow cytometric assessment 

difficult.                      

As outlined in the above, the detection of pH2AX in spermatozoa is surprising as 

spermtoaza are thought to be transcriptionally and translationally silent, hence not 

capable of DNA damage response involving phosphorylation of H2AX, ATM and 

recruitment of RAD50. When repeating the experiments of Li et al. (2006, 2008) who 

reported a dose and time-related increase in pH2AX and RAD50 foci  following H2O2 

exposure, no different pH2AX levels between exposed and unexposed spermatozoa  
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were detected in the present study. However, significant increases were detected for 

fragmented and apoptotic cells following in vitro challenge with H2O2. Hence pH2AX, 

pATM and RAD50 foci are not inducible in mature spermatozoa with H2O2 even at non 

high physiological concentrations. It is more likely, that the detected DNA damage 

response proteins in spermatozoa reflect residuals from unresolved DNA double strand 

breaks induced by abortive topoisomerase2β activity as recently shown by Meyer-Ficca 

et al. (2011) and repeated in the presented chapter in spermatids of the mouse testis. 

The increased DNA damage response proteins levels in smoking exposed individuals 

suggest that the abortive topoisomerase IIβ activity was triggered by oxidative stress 

during the spermiogensis stages of human spermatogenesis.  
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CHAPTER 6 

- 

Comparison of baseline and induced DNA damage levels in 

paternal spermatozoa/lymphocytes, maternal lymphocytes and 

cord lymphocytes in 39 families from Britain and Crete 
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6.1. Introduction  

The individual phenotype and its sensitivity to the development of disease in childhood 

and later life are the combined result of genetic constitution and interactions with the 

environment, particularly during the very earliest stages of development. Three critical 

windows of environmental exposure when the offspring is particularly susceptible to a 

given exposure have been identified: preconeptional exposure of the offspring’s 

maternal and paternal germ cells; prenatal (in-utero) exposure of the foetus through 

the mother; and early postnatal exposure of the newborn through the early 

environment and the mother during lactation (Sorahan et al., 2001; Wild and Kleinjans, 

2003). The two latter exposure windows became of particular interest, as in recent 

years, many adverse effects in the offspring were shown to be a result of in-utero 

and/or early postnatal exposures and were consequently increasingly investigated (and 

funded) in molecular epidemiology and toxicology (Gluckman et al., 2008; Merlo et al., 

2009). On the contrary, DNA damage and subsequently mutations transmitted from the 

paternal genome are less well investigated, despite significant theoretical and clinical 

appeal.                             

Also differences in biological responses to exposure to environmental toxins between 

newborns and adults are increasingly reported, suggesting newborns to be more 

susceptible than adults. Beside a relatively increased intake of toxicants due to 

newborns physiological size, also an exceptional susceptibility of the newborns is 

suggested (Barton et al., 2005; Decordier et al., 2007; Pedersen et al., 2009; van 

Leeuwen et al., 2008; Wild and Kleinjans, 2003).  Exceptional susceptibility may be 
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caused by age-dependent differences in newborns for metabolism of 

mutagens/carcinogens at the target organ, such as for detoxification; absorption, 

retention and distribution of toxins; DNA repair and apoptotic capacity; cell 

proliferation and differentiation; the immune system; and an expected longer life 

extent to develop chronic diseases (Anderson et al., 2000; Selevan et al., 2000; Vinson 

and Hales, 2002).                                       

Within the “Newborns and Genotoxic Exposure Risk” (NewGeneris) project of the 

European Union, twelve possibly mutagenic and carcinogenic toxicants were identified 

for newborns. Three of these toxicants are briefly described here:               

B[a]P is a poly-aromatic hydrocarbon and an omnipresent environmental toxicant to 

which humans are usually constantly  exposed. With an extreme high concentration of 

6-40 ng per combusted cigarette, B[a]P is by far the most carcinogenic compound in 

cigarette smoke, but is also frequently found in processed foods, coal-tars, coke ovens, 

iron foundries, urban air, asphalt, as well as a fuel condensate and in diesel exhausts 

(Cohen and Pope, 1995; Garry et al., 2003; Spurny, 1996; Waters et al., 1991). B[a]P 

was shown by implantation or inhalation in rodent models to induce lung and other 

carcinomas.  After metabolic activation, BPDEs’ is created, and  its 7/3,8a-dihydroxy-9a, 

lOa-epoxy-7,8,-9, 10-tetrahydrobenzo[a]pyrene isomeric form is considered the most 

carcinogenic metabolite in any rodent model system (Burki et al., 1974; Kapitulnik et 

al., 1978; Levin et al., 1977; Sims et al., 1974)                      

Aflatoxins are highly mutagenic/carcinogenic toxins and aflatoxin B1 (AFB1) is the most 

toxic compound of the aflatoxin class of mycotoxins.  After consumption, ATB1 can 
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form a very potent carcinogenic compound when being metabolically activated and 

induce a disease termed aflatoxicosis (Barnes and Butler, 1964). Aflatoxins can be 

found in bread products, cereals, milk, cheese and tobacco smoke (Edinboro and 

Karnes, 2005) (Lane, 1999).                                                       

During overcooking or grilling of proteinaceous foods like meat of fish pyrolysis of 

amino-acids and reactions with glucose together with creatine occur and form the 

heterocyclic aromatic amine PhiP (Schut and Snyderwine, 1999; Turesky, 2007). After 

metabolic activation PhiP is mutagenic and carcinogenic in humans and listed as a 

group 2B carcinogen by the IACR (1993). In humans and rodents, the covalent DNA 

adduct N-(deoxyguanosin-8-yl)-2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine 

(PhIP-C8-dG) is the most toxic compound.                            

The present chapter compares the baseline DNA damage levels in paternal 

spermatozoa/lymphocytes, maternal lymphocytes and cord lymphocytes in 39 families 

from Britain and Crete. Following an in vitro challenge with the environmental toxicants 

B[a]P, PhIP and aflatoxin B1 differences in biological responses to exposure between 

newborns and adults are delineated. DNA damage is accessed via the Comet assay for 

DNA fragmentation and via high-throughput 3D quantitative microscopy analysis of 

H2AX phosphorylation for DNA double strand break levels.  
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6.2. Materials and Methodologies 

Paternal, maternal and newborn whole blood was obtained from 24 families in Crete, 

Greece and 15 families in Bradford, UK. From 15 families in Crete also semen samples 

from the respective father were obtained. Peripheral blood was taken from the 

mothers and fathers and cord blood from the babies after informed consent was given 

and a detailed questionnaire, with information on age, ethnicity, sexual activity, 

children, occupation, smoking, drinking and diet habits, vitamin intake, existing 

urogenital pathologies, X-ray exposure and chemotherapy was completed. The semen 

samples were obtained at the University of Crete after 3-5 days of sexual abstinence. 

Routine analysis of semen quality was conducted within 2 h of collection using WHO 

criteria (1999) to provide details on colour, volume, viscosity, sperm concentration, pH, 

motility and morphology; all samples were found to be normospermic. Ethical approval 

was obtained from the Research Ethics Sub-committee for Human Subjects at Bradford 

University in June 2005 [for details see 2.3, 2.4 and 2.7].  

Cord and peripheral lymphocytes were isolated from whole blood using a gradient 

centrifugation protocol with Lymphoprep
©

. For details see 2.11.                       

To evaluate susceptibly of the lymphocyte samples to toxicants, lymphocytes were 

incubated for 2h at 37°C in 50 μM and 200 μM PhIP, 1 μM and 5 μM aflatoxin B1 and 5 

μM and 20μM B[a]P in RPMI medium. Spermatozoa were incubated for 1h at 32°C with 

the same toxicants in their respective concentrations.                                                           

DNA integrity of lymphocytes and spermatozoa was assessed via the alkaline Comet 

assay using the protocol based on Singh et al. (1998) for the use on lymphocytes and 
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with modifications, i.e. addition of 10 MM DTT and Proteinase K as well as a 10 minute 

shorter electrophoresis time, described in Anderson et al. (1998). DNA fragmentation 

was measured in % Tail DNA, the current international standard. For details see 

paragraph 2.32.                             

All lymphocyte slides for the assessment of ɣH2AX were prepared via a Cytospin as 

described in 2.22. and immunostaining with a monoclonal antibody against ɣH2AX was 

performed as described in 2.25. For each experiment detecting baseline H2AX 

phosphorylation levels, two 3-10 μm thick laser confocal scans were performed at 

different positions capturing between 40-70 lymphocytes per scan. For exposed 

lymphocytes, one scan per experiment was performed.                       

To quantify pH2AX foci with maximum precision, automated image analysis was 

performed by evaluating the maximum intensity projection of a three-dimensional 

(3D)-stack of images to produce a single two-dimensional (2D) intensity image, which is 

then processed with image J software. The images were normalized and background 

noise was corrected. The noise suppression was performed with minimum reduction in 

focus detection sensitivity (Bocker and Iliakis, 2006). Nuclear boundaries and foci were 

automatically identified in images by a threshold algorithm. For validation, individual 

nuclei were extracted from the original images with ImageJ software and analyzed 

separately each (Bhogal et al., 2009; Cai et al., 2009). For more details see paragraph 

2.29.                              

For statistical analysis of pH2AX foci count, generalized estimating equations models 

were used to account for correlations between scorers (Diggle et al., 2002), and 



233 

 

overdispersion in the data was adjusted via the negative binomial family. All regression-

model hypotheses were confirmed by evaluating standardized residuals for mean 

values close to 0 and standard deviations close to 1. Regression-model coefficients 

were exponentiated to gain incident rate ratios (IRRs) and transformed 95% confidence 

intervals (CIs) for each outcome (Sloter et al., 2007). For statistal analysis of the Comet 

assay results, one-way ANOVA was used. Details of the statistical calculations can be 

found in 2.39. 
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6.3. Results 

6.3.1. Comparison of paternal spermatozoa/lymphocytes, maternal lymphocytes and 

cord lymphocytes from 39 families in Britain and Crete for baseline DNA damage and 

in vitro susceptibilities to three toxicants 

Both, DNA fragmentation and γH2AX foci were significantly increased in parental 

lymphocytes compared to cord lymphocytes in their offspring (p >.001). A baseline 

frequency of 18.1 (men) and 19.9 (women) γH2AX foci per 100 lymphocytes was found, 

whereas in newborns only 11.8 γH2AX foci per single lymphocyte were detected 

(Figure 6.3.1.1.). After conducting multivariate analysis on the baseline DNA damage 

levels obtained for parental cigarette smoking, exposure to environmental tobacco 

smoke (ETS), alcohol intake, diet and place of residence, only for paternal smoking 

(n=18) before conception and for paternal (n=25) as well as maternal (n=13) 

environmental tobacco smoke exposure during pregnancy, statistically significant 

increases in DNA damage were found in both assays. For all other variables, neither for 

DNA fragmentation nor γH2AX foci statistically significant increases were found (Table 

6.3.1.1 and Figure 6.3.1.2). For both, men who smoked and/or were exposed to 

environmental tobacco smoke, significant increases in the number of double strand 

breaks, but not for DNA fragmentation in the Comet assay were detected. However, 

when assessing the DNA fragmentation in those men, increases of statistical 

significance were found.          

When correlating the outcomes for both endpoints, % Tail DNA measured via the 

Comet assay and γH2AX foci per 100 lymphocytes measured via quantitative 3D 
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confocal laser scanning microscopy, a high association between both assays was found 

(figure 6.3.1.2). Representative maximal projections of 3D Z-stacks for newborn, 

paternal and maternal lymphocytes are shown in Figure 6.3.1.4.                   

To assess the in vitro susceptibilities of newborn, paternal and maternal lymphocytes 

all 39 families, as well as of paternal spermatozoa from 15 families in Crete were 

exposed to two different concentration of the environmental toxicants B[a]P, PhIP and 

aflatoxin B1, respectively. For PhIP as well as for aflatoxin B1 at the highest 

concentration, (200 μM and 5 μM, respectively) significantly increased DNA damage in 

newborn lymphocytes compared to maternal and paternal lymphocytes were found, 

when subtracting the respective value for baseline DNA damage from each value for 

DNA damage measured after in vitro exposure to the above toxicants using binominal 

regression models (see Table 6.3.1.2.). While the levels of DNA fragmentation were 

significantly increased for PhIP and aflatoxin B1 in mothers and fathers, only for 

paternal lymphocytes exposed to aflatoxin B1 the number of γH2AX foci per 100 cells 

did not reach statistical significance (p= .105). For B[a]P only slight  increases in 

newborn blood were detected for the highest dose (29 μM) in comparison  with 

paternal and maternal lymphocytes. When comparing DNA damage levels for the lower 

concentrations of toxicants, all three revealed increased levels in paternal and maternal 

lymphocytes compared to cord lymphocytes for both, % Tail DNA as well as  γH2AX foci 

(Table 6.3.1.2. and Figure 6.3.1.3.). The representative maximal projections of two 

colour 3D image stacks in Figure 6.3.1.5. show the effects of B[a]P, PhIP and aflatoxin 

B1 exposures on  newborn cord lymphocytes.    
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Figure 6.3.1.1 Baseline DNA damage levels of paternal spermatozoa/lymphocytes, 

maternal lymphocytes and cord lymphocytes from families from Britian and Crete. Gray 

colour represents % Tail DNA while the blue colour represents the number of γH2AX 

foci per 100 cells. 
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Figure 6.3.1.2. Correlation between the number of γH2AX foci per 100 lymphocytes and DNA fragmentation measured in % Tail DNA 

in cord, maternal and paternal lymphocytes from 39 families in Crete and Britain. Each data point represents the number of foci / % 

Tail DNA of one family member (This figure shows the same baseline DNA damage levels as shown in 6.3.1.1) 
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Table 6.3.1.1. Comparison of paternal spermatozoa/lymphocytes, maternal lymphocytes and cord lymphocytes from families from 

Britain and Crete for baseline DNA damage. 

Variables Newborn  lymphocytes Maternal lymphocytes Paternal  lymphocytes Spermatozoa 

 Number of ɣH2AX 

foci per 100 cells 

% tail DNA Number of ɣH2AX 

foci per 100 cells 

% tail DNA Number of ɣH2AX 

foci per 100 cells 

% tail DNA % tail DNA 

Mean 

± SE 

IRR
 

P 

value 

Mean 

± SE 

P 

value 

Mean 

± SE 

IRR
 

P 

value 

Mean 

± SE 

P 

value 

Mean 

± SE 

IRR
 

P 

value 

Mean 

± SE 

P 

value 

Mean 

± SE
 

P 

value 

Baseline 

(n=39) 

11.8            

± 0.9 

 11.1 

± 2.0 

 19.9    

± 5.4 

0.7 >.001 14.2   

± 1.9 

>.001 18.1   

± 1.1 

0.6 >.001 13.6     

± 1.9 

>.001 27.0   

± 4.3 

>.001 

Maternal smoking  

(n=4) 

16.5   

± 4.0 

0.7 .960 11.8 .530 23.0    

± 3.9 

0.9 .250 14.5 

± 2.7 

.840  

Paternal smoking 

(n=18) 

14.1   

± 1.6 

0.7 .016 12.1 

± 1.8 

.008  22.7 

± 1.5 

0.7 >.001 14.3   

± 1.6 

.170 30.2   

± 3.0 

.024 

Maternal ETS               

(n=13)   

15.1     

± 2.0 

1.5 .018 12.1 

± 1.8 

.029 20.9 

2.0 

1.1 .510 15.3   

± 1.7 

.110  

Paternal ETS  

(n=25)   

12.9   

± 1.2 

1.2 .186 11.8   

± 1.9 

.210  20.1   

± 1.3 

1.4 .018 14.0   

± 1.8 

0.17 28.5   .006 

Maternal alcohol 

(n=13) 

11.9   

± 1.7 

1.0 .912 10.8    

± 2.4 

.360 18.9 

1.3 

0.9 .133 14.7    

± 0.6 

.570  

Paternal alcohol 

(n=22)  

12.1   

± 1.2 

1.0 .800 11.54  

± 2.2 

.193  19.1    

± 1.5 

1.1 .298 14.0   

± 1.9 

0.14 28.7   

± 3.4 

.053 

11/2 

Mother asian diet 

(n=10) 

11.0       

± 1.9 

1.1 .958 10.7    

± 1.6 

.362 17.8     

1.5 

1.0 .812 13.3  

1.4 

.509  

Father asian diet 

(n=10) 

11.0       

± 1.9 

1.1 .958 10.7    

± 1.6 

.362  23.5   

± 1.3 

1.3 .001 14.1   

± 1.7 

.793  

 Mother from 

Crete (n=24) 

11.2   

± 1.0 

1.1 .385 11.3        

± 2.2 

.700 5.26 

1.1 

1.3 0.02 14.0   

± 2.1 

.415  

Father from    

Crete(n=24) 

11.2   

± 1.0 

1.1 .385 11.3   

± 2.2 

.700  17.6   

± 1.5 

1.1 .490 13.6   

± 2.0 

.978  
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Table 6.3.1.2 Comparison of paternal spermatozoa/lymphocytes, maternal lymphocytes and cord lymphocytes from British and 

Crete families for DNA damage after exposures to two different concentrations of B[a]P, PhiP and aflatoxin B1. 

Variables Newborn  lymphocytes Maternal lymphocytes Paternal  lymphocytes Spermatozoa 

 Number of ɣH2AX 

foci per 100 cells 

% tail DNA Number of ɣH2AX 

foci per 100 cells 

% tail DNA Number of ɣH2AX 

foci per 100 cells 

% tail DNA % tail DNA 

Mean 

± SE 

 
 Mean 

± SE 

 Mean 

± SE 

IRR
b 

P 
a
 

value 

Mean 

± SE 

P 
a
 

value 

Mean 

± SE 

IRR
b 

P 
a
 

value 

Mean 

± SE 

P 
a
 

value 

Mean 

± SE
 

 

Baseline 

(n=39) 

11.8            

± 0.9 

 11.1 

± 2.0 

 19.9    

± 5.4 

0.7 >.001 14.2   

± 1.9 

>.001 18.1   

± 1.1 

0.6 >.001 13.6     

± 1.9 

>.001 27.0   

± 4.3 

 

5 μM B[a]P  

 

59.6   

± 4.3 

31.1   

± 3.9 

64.5   

± 4.5 

1.1 .612 33.9   

± 4.2 

.700 62.7   

± 6.6 

1.1 .695 33.4   

± 4.8 

.474 42.4   

± 4.3 

20 μM B[a]P  

 

118.4 

± 6.0 

46.4   

± 6.3 

120.0 

± 6.3 

1.1 .460 47.2   

± 6.7 

.092 117.6   

± 5.6 

1.1 .383 47.0   

± 6.6 

.169 49.6   

± 2.8 

50 μM PhIP    50.4   

± 3.8 

27.8   

± 4.2 

59.9   

± 4.5 

1.0 .800 29.1   

± 5.6 

.094 58.8   

± 4.5 

1.0 .724 28.5    

± 4.6 

.065 37.4    

± 5.2 

200 μM PhIP   

 

106.4   

± 5.6 

42.1   

± 4.6 

95.4   

± 6.6 

1.2 .048 39.9 

± 5.8 

.009 97.5   

± 5.5 

1.2 .029 42.4   

± 4.9 

.040 40.2   

±  2.3 

1 μM Aflatoxin B1 

 

47.5   

±  5.2 

23.0   

± 4.1 

53.9   

± 4.4 

1.0 .973 24.4  ± 

5.7 

.136 55.5   

± 4.8 

0.9 .290 24.2   

± 5.5 

.700 29.1   

± 3.7 

5 μM Aflatoxin B1 

 

99.6   

± 7.3 

38.6   

± 4.0 

84.2   

± 7.5 

1.3 .042 38.5   

± 5.8 

.025 90.6   

± 6.2 

1.2 .105 39.1   

± 4.6 

.009 31.9   

± 4.2 
a 

To calculate the p value between newborn blood and maternal or paternal blood, respectively, the corresponding  value for baseline DNA damage was 

subtracted from each value for DNA damage measured after exposure.                                         
b
 To calculate the incident rare ratio between newborn blood and maternal or paternal blood, respectively, the respective value for baseline DNA damage was 

subtracted from the each value for DNA damage measured after exposure. 
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Figure 6.3.1.3  Comparison of paternal spermatozoa/lymphocytes, maternal lymphocytes and cord lymphocytes from British and 

Crete families for DNA damage after exposures two different concentrations of B[a]P, PhiP and Aflatoxin B1.  
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Figure 6.3.1.4.A-C. Representative maximal projections of 3D Z-stacks, showing 

pH2AX foci staining, DAPI DNA stain as well as the differential interference contrast 

(DIC) images of paternal, maternal and newborn lymphocytes. 
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Figure 6.3.1.5.A-E. Representative maximal projections of 3D Z-stacks, showing 

pH2AX foci staining, DAPI DNA stain and DIC images of newborn lymphocytes 

exposed so different concentrations of PhIP, B[a]P and Aflatoxin B1.  
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6.4. Discussion 

Newborns of mothers who were exposed during pregnancy to tobacco smoke as 

well as fathers who smoked before conception showed significantly increased levels 

of DNA damage, while for other possible factors, such as diet or alcohol no 

increases were found. Also for mothers who actively smoked (n=4) during 

pregnancy, no increases in newborn DNA damage were detected, however the 

small number of smokers makes reliable conclusion difficult. Hence, this study gives 

striking evidence that tobacco smoke is causatively linked to elevated DNA damage 

in newborns, induced pre-conceptional or during gestation or a combination of 

both.  However, determining at which of these stages DNA damage in the foetus 

was induced is highly difficult in human studies. While many epidemiologic studies 

clearly confirmed that environmental tobacco smoke exposure is harmful to 

children (1997; Cunningham et al., 1996), only a few studies investigated the origins 

and consequences of maternal or paternal tobacco smoke exposure upon children 

during pregnancy. Analyses are difficult because exposures usually cannot be 

separated from pre- and post- gestational maternal and paternal exposures as 

easily and as is feasible in rodent model systems. Although, this study is the first, 

which compared DNA damage levels in lymphocytes of newborns to both, mothers’ 

and the fathers’ lymphocytes as well as spermatozoa, it cannot distinguish if the 

elevated DNA damage levels in newborns are the result of pre-conceptional 

induced and subsequently transmitted DNA damage in the male germ cells or if it 

was induced during pregnancy by maternal environmental tobacco smoke exposure 

or if it was the combination of both.  
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 However, this investigation also provides answers as to how environmental 

exposures, here tobacco smoke, can result in such increased DNA damage levels in 

newborns. In vitro exposures of environmental toxicants clearly showed, that in 

comparison with paternal lymphocytes, newborn lymphocytes are especially 

susceptible to DNA damage. This increased susceptibility to toxicants may be 

explained by an immature metabolism in cord lymphocytes resulting in decreased 

detoxification or differences in newborn’s apoptotic and DNA repair capacities as 

reported previously (Anderson et al., 2000; Selevan et al., 2000; Vinson and Hales, 

2002). As the increased susceptibly of newborns to toxicants in the present study 

was based on the detection of elevated DNA single and double strand breaks, 

particularly the DNA repair capacities of newborns seem  to be particulary crucial. 

Other cohort studies investigating newborn susceptibilities were mainly based on 

the measurement of micronuclei frequencies, DNA-adducts, translocations, base-

pair exchanges or mRNA and protein expression profiles. There are only few reports 

which investigated differences between mothers and children for DNA strand 

breaks, and there is to the authors knowledge, only the study of Wyatt et al. (2006) 

in which cord and maternal lymphocytes were challenged in vitro to a toxicant, 

however without finding significant differences. It should be noted, however that 

different statistical approaches were used in this study. However, the here detected 

increased susceptibilities in the present study can be explained with differences in 

DNA repair between cord and mature lymphocytes, because the detection of 

γH2AX foci is strongly time-dependent and usually after 2-3 h exposure only few 

residual γH2AX can be detected.  
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The strong correlation between the DNA damage levels obtained with the Comet 

assay, which primarily detects DNA single and double strand breaks and the 

quantification of γH2AX foci mainly detecting double strand breaks is also of 

importance, as γH2AX foci detection was shown to be 10–100 fold more sensitive in 

in vitro and in vivo studies than the COMET assay (Ismail et al., 2007; Leopardi et al., 

2010; Trouiller et al., 2009). The here performed high throughput quantification of  

γH2AX foci in the present study using confocal laser scanning microscopy followed 

by automated image analysis is to the author’s knowledge the most sensitive way 

to detect DNA damage in cohort studies, but this has not bee, so far. However, 

considering that the same scientific conclusions were obtained with both 

methodologies - although on a highly precise level when detecting γH2AX foci - the 

older, but much faster, simpler and cheaper Comet assay appears as the more 

competitive choice when assessing DNA damage in cohort studies.  

Taken together, these results corroborate the requirement of implementing 

environmental health policy measures specifically for protecting children's health 

during and before pregnancy. This is particularly important due to an accelerating 

risk in the incidence of childhood cancers and immune diseases, including asthma 

and dermatitis pigmentosa in the past 40 years, which are believed to be linked to a 

special vulnerability of children to environmental and lifestyle toxicants (Barton et 

al., 2005; Decordier et al., 2007; Pedersen et al., 2009; van Leeuwen et al., 2008; 

Wild and Kleinjans, 2003). 
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CHAPTER 7 

- 

Methodologies not suitable for analysis of spermatozoal DNA 

damage 
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7.1. Introduction 

Comet-FISH, the combination of the Comet assay (Ostling and Johanson, 1984) and 

fluorescence in situ hybridisation (FISH) (Swiger and Tucker, 1996) assesses the 

overall DNA damage Comet assay) along with chromosomal abnormalities at 

specific gene loci (FISH). Since its development (Santos et al., 1997) only ten 

laboratories published research papers using the Comet-FISH technique on somatic 

cells investigating distribution of telomeres,  centromeres or whole chromosomes 

in Comet tails (Arutyunyan et al., 2005; Santos et al., 1997); DSBs within p53 

(McKenna et al., 2003b); SSBs induced by UV-A light (Rapp et al., 2000); region-

specific repair activities (Horvathova et al., 2004; McKenna et al., 2003a); 

transcription-coupled DNA repair (Spivak et al., 2009); distribution of telomeres in 

comet talis (Arutyunyan et al., 2005); and re-arrangements in cancer cells (Harreus 

et al., 2004; Kumaravel and Bristow, 2005). In order to establish this rather rare 

technique for the use on spermatozoa, all Comet-FISH protocols (n=10) found in 

peer-reviewed articles were summarized (Table 7.1). These protocols were at least 

once applied and based on this, the protocol below was established (see 7.2. and 

also 2.33.).                        

The RSM-assay was developed in 1990 to study the basepair transitions at 

restriction enzyme recognition sites following mutagen/carcinogen exposure in vivo 

or in vitro (Parry et al., 1990). RSM facilitates certain restriction recognition sites 

within the p53 tumour suppressor gene of somatic cells in various species, including 

human, mouse, rat, Xenopus, flatfish (Jenkins et al., 1999). However, the RSM assay 

has not been used on spermatozoa, so far. 
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Table 7.1. Summary of Comet-FISH protocols published in peer-reviewed articles, used here to establish the Comet-FISH technique on 

spermatozoa   

Agarose layers Agarose aging Denaturation Detection Washing Ref. 

G: 0.5% NMP 

M: 400µl 1% NMP 

      And cells 

T: 100µl 1% LMP 

3 to 15d in 100% Et. at 

4
o
C, before hyb. 10’ 

drained in H2O 

0.5 M NAOH at RT for 25’, 

alcohol series 70/90/100%, 

complete air-dried until hyb.-

mix  application 

HNPP fluorescent 

detection (Dig) 

2’ in 1xSSC  at 72 C
o
C,    

5’ ice-cold PBS 

(Rapp et al., 2005) 

G: 50µl of 1% NMP 

M: 200µl of 0.5% NMP 

      and cells 

T: 50µl 0.7% LMP  

100% Et., before hyb 

drained in H2O 

0.5 M NAOH at RT for 30’, 

neutralize in 1x PBS 

HNPP fluorescent 

detection 

(Dig), direct labelling 

(FITC) 

2’ in 2xSSC  at 72 C
o
C,    

5’ ice-cold PBS 

(Schaeferhenrich et al., 

2003) 

G: 100µl of 1% NMP 

M: 400µl of 1% NMP  

       and cells 

T: 1% LMP 

3 to 14d in 100% Et. at 

4
o
C, before hyb. Air dry a 

few hours, then 20’ drain 

in H2O 

0.5 M NaOH at RT for 25’, 

alcohol series 70/90/100%, 

complete air-dried until hyb.-

mix  application 

HNPP fluorescent 

detection (Dig) 

2’ in 1xSSC  at 72 C
o
,    

5’ ice-cold PBS 

 

(Hovhannisyan et al., 

2005);(Arutyunyan et 

al., 2004; Arutyunyan 

et al., 2005; Knobel et 

al., 2007) 

G: 1% NMP and cells 

M: 0.5% LMP 

T: - 

- 0.3M NaOH 2’ Direct-labelling (FITC, 

Dig) 

- (Glei et al., 2009; Glei 

et al., 2007; Knobel et 

al., 2007) 

G: 0.7% LMP and cells 

M: 0.5% NMP 

T: - 

- Apply probemix and seal, then 

denat. at 72 C
o
 

Direct-labelling (FITC, 

Dig) 

- (Santos et al., 1997) 

G: 0.7% NMP and cells 

M: 0.5% LMP 

T: - 

Dehydrate, then  20’ drain 

in H2O 

0.5M NaOH 30’, neutralize in 

PBS 1’ 

HNPP fluo-rescent de-

tection (Dig) 

5’ in 2xSSC  at 72 C
o
 (McKenna et al., 

2003a; McKenna et al., 

2003b) 

G: 1 % NMP and cells 

M: - 

T: - 

- 0.5M NaOH 30’, neutralize in 

PBS 1’ 

Direct-labelling (FITC, 

Dig) 

2xSSC  at 65 C
o
 (Menke et al., 2000) 
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Agarose layers Agarose aging Denaturation Detection Washing Ref. 

G: 1 % NMP and cells 

M: 85µl of 1% LMP with 

cells 

100% Et. at 4
o
C for 30’ 0.5 M NaOH at RT for 25’, Et 

series, each 5’: 70/90/100% 

Antibody-sandwich 

with 3 layers Dig or 

Biotin 

  

G: 1 % NMP and cells 

M: 85µl of 1% LMP with 

cells 

T: - 

100% Et. at 4
o
C for 20’ Apply probemix and seal, then 

denat. at 68 C
o 

 

 

- 50% Form-

amide/2xSSC at 45 C
o
 

(Kumaravel and 

Bristow, 2005) 

G: 100µl of 1% NMP 

M: 1.2% LMP 

T: - 

100% Et. at 4
o
C for 30’, 

drain in H2O 

0.5M NaOH 30’ Direct-labelling (FITC, 

Dig) 

50% Form-

amide/2xSSC at 45 C
o
 

(Harreus et al., 2004) 

G: 0.5% NMP  

M: LMP 

T: - 

- 0.5M NaOH 1MNaCl RT 30’ 

0.5M Trsi/HCl 30’, Et series, 

each 5’: 70/90/100% 

Antibody-sandwich 

with 3 layers Dig or 

Biotin 

50% Form-

amide/2xSSC at 37C
o
,  

3x0.1xSSC 

(Park et al., 2007) 

G: 100µl 0.6% NMP  

M: 80µl of 1% LMP with 

cells 

T: - 

100% Et. at 4
o
C for 30’, 

draining  

0.5M NaOH, 1xPBS , Et series, 

each 5’: 70/90/100% 

Direct-labelling (FITC, 

Dig) 

50% Form-

amide/2xSSC at 45 C
o
 

(Escobar et al., 2007) 

G: 200µl 0.5% NMP  

M: 50µl of 0.7% LMP with 

cells 

T: - 

100% Et 0.5M NaOH 30’, 1xPBS , Et 

series, each 5’: 70/90/100% 

HNPP fluorescent 

detection (Dig) 

5’ 2xSSC  at 70 
o
C,    

PBD 

(Mohseni Meybodi and 

Mozdarani, 2009) 

G: 50µl of 1% NMP 

M: 400µl of 1% NMP 

T: 60µl of 1% LMP with cells 

100% Et. at 4
o
C for up to 1 

week’ 

0.5M NaOH 25’, draining, 

dehydrate, air dry 

HNPP fluo-rescent de-

tection (Dig) 

5’ in1xSSC  at 70
o
C 

PBD 

(Schaeferhenrich, 

2007) 

G: 0.5% NMP on poly-lysine 

coated slide 

M: 30µl of 0.5% NMP 

T: - 

- 0.5 M NaOH at RT for 25’, Et 

series, each 5’: 70/90/100% 

Antibody-sandwich 

with 3 layers dig or 

biotin 

- (Amendola et al., 2006) 

Abbreviations: G: ground agarose-layer; M: middle agarose-layer; T: top agarose-layer; HNPP: 2-hydroxy-3-naphthoic acid-2’-phenylanilide phosphate coupled with Texas 

fast red; Antibody sandwich: 1
st

 layer avidin-FITC, 2
nd

 layer avidin-streptavidin, 3
rd

 layer: avidin-FITC; hyb: hybridization; dig: digoxigenin. 
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7.2. Materials and methods  

The Comet assay on spermatozoa was performed as described in 2.33., however with 

two exceptions: firstly, no third layer of LMP agarose was applied; secondly, YoYo-1 

Iodide was used to stain DNA and instead of Ethidium bromide, (the latter dye gave so 

much background after denaturation that analysis was impossible). After the last step 

(slide neutralization) of the Comet assay protocol, the sides were stained with YoYo-1 

Iodide (1:100) and analyzed for cell density and extent of fragmentation of migrated 

DNA. Slides were subsequently washed in PN-buffer for 20 min and placed for at least 2 

weeks in 100 % ethanol at 4
o

C in order to let the agarose layers harden (“age”). After 

this time period, the slides were rehydrated in a ethanol series (100  / 90 / 70 %)  for 2 

min each and air dried at RT. The following steps are equal to the standard FISH 

protocol and can be found with minor modifications for the use on Comet slides in 

2.33. 

The RSM assay was employed on extracted spermatozoal DNA from 6 smokers and 6 

non-smokers recruited at Bradford University. Written informed consent was given by 

all donors. As forward primer : TTGGCTCTGACTGTACCAC and as reverse primer: 

AGTGTGCAGGGTGGCAAG were used. For details see 2.37. 
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7.3 Results 

7.3.1. The Comet-FISH technique is not reproducible on spermatozoa  

As seen in figure 7.3.1.a FISH-probes targeting FRA3B and FRA16D were successfully 

hybridized to human lymphocytes and were able to detect broken chromosomes. In 

Figure 7.3.1.b a FISH-probe for FRA3B localizes successfully to the Comet-tail in a 

spermatozoon. However, in the majority of spermatozoa which remained detectable 

after FISH denaturation and hybridization procedures, Comet tail and head DNA were 

significantly decreased, indicated by fewer staining intensities and lack of hybridization 

signals. In addition, the majority (>80%) of in the Comet assay electrophorised cells 

were lost during the denaturation and hybridization procedures of the FISH assay. 

Therefore, the reliability of the experiments could not be established. 

                             

 

 

 

 

 



 

Figure.7.3.1.a Break at FRA3B in a lymphocyte, indicated by one FISH signal within the 

Comet head and two signals within the Comet tail. The entire, 4Mbp FRA3B region is 

labelled with dig-rhodamine in red.

signal within the Comet

 

 

 

Lymphocyte 

YoYo-1 (DNA dye)                           

FRA3B region (4Mbp)

YoYo-1 (DNA dye)                           

FRA3B region (4Mbp)

Spermatozoon 
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Break at FRA3B in a lymphocyte, indicated by one FISH signal within the 

met head and two signals within the Comet tail. The entire, 4Mbp FRA3B region is 

rhodamine in red. B. A haploid spermatozoon 

within the Comet tail. 

                          

FRA3B region (4Mbp) 

                          

FRA3B region (4Mbp) 

 

 

Break at FRA3B in a lymphocyte, indicated by one FISH signal within the 

met head and two signals within the Comet tail. The entire, 4Mbp FRA3B region is 

 showing one red FISH 

A 

B 
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7.3.2. No differences at p53 mutation hotspot in spermatozoa of smokers and non-

smokers 

Undigested (mutated) PCR bands with 137 bp were detected after PCR amplification 

and three MspI digestions for 3 smoker sperm samples and 3 non-smoker sperm 

samples. The other 5 smoker and 6 non-smoker sperm samples did not yield a mutated 

band at the 137 bp position after PCR amplification and three MspI digestions and only 

bands at 69 bp were visible.  As control DNA, undigested human lymphocyte DNA was 

used, showing a clear band at 137 bp. The experiments were repeated three times. 

Figure 7.3.2 shows two representative acrylamide gels of spermatozoa from smoking 

and non-smoking donors. Although, bands were clearly undigested, i.e. mutated bands 

are seen, it is not clear if the bands are indeed mutations or artificially undigested 

bands due to overloading of the gel with DNA. 
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Figure 7.3.2 PAGE gels for RSM-assay evaluation of smoker and non-smoker spermatoza. The undigested (mutated) PCR bands are 

seen at 137 bp, the digested (wildtype) PCR bands at 69 bp. Control DNA of human lymphocytes as well as 50 bp DNA ladder were 

applied. 
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7.4. Discussion 

The combination of the Comet- and FISH-assay, two crucial technologies in molecular 

toxicology and epidemiology is very promising, but surprisingly, only 10 laboratories 

have performed the Comet-FISH technique and published their results in 18 research 

papers. In this study, no reliability for the Comet-FISH technology could be established 

and the technique was consequently not further used to study DNA damage in 

spermatozoa. That was mainly caused, because in the majority of spermatozoa 

remaining detectable after FISH denaturation and hybridization procedures, the Comet 

tail and head DNA were significantly decreased, as well as more than 80% of  Comet 

assay electrophorised cells were lost during the denaturation and hybridization 

procedures of the FISH-assay. Beside heavy loss of entire cells, a 20% loss of DNA is 

recognised in publications using the Comet-FISH technique (Arutyunyan et al., 2005). 

However, the value of those data is questionable and might explain why only 18 

research papers used this technique since its development 14 years ago (Santos et al., 

1997).  Also for the RSM-assay no reliable data were obtained. When investigating the 

mutation rate at a p53 mutation hotspot, similar results from smokers and non-

smokers were obtained in several repeats. It is not clear if this is due to a germ line not 

exceptionally susceptible for p53 to cigarette smoke, or that the detected mutation 

bands in smokers and non-smokers reflect not fully digested bands due to gel 

overloading. In order to determine this, the bands must be extracted from the gel, 

purified and prepared for DNA sequencing. Due to time constrictions these 

experiments were not performed.
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CHAPTER 8 

- 

Overall discussion 
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DNA damage in spermatozoa is a crucial factor in spontaneous abortion, severe 

genetic disease including cancer in the offspring, susceptibility to disease in later 

life and infertility. However, most, if not all evidence supporting these sound 

statements are entirely based on rodent studies, and in particular based on the 

results of the dominant lethal assay. This assay constitutes the most powerful 

technique in male mediated teratogenesis, based on the simple principle, that 

challenge of a male rodent with a toxicant of choice can alter the initiation, 

progress and outcome of a pregnancy after mating with a female. Even the 

transmission from the F0 generation inherited malformation to the F2 generation 

can be studied. Obviously, this fundamental assay is in human studies impossible to 

implement and that is why the above statements on the consequences of DNA 

damage in human spermatozoa solely rely on rodent data and only few causative 

linkages between abnormal reproductive outcome and damaged spermatozoa 

exist.             

The most established probable causative linkage in humans is the relation between 

cigarette smoke, oxidative stress induced spermatozoal DNA damage and the 

incidence of childhood cancer in the offspring.  Spermatozoa are by comparison 

with the oocyte, but also with any other cell in the human body significantly more 

susceptible to DNA damage because of their extended solitary existence as well as 

the silencing of transcriptional and translational activity making protective repair 

and apoptotic mechanisms impossible. That is why particularly oxidative stress 

resulting from reactive oxygen species, which are considered the most hazardous 

toxicants for spermatozoa, as these highly reactive compounds do not require 

enzymatic activation and can be endogenous generated by mitochondrial or cell 
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membrane defects. Nowhere is this manifested more than for men who smoke, as 

their entire physiology is under oxidative stress and particularly spermatozoa show 

DNA damage levels of greater than 50% (see Figure 3.3.4. in this thesis and Fraga et 

al., 1996, Sipinen et al. 2010). Based on the correlation between reactive oxygen 

species induced 8-hydroxy-guanosine DNA adducts along with TUNEL positive 

spermatozoa in smokers it was concluded that DNA damage in human spermatozoa 

can be induced by oxidative stress generated from cigarette smoke (see Figures 

5.3.1.8, 9 in this thesis and de Iuliis et al. 2009, Aitken et al. 2010). Further 

epidemiological studies found a significant association between cigarette smoking 

men and the incidence of childhood cancers, particularly leukaemia (Ji et al., 1997, 

Chang, 2009). Hence, a possible causative linkage between cigarette smoking men, 

oxidative stress, DNA damage and the incidence of childhood cancers was 

established.   However, dissecting the possible mechanisms and origins of DNA 

damage in human spermatozoa remains highly difficult, as transcriptional and 

translational silence results in a total of absence of mRNA and protein biomarkers 

for apoptosis and DNA damage, which are in thousands present for any other cell of 

the human body. Additionally, the inaccessible, crystalline like structure of the 

condensed spermatozoal chromatin makes it nearly unavailable for many common 

DNA damage tests and its subsequently diminished size (up to 10fold smaller 

compared to a lymphocyte) make it  difficult for detection using conventional 

microscopy.              

In this thesis, a possible mechanism, for the generation of DNA damage in 

spermatozoa was found using unique multicolour staining techniques and confocal 

laser scanning microscopy. Its key player, pH2AX was identified as possible novel 
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biomarker of spermatozoal DNA damage (Chapter 5). Cigarette smoke with its 

components was used as a model compound of exposure to spermatozoa, for the 

reasons outlined above, and several causative correlations (Chapters 3 - 5) and 

consequences (Chapter 6) between cigarette smoke and spermatozoal DNA 

damage could be confirmed or discovered. Finally, the maternal, in-utero impacts 

during gestation were compared to the paternal, pre-conceptional impacts on cord 

lymphocytes of newborns (Chapter 6).      

Spermatozoa are transcriptionally and translationally silent cells, hence a regulated 

DNA damage response induced by DNA damage is not expected. This was 

confirmed in this thesis, after exposing spermatozoa to H2O2 in high concentrations, 

increasing apoptotic markers as well as DNA fragmentation. However, there was no 

induction of DNA damage response in the form of early mediators such as pH2AX, 

pATM or Rad50 (Figures 5.3.1.9., 5.3.2.1 and Table 5.3.2.1.). These results are in 

contrast to the studies of Li et al. (2006, 2008), who reported dramatically increased 

pH2AX and Rad50 levels after exposing spermatozoa to the same conditions. It 

should be noted, that these authors did not provide images showing DNA damage 

response foci in their article. The authors stated in their abstract “unlike in somatic 

FL cells, there were no distinctive focuses, but rather a whole nuclei staining 

pattern of these three proteins in spermatozoa” cited from Li et al (2006). However, 

pH2AX, pATM and RAD50 were identified in spermatids of the mouse testis (Figures 

5.3.1.2 – 5.3.1.5) confirming recent studies of Meyer-Ficca et al (2011). In human 

spermatozoa, the pH2AX, pATM and RAD50 DNA damage response was also 

detected, in distinctive foci (Figures 5.3.1.6. and 5.4.1.7.) as well as in western 

blotted nuclear spermatozoal extracts (Figure 5.3.1.11.). This was the first report, to 
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the author’s knowledge, of distinctive DNA damage response foci in spermatozoa. 

These foci were found in spermatozoa with fragmented DNA, oxidative 8-hydroxy-

guanosine base adducts as well as apoptotic markers (Figures 5.3.17.-5.3.110.), but 

also alone in frequencies of 0.6 foci per 1000 spermatozoa (Table 5.3.1). The 

existence of DNA damage response foci, which can mark the location of a single 

double strand break, is of reproductive interest, particularly in those apparently 

“normal” spermatozoa without DNA fragmentation and apoptotic markers. These 

spermatozoa may fertilize the oocyte, consequently introducing a DNA double 

strand break which could not be repairable by the oocyte’s DNA repair machinery, 

and may lead to pregnancy loss or a chromosomal aberration transmitted to the 

offspring. Therefore, a simple and fast three-colour staining test on spermatozoa 

was implied, measuring simultaneously apoptotic (via Annexin V), fragmented 

(TUNEL assay) and spermatozoa with strand breaks (pH2AX) (Figure 5.4.1.). When 

testing this assay on spermatozoa form 20 smokers and 20 non-smokers, significant 

increases of pH2AX foci were detected alone or along with Annexin V and TUNEL 

staining (Table 5.4. and Figure 5.4.2). This assay is sensitive for identifying 

environmental toxicant exposure induced DNA strand breaks, as shown for the 

example of cigarette smoke. The origin of DNA damage response foci in mature 

human spermatozoa can be explained by an abortive topoisomerase IIβ activity 

during spermiogenesis: nearly all somatic histones are replaced by protamines 

during the compactation of the spermatid chromatin. This is facilitated by millions 

of DNA double strand breaks, which are induced by topoisomerase IIβ but also 

rejoined by the same enzyme. Interestingly, Ficca et all (2011) reported a 

correlation between abortive topoisomerase IIβ activity in elongated spermatids in 
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mouse testis and the appearance of pH2AX foci.                                 

It is tempting to suggest, that the DNA damage response foci detected in human 

spermatozoa as demonstrated in this thesis, represent so-called residual foci (Banth 

et al. 2010) generated by abortive topoisomerase 2β activity, i.e. not re-joined DNA 

double strand breaks. This abortive topoisomerase 2β activity may possibly be 

further triggered by exposure to toxicants, such as oxidative stress in the form of 

cigarette smoke. This assumption might explain the detected increased DNA 

damage response foci in spermatozoa of smokers. However, there are theoretically 

other time points of DNA damage response foci induction: before spermiogensis or 

after spermiogenesis, i.e. in the mature spermatozoa. However, as it was not 

possible to induce DNA damage response foci in spermatozoa following in vitro 

challenge to very high concentrations of H2O2, where the possibility of post 

spermiogenesis DNA damage response foci induction cannot be pulled out. DNA 

damage response foci induction prior to spermiogenesis, however, is very unlikely, 

as at this stages the DNA repair machinery is very active and any foci are likely to be 

speedily eliminated (Table 5.3.2.1.).                                  

Taken together, pH2AX may have the potential as a novel biomarker for DNA 

damage in human spermatozoa, which can quantify certain DNA damage which 

other technologies (SSCA-, TUNEL, Comet- assays) are not able to detect.                  

It is tempting to speculate, that the identification of DNA damage response foci in 

human spermatozoa, indicating a single DNA double strand break may be 

correlated to (in chapter 4 of this thesis) detected break frequencies at the two 

most common genomic fragile sites in spermatozoa. It could be very likely, that the 

topoisomerase IIβ enzyme has more difficulties in re-joining an induced DNA double 
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strand break at a fragile site region, with its highly repetitive DNA structure, 

building loop and hair-pin formations which are particularly difficult to re-join. 

Interestingly, Sloter et. al (2007) and Marchetti and Wyrobek (2005) suggested 

abortive topoisomerase 2β activity as hypothetical explanation for structural 

chromosome aberrations – 4 years prior to the work of Meyer-Ficca et al (2011), 

confirming the correlation between DNA double strand breaks and abortive 

topoisomerase IIβ enzyme function.                                                            

The results of this thesis are in agreement with this hypothesis, since significant 

increased break frequencies were detected in spermatozoa of 18 smoking men 

compared to 18 non-smoking men. Hence, an equal mechanism triggering mistakes 

of the topoisomerase IIβ enzyme via cigarette smoke exposure may be the 

explanation for both, significantly elevated DNA damage response foci detected via 

immunostaining in chapter 5 as well as increased breaks at genomic fragile sites 

detected via FISH in chapter 4 of this thesis.                    

In Chapter 3, the in vitro investigation on the effects of benzo[a]pyrene, was 

performed for the by far most hazardous toxicant found in cigarette smoke, on 

spermatozoa revealed the potential of B[a]P to induce significant increases in DNA 

damage (Figure 3.3.4.) as well as unstable DNA adducts detected by 

immunostaining (Figures 3.3.1 and Table 3.3.2) as well as 
32

P postlabelling.  
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FUTURE WORK 

The investigation reported in chapter 5 is not finalized, yet. Western blots for pATM 

and RAD50 of spermatozoa nuclear extracts will be performed to confirm the 

existence of DDR in spermatozoa via a 2
nd

 technique. Also, flow cytometric 

quantification of the pH2AX-AnneninV-TUNEL assay staining is planned in  

collaboration with Dr Jason Gill.                                 

 In conjunction with Dr Dhawan at the Indian Institute of Toxicology Research, 

Lucknow, during my stay mice were there exposed to cigarette smoke via a 

cigarette smoking machine. It will be determined, if the dissected testes can be 

used for immunostaining.  If so, the immunostaining performed in Figures 5.3.1.2 .- 

4. on unexposed murine testis will be performed on the cigarette smoke exposed 

testis. In this way, it might be possible to confirm, if DDR foci are indeed induced by 

cigarette smoke components in spermatids, as suggested in Chapter 5. 
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APPENDIXCES 

 

Characteristics of study population: lymphocytes from Crete and Bradford, UK  

(These data were provided by Drs Sarah Hepworth, University of Leeds & Eleni Fthenau, University 

of Crete) 

Variable  Mothers (n=39) Fathers (n=39) 

Age (years)  

 

32.9 0.9 

(range 21-43 years) 

37.3 ± 0.9 

(range 18-40 

years) 

Cigarette smoking* 4 18 

Environmental tobacco smoke (ETS) * 13 25 

Alcohol intake* 13 22 

Asian diet* 10 10 

Western diet * 5 5 

Mediterranean diet* 24 24 

From Crete 24 24 

From Bradford 15 15 

* Fathers before conception and mothers during pregnancy  

Characteristics of study population: spermatoza samples from Crete (These data 

were provided by Dr Eleni Fthenau, University of Crete)  

Variable  All (n=22) Smokers (n=10) Non-Smokers (n=12) 

Age (years) 32.9 ± 1.0 34.4 ± 1.4 31.8 ± 1.3 

Cigarettes per day 3.7 ± 0.5 3.7 ± 0.5 0 ± 0 

Abstinence (days) 4.2 ± 0.3 4.7 ± 0.5 3.8 ± 0.4 

Cotinine  To be determined To be determined To be determined 

Concentration 31.2 ± 6.5 35.7 ± 12.2 27.9 ± 7.2 

pH 8.8 ± 0.1 8.8 ± 0.1 8.8 ± 0.1 

Motility* 48/10/7/35 51/10/7/33 44/10/8/39 

Morphology  

(% normal) 

80.3 ± 1.9 79.8 ± 3.2 81.0 ± 2.4 

*Motility format: 3/2/1/0 in average percentages, with 3 = fast-progressive; 2 = slow-progressive; 1 

= non-progressive (but tail movement); 0 = immobile (no tail movement). 
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Characteristics of study population: spermatoza donors from Bradford, UK  

(These data were provided by Dr Adolf Baumgartner, University of Bradford and myself) 

Variable  All (n=18) Smokers (n=10) Non-Smokers (n=8) 

Age (years) 32.8 ± 1.7 

(range 21-47 

years) 

32.7 ± 2.5 

(range 21-47 

years) 

33.0 ± 2.6 

(range 25-45 years) 

Cigarettes per day 10.1 ± 1.8 10.1 ± 1.8 0 ± 0 

Cotinine* 142.55 276.8 ± 107.2 8.3 ± 0.5 

Abstinence (days) 3.8 ± 0.5 3.4  ± 0.3 4.4 ± 1.2 

Concentration 43.3 ± 15.5 48.3 ± 27.2 37  ± 10.7 

pH 8  8 8 

Motility** 50/22/8/19 49/25/6/19 54/18/10/18 

Morphology (% normal) 76.2 ± 1.5 75.9 ± 3.4 76.5 ± 2.2 

* These cotinine levels were generated from spermatozoal plasma for 9 out of these 18 donors. 

**Motility format: 3/2/1/0 in average percentages, with 3 = fast-progressive; 2 = slow-progressive; 1 

= non-progressive (but tail movement); 0 = immobile (no tail movement). 

 

 

These data were published for 9 out of 18 donors in: 

V. Sipinen*, J. Laubenthal* et al., In vitro   evaluation of baseline and induced sperm DNA Damage 

after exposure to benzo[a]pyrene or its metabolite benzo[a]pyrene-7,8-diol-9,10-epoxide. 

Mutagenesis. 2010 Jul;25(4):417-25.   (* equal contribution). 

J.O. Linschooten, A. Baumgartner et al., Use of spermatozoal mRNA profiles to study gene-environment 

interactions in human germ cells. Mutation Research. 2009 Jul 10;667(1-2):70-6. 

 


