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Abstract: 

Previous work has shown that particulate air pollution (PAP) from industrial 

environments causes DNA mutation in the sperm of adult mice. To investigate the 

mutagenic effects of PAP on developing gametes, pregnant C57B1/6 mice were 

exposed to 19 mg/m diesel exhaust particles (DEP) from gestational day 7-19, 

alongside controls. Mature Fl offspring were mated with control CBA mice. F2 

descendents were collected and germline mutation rates were derived for tandem 

repeat DNA sequences from full pedigrees. No evidence for increased mutation rates 

was found in females exposed in utero relative to controls. In contrast, a significant 

increase in mutation frequency for male mice exposed in utero was observed (2-fold; 

Fisher's Exact/? < 0.05). Thus, maternal exposure to DEP results in increased 

mutation in sperm during development. Single-molecule PCR was used to determine 

germline mutation rates of F2 descendents of exposed and control males. We found 

no evidence for inherited genetic instability in these mice. 
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Chapter 1: Introduction 

1.1 General Overview: 

Humans are exposed to chemical toxicants in the air they breathe, the water 

they drink and the food they eat. Many of the environmental contaminants that have 

been found in urban air, water and soil are mutagenic (able to cause an alteration in 

the DNA sequence). Mutations in somatic cells can lead to diseases like cancer, while 

mutations in germ cells (sperm and egg) can result in transmission of genetic diseases 

to offspring. Environmental exposures to mixtures of chemicals have been shown to 

cause germline mutation. For example, breathing ambient air in an industrial urban 

center (Hamilton, Ontario, Canada) caused a 2-fold increase in germline mutation 

frequencies in local birds and laboratory mice [1-4]. Currently, a number of toxicants 

and mixtures, such as radiation, anti-cancer drugs, cigarette smoke and air pollution, 

have been shown to cause mutation in the germline [3-8]. These studies have been 

conducted on adult male mice and little is known about increases in mutation in the 

female germline. 

The goal of this thesis was to study the effects of a model particulate air 

pollutant, diesel exhaust particles (DEPs), on male and female germline mutation 

following exposure in utero. The experiment was designed to study the mutagenic 

effects of exposure that arise during both female and male gametogenesis. The study 

also examined the ability of particulate air pollution (PAPs) to cause transgenerational 

genetic instability following exposure in utero. The objectives were achieved through 

the examination of tandemly repeated DNA sequences called Expanded Simple 
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Tandem Repeat (ESTR) DNA that have high spontaneous mutation frequencies 

permitting the direct measurement of spontaneous and induced germline mutations. 

1.2 Germline Mutation Analysis: 

Mutagens that affect the germline are important as they are transmitted to 

offspring and can persist in future generations. Stable mutations in the germline can 

cause inherited genetic disease and affect the health of the population. There is 

currently great controversy over the ability of environmental and medical toxicants to 

cause germline mutation [9]. However, numerous studies have demonstrated the 

ability of radiation, PAPs, tobacco smoke and other chemical mutagens to cause 

germline mutation after parental exposure [3-6,8,10,11]. The recent decision by the 

International Association for Research on Cancer [12] that cigarette smoke causes 

cancer in unexposed descendents of smokers suggests that support for the notion that 

environmental chemicals can lead to increased germline mutation is growing [9]. All 

of the animal studies described above have specifically examined mutations arising in 

the adult male germline. As a result, information is lacking on the effects caused by 

maternal exposure, and on potentially sensitive stages of gametogenesis that occur 

during development. 

1.2.1 Gametogenesis in Males and Females: 

Studies investigating induced mutations have generally used rodent models 

and have focused on exposure of male animals during different stages of 

gametogenesis (spermatogenesis). Female gametogenesis (oogenesis) has not been 
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studied as extensively. Rodents have been used because they produce many offspring 

per litter and because there is a high degree of similarity between spermatogenesis in 

rodents and humans [13]. Males have traditionally been studied over females due to 

the ease with which spermatogenesis can be studied. Males constantly replenish their 

germ cells allowing researchers to access large quantities of sperm. Moreover, 

researchers can target virtually any stage of spermatogenesis, simply by sampling the 

mature sperm or mating the animals at different time periods post-exposure [13]. 

Females produce far fewer gametes over their lifetimes than males (-200,000 eggs 

total vs 50-500 million sperm per ejaculate). In addition, females undergo mitotic 

division, and also begin meiosis I, in utero [13]. Egg cells arrest after completion of 

the diplotene stage of prophase I, and remain arrested at that stage until sexual 

maturity [13]. At each estrus cycle, an egg is released in metaphase II, and meiosis II 

is only completed following fertilization [13]. Thus, the stages of gametogenesis in 

males and females are spread over much different time scales, which makes it very 

difficult to study stage specificity in females. In females, exposures must be done in 

utero during a very short and very distinct time period in order to sample a precise 

pre-meiotic stage (described below). 

By Gestational Day (GD) 8, germ cells are visible in the developing fetus 

[14]. They enter the gut and migrate into the germinal ridges between GD 9 and 12 

[14]. Mitosis occurs during the entire migration process [14]. On approximately GD 

11, the sex of the germ cells can be differentiated [14]. Unlike males, females enter 

Meiosis I before birth [14]. The first stage of prophase I, leptotene, has started by GD 

13 [14]. Leptotene and zygotene are completed in the early fetal stages, and 
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pachytene, where homologous chromosomes pair up and crossing over occurs, is 

completed on GD 16-17 [13,14]. Most female germ cells complete the diplotene stage 

of prophase I just prior to birth, and remain arrested at this stage of development until 

sexual maturity [13,14]. Meiosis I is completed at ovulation, while Meiosis II is only 

completed upon fertilization [13,14]. In contrast to this timeline of events, when the 

females are entering the leptotene phase of prophase I on GD 13, male germ cells 

have already differentiated into spermatogonia [13,14]. After GD 13, the presence of 

mitotic germ cells in males are rare [14]. After birth, mitotic divisions that replenish 

the stock of these cells continues throughout the life of the male [13]. At sexual 

maturity, two meiotic cell divisions occur to create sperm and following the second 

division, haploid spermatids can differentiate into fully mature sperm [13]. This is 

process is repeated for the life of the male [13]. The stage specific differences 

between males and females are shown in detail in Table 1-1. 
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Table 1-1: Stages of gametogenesis in mice. 
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Table 1-1: Stages of gametogenesis in mice. 
Timeline 

GD8 
GD 9-12 

GD 11 
GD13 

GD 16-17 

Birth to sexual maturity: 
Birth 

Day 3 

Day 8-10 

Day 17-19 

Day 20 

Ovulation 
Fertilization 

Males Females 
Germ cells become visible 

Germ cells enter the gut and migrate to the germinal 
ridges. Mitosis takes place 

Sex differentiation 
Have already differentiated 

into spermatogonia 
Mitotic germ cells are rare 

Testis contains 
undifferentiated type Ai 

spermatogonia 
Mitotic differentiation into 
advanced spermatogonial 

stages (A2, A3, A4, 
intermediate and type B) 

Spermatocytes are observed 
for the first time in the 

leptotene phase of meiosis 
-50% of the seminiferous 

tubules contain cells late in 
pachytene stage 

Earliest post-meiotic cells 
observed 

N/A 
N/A 

Enter first stage of prophase 
I, leptotene 

Pachytene has been reached, 
homologous chromosomes 

pair and cross-over 

Arrested just after diplotene 
of prophase I of meiosis I 

until ovulation 

-

Meiosis I completed 
Meiosis II completed 
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1.2.2 Traditional Germ Cell Mutation Assays: 

Germline mutation is extremely difficult to study because spontaneous and 

induced germline mutations are extremely rare. The spontaneous human germline 

mutation rate is estimated to be approximately 10" mutations per nucleotide per 

generation [15]. As a result, traditional methods, such as the Russell Specific Locus 

Test (SL) or the Dominant Lethal Assay (DL), require both a large number of animals 

and a large exposure dose in order to observe increased rates of mutation [13]. 

The SL test was developed in 1951, and is based on the T stock mouse [16]. 

This mouse is homozygous recessive at 7 specific loci. In this assay, exposed 

homozygous wild-type mice (101 x C3H) are mated with unexposed T stock females 

(that are homozygous recessive) [16]. Thus, mutation of a dominant gene in the 

exposed animal to the recessive phenotype leads to expression of the recessive trait. 

Following parental exposures, offspring are observed for any of the 7 phenotypic 

characteristics that indicate a mutation has occurred at one or more of these specific 

alleles [16]. However, the average spontaneous mutation frequency of the SL loci is 

6.6 x 10"6 per locus per gamete and thus, thousands to tens of thousands of animals 

must be used in order to observe an effect [13]. 

The DL assay measures genetic changes in germ cells that cause death of the 

zygote created from that germ cell either before, at, or after implantation [13]. The 

lethality comes mainly from structural or numerical errors in chromosomes, such as 

translocations or aneuploidies [17]. Despite being resource intensive, this assay is still 

used for regulatory testing of chemicals and/or mutagens. This assay also requires 

hundreds of animals, is labour and time intensive, and is expensive [13,18]. 
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The SL and DL assays were developed 40-60 years ago, and as such are no 

longer used frequently. Thus, although the roots of research on mutation originally 

focused on germ cells, methodological advances leading to much more rapid assays, 

such as the Salmonella bacterial mutagenicity assay, have led to insight into somatic 

mutations and allowed greater emphasis on somatic mutation in toxicology. Because 

of this, new, highly sensitive assays to measure germline mutation are greatly needed. 

Within the past 2 decades, a number of groups have begun to focus attention on 

highly unstable non-coding markers in the genome to study germline mutation. One 

of these assays, the ESTR assay, is the method used in this thesis and is described in 

detail below. 

1.3 ESTRs: 

The present work focussed on highly unstable genetic elements in the mouse 

genome known as Expanded Simple Tandem Repeats (ESTRs). ESTRs are part of a 

group of tandem repeat DNA. This group also includes microsatellite DNA and 

minisatellite DNA. Microsatellite DNA sequences are less than 1 Kb in length 

(usually 10-100 bp), and contain repeat units that are 1-5 bp long [19]. All species 

have microsatellites and a number of important loci are implicated in certain 

neurological disorders. The rate of microsatellite mutation is high, approximately 10" 

to 10"4 per nucleotide per haploid genome. In contrast, minisatellites are up to 20 Kb 

in length with repeat units that are 10 to >50 bp long [19]. Minisatellites are found 

mostly in non-coding regions of the genome, although associations with disease have 

been made for a few loci. Minisatellite mutation rate is also high, ranging from 10"4 to 
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0.15 per nucleotide per haploid genome. ESTRs are also found in non-coding regions 

of the genome, and are not well characterized in humans. They are highly expanded, 

reaching up to 20 Kb in length and are composed of short repeat units, approximately 

4-10 bp in length [20]. Both microsatellites and ESTRs mutate via a replication based 

process, whereas minisatellites replicate via a recombination based process. Also, 

array mutability is associated with the purity of the array for both microsatellites and 

ESTRs, while minisatellite stability does not appear to be affected by variant repeats, 

which are scattered throughout minisatellites [21]. Stability of minisatellites seems to 

be affected by recombination hotspots, which flank the minisatellite region [21]. 

Work in this thesis was conducted on two ESTRs; the Ms6-hm (HM1) and 

Hm2 loci. HM1 is composed of GGGCA repeat units, repeated up to 400 times (-

(GGGCA)n-, n>400) [22]. Hm2 is composed of GGCA repeat units, repeated up to 

5000 times (-(GGCA)„-, n>5000) [23]. ESTRs are highly expanded and can be up to 

20 kb in length [20]. They are found in the non-coding region of the mouse genome. 

HM1 is found near the brown coat locus on the mouse chromosome 4, and Hm2 is 

located on chromosome 9 [22,23]. ESTRs are highly unstable with mutation 

frequencies between 1% and 15% per locus per gamete [7]. ESTRs often form 

secondary structures like hairpins, Z DNA and other unusual structures, that make it 

easier to expand or contract their allele size [24]. ESTRs are believed to mutate by a 

replication-based process, gaining or losing full repeat units as they replicate [25]. 

ESTR mutations also appear to arise during specific stages of spermatogensis. 

Evidence suggests that mutations arise exclusively in pre-meiotic, replication and 

DNA repair-proficient cells [7]. It has been determined that mutations do not occur 
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post-meiotically [7]. Thus, exposure of mature females to mutagens would not lead to 

induced mutation, as female germ cells undergo meiosis in utero. In order to observe 

induced ESTR mutations, female germ cells would need to be exposed prior to GD 

13, when meiosis begins [26]. 
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Figure 1-1: Diagram of an Expanded Simple Tandem Repeat (ESTR) region. Each 
box represents a repeat unit of-4-10 bp. In the case ofHMl, indicated here, [-
(GGGCA)n-], n>400. These repeat units are repeated in tandem, and can contain as 
many as 5,000 repeats per locus. ESTRs are highly unstable regions used as 
biomarkers for genetic instability. Light grey box indicate a repeat unit, dark grey 
boxes indicate unique sequence DNA. 
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Figure 1-1: 

GGGCAHGGGCA GGGCA GGGCA GGGCA GGGCA 

Indicates any number of repeats 
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Although the exact mechanism of ESTR instability is not well understood, 

Barber et al. have hypothesized that cell cycle pausing, in response to DNA damage, 

could increase the number of polymerase slippage events at these repetitive loci, 

resulting in increased mutation rates [27]. The damage can occur anywhere in the 

genome; i.e., it does not have to be specific to the ESTR region. This damage causes 

cell cycle pausing in order to allow for repair prior to replication. If the polymerase is 

crossing an ESTR at the time of the pause, secondary structures may be formed, and 

mutations will arise when the polymerase reinitiates extension [27]. Yauk et al. 

suggest that chemicals or mutagens may modify chromatin conformation (via changes 

in methylation) and that methylation of DNA may compromise the ability of repair 

enzymes to access and repair the secondary structures that form across repeated 

sequences, resulting in increased rates of mutation [28]. 

ESTRs were first used to study mutagen-induced tandem repeat instability in 

the germline by Dubrova et al. [10]. These authors demonstrated that rates of 

germline mutation at tandem repeat sequences in mice responded measurably to 

ionizing radiation using lower doses and orders of magnitude fewer mice than 

traditional assays [10]. A high spontaneous mutation frequency was observed at 

several ESTR loci allowing for statistically significant increases to be observed using 

smaller sample sizes [10]. 

There exists some debate as to the relevance of using mouse ESTR mutation 

frequency as a biomarker of exposure for humans. ESTRs have not been well-

characterized in the human genome and differ from the minisatellites that have been 

used for the same purpose in humans. However, ESTRs mutate by a mechanism that 
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is very similar to microsatellite DNA. Microsatellites are abundant in the genome of 

virtually every eukaryotic organism, including humans. A comparison of the dose 

required to induce a doubling of mutation at ESTR and to cause mutation at other loci 

reveals a similarity in doubling dose [7]. Thus, there appears to be a correlation 

between mutation induction at tandem repeats and other loci. There are approximately 

20 (and the list is continuing to grow) developmental and degenerative diseases 

associated with unstable repeat regions [29]. For example, spinal and bulbar muscular 

dystrophy and fragile X syndrome are both associated with trinucleotide repeat 

expansions [29]. These diseases occur due to expansions of non-coding repeats that 

result in a loss of protein function, or expansions of coding repeats that result in an 

altered protein function [29]. Recent studies show that expansion of non-coding 

repeats can also lead to altered RNA function [29]. Thus, it is clear that unstable 

repeat regions play important roles in some human disorders, and ESTRs may provide 

valuable insight into our understanding of the potential role of mutagens in the 

incidence of these disorders. 

1.4 Effects of Environmental Chemicals on Germline Mutation using Repeats: 

Tandem repeat regions have been used to explore the effects of ionizing 

radiation and chemical mutagens on induced germline mutation in the laboratory 

[6,8,10]. These studies have demonstrated that mutagenic agents with diverse modes 

of action (e.g., induction of DNA strand breaks, alkylation, topoisomerase inhibition, 

etc.) cause ESTR mutations. However, exposure to ambient levels of environmental 

chemicals can also cause repeat mutation. 
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Yauk et al. used tandem repeats to study mutations in herring gulls nesting in 

urban and rural environments [11]. Gulls living in Hamilton Ontario, in close 

proximity to two operating steel mills and a heavily trafficked highway, passed on 

twice as many mutations to their offspring as gulls living in a more rural environment. 

The authors also observed a negative correlation between mutation frequency and 

nesting distance to the steel mill (i.e., the closer the gulls lived to the steel mill, the 

higher their mutation frequency). However, the routes and source of exposure were 

unknown, and there were other confounding effects such as nutritional status and age 

among the gulls. Contaminants could have been introduced into the gulls via the air, 

water, or food. Route of exposure is important, especially when trying to determine 

what the potential negative effects could be on other organisms (e.g., humans) 

inhabiting that location. 

In 2002, a follow-up study was conducted by Somers et al. [3]. In this 

experiment, laboratory mice were caged in both the urban and rural environments in 

Hamilton, Ontario. The main difference between the test sites was the air the mice 

were breathing (i.e., age, husbandry and diet were identical). The mice caged in the 

urban environment next to the steel mills and the highway passed on two times as 

many mutations to their offspring as their rural counterparts. Thus, mutation induction 

was the result of inhalation of contaminated air in the east end of Hamilton. To 

determine what component of air pollution was responsible for the increase in 

mutation frequency, Somers et al. then caged mice in the same urban and rural 

environments as before [4]. However, mice were exposed either to whole air or High 

Efficiency Particulate Air (HEP A) filtered air [4]. Mice caged in the urban 
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environment again had increased mutation frequencies compared to those in rural 

environments; however, mice caged in urban environments breathing HEPA filtered 

air displayed a 52% decrease in mutation frequency, back to those of reference levels. 

These results demonstrated that the increase in mutation rate could be attributed to the 

particulate portion of the air, specifically particles 0.3 um or larger, as this is the 

fraction that HEPA filters remove. 

Yauk et al. determined, through the use of Single Molecule Polymerase Chain 

Reaction (SM-PCR), that mutation was occurring in pre-meiotic spermatogonial cells 

after exposure to PAP in the Hamilton environment [1]. This same study 

demonstrated an increase in bulky DNA adducts in the lungs of exposed animals, 

indicating that they were inhaling Polycyclic Aromatic Hydrocarbons (PAHs). 

However, no bulky adducts were found in the testes. Thus, high levels of these 

chemicals do not appear to reach the germ cells. This implies that either PAHs are not 

the cause of germline mutation or perhaps they act through an indirect mechanism 

mediated by signals elsewhere in the body [1]. The mice from this experiment 

exhibited an increase in DNA strand breaks in sperm, possibly implicating an 

oxidative stress mechanism. Yauk et al. hypothesized that exposure to particles and 

associated airborne pollutants may result in oxidative stress and influence mutation 

frequency through this mechanism. Finally, global analysis of DNA methylation 

revealed a potential role for epigenetics in the mutational mechanism as there was 

global hypermethylation of sperm DNA after exposure to PAP. Thus, it has been 

determined that the particulate fraction of the air is responsible for the increase in 

mutation frequency; however, the mechanism of action is still unclear. 
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Increased germline mutation frequencies have been observed after exposure to 

sources of PAP that are common in the human population, including cigarette smoke 

[5]. This indicates that germline mutations are not restricted to a contaminant found in 

Hamilton, Ontario. Germline mutations likely arise following exposure to mutagens 

found in most urban centres, and many people are exposed daily. Thus, more work is 

required to understand the mechanisms leading to germline mutation and the 

repercussions of changes in tandem repeat sequences. 

1.5 Transgenerational Genetic Instability: 

In addition to mutations in the germline of directly exposed animals, studies 

have also shown that mutagen exposures can lead to destabilization of ESTRs in the 

unexposed descendants of exposed males [6,30,31]. Increased mutation rates in the 

unexposed descendents of exposed animals has been termed 'transgenerational 

genetic instability', and has been demonstrated to be caused by radiation and 

ethylnitrosourea (ENU) in adult males [6,8]. For example, a study by Barber et al. 

revealed that mutation rates at a tandemly repeated DNA locus and a protein coding 

gene (hpri) were elevated in both the germline and somatic tissue of unexposed 

descendants of irradiated males [6]. This study used two different strains of mice and 

results were consistent between the strains. The authors attributed the 

transgenerational genetic instability to persistent DNA damage, revealed using the 

comet assay. However, the majority of work in this field is from one laboratory, and 

more work is required to confirm the findings, explore the exposures that lead to this 

effect, and determine the mechanism leading to genetic instability. 
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There has only been one study, conducted by Barber et al, that investigated 

the effects of an in utero exposure to mutagens on transgenerational genetic 

instability [31]. In this study, persistent instability was mediated exclusively through 

the male germline. The authors hypothesized that the passive erasure of the female 

epigenetic marks, as opposed to the active erasure of the male epigenetic marks, may 

lessen the transgenerational effects of in utero exposure. There are two periods of 

genome-wide DNA methylation reprogramming; once during primordial germ cell 

differentiation and once during preimplantation development [32]. Within 6 hours of 

fertilization, the paternally derived DNA is devoid of methylation, however, the 

process through which this occurs is unknown [32]. In contrast, between the two cell 

and the morula stage, the maternal DNA demethylates in a slow, replication-

dependant process [32]. It is not clear how this could affect transgenerational genetic 

instability; however, if epigenetics are the cause, then this is a clear difference 

between the male and female methylation patterns. To date, nothing is known about 

the ability of particles, especially the ability of particle exposure in utero, to cause 

transgenerational genetic instability. 

The study of inherited transgenerational genetic instability poses a difficult 

problem for current risk assessment procedures. Traditionally, risk assessment has 

only taken into consideration effects on the exposed individual or that individual's 

offspring (i.e., reproductive toxicology). If transgenerational genetic instability is 

shown to persist after environmental exposures, then risk assessment will have to take 

into consideration future generations descended from the exposed individual when 

making their assessment. It is also unclear how long transgenerational genetic 
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instability persists. For this reason, more work is required in order to confirm the 

effects of transgenerational genetic instability and to determine the mechanisms 

involved in this process. 

1.6 Model Particulate Diesel Exhaust Particles: 

As demonstrated in the experiments described in section 1.4, a major source 

of exposure to mutagenic agents that affect germ cells is PAP. PAP is the component 

of air pollution that is made up of particles 0.3 urn in size or bigger. Sources include 

fossil fuel combustion such as engines in a car, power plants, or any industry that 

requires grinding or crushing, such as quarries, cement, or construction [33]. Thus, 

DEPs are a contributor to PAP. The particles themselves have the ability to cause 

damage due to their small size, but the large surface area to volume ratio also allows 

many chemicals to be adsorbed onto the surface, such as PAHs, transition metals or 

other mutagens. Air pollution can be measured in many ways, but a filter-based 

particle/soot absorption photometer (PSAP) is especially good at measuring carbon 

black, an indicator of many particle pollutions, particularly DEP [34]. 

As a result of the harmful properties of PAP, many studies have been 

conducted to determine the effect that exposure may have on human health. These 

studies indicate that exposure to PAP results in inflammation in the lungs, lung 

cancer, cardiopulmonary disease and even germline mutations [1,35-38]. Recently, 

bulky DNA adducts were shown in the placenta of pregnant animals [39]. Carlberg et 

al. demonstrated that mothers living in urban centres had significantly higher levels of 

DNA adducts in their placentas than mothers living in rural areas [39]. It is now 
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believed that some inhaled chemicals not only reach the placenta, but also the 

embryo/fetus [40]. 

DEPs are a component of air pollution that serves as an ideal model for PAP 

in general. Standard DEP reference materials are available from the National Institute 

of Standards and Technology, which facilitates acquisition of the particles and 

improves reproducibility across studies [41]. DEPs are composed mainly of carbon, 

and are contributors to ambient PAP [37,42]. DEPs are fine particulates, with ninety 

five percent being less than 110 um in size [37,42]. Due to their small size, DEPs 

have a large surface area to volume ratio and can thus carry chemicals adsorbed on 

their surfaces [42]. These chemicals include PAHs, nitrated PAHs, aldehydes, 

quinones, acids and metals such as transition metals [42]. Because these chemicals 

are adsorbed onto such a small particle, they can be breathed deep into the lung where 

they can cause damage, possibly via inflammatory responses. Previous studies have 

indicated that the effects of DEP exposure range from oxidative damage caused by 

the formation of free-radicals, to bulky DNA adducts and inflammation [37,42-44]. 

There are many studies that implicate DEPs as mutagenic in different 

experimental systems. For example, Ye et al. found that both the gaseous and 

particulate phase of diesel exhaust emissions showed a strong mutagenicity using 

both the Ames test and a mammalian in vitro micronucleus assay [45]. Muller et al. 

used the comet assay and P post-labelling to demonstrate that DEPs cause DNA 

strand breaks and bulky DNA adducts [44]. Hashimoto et al. demonstrated that DEPs 

caused an -3 fold increase in mutations in the lungs of gpt delta transgenic mice [46]. 

They found that GC:AT transitions and GC:TA transversions were both caused after 
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DEP exposure. These studies all demonstrate that DEPs are mutagenic in various 

experimental systems. 

The first way in which DEPs are believed to cause damage after inhalation is 

through the formation of bulky DNA adducts that can lead to mutations [47]. Studies 

have indicated that ingestion of PAP causes bulky DNA adducts not only in the 

gastro-intestinal tract, but in the lungs as well, indicating that PAHs have the ability 

to affect non-target organs [44]. However, a study by Yauk et al. demonstrated that 

inhaled PAP resulted in bulky DNA adduct formation in the lungs, but not in the 

testis, where germline mutation had previously been observed [1]. These results 

suggest that the damage caused by inhalation of DEP was caused indirectly by PAHs, 

or by another mechanism or chemical component of air particulates (e.g., metals) 

entirely. 

Inhalation of small particles, even those composed of pure carbon, has been 

shown to cause pulmonary inflammation [48]. Thus, it is possible that inhalation of 

DEP itself, regardless of what is adsorbed onto it, may cause inflammation and the 

production of Reactive Oxygen Species (ROS). Transition metals adsorbed onto the 

surface of DEP may exacerbate this process via the production of more ROS through 

the Fenton reaction [1]. In 2003, Risom et al. demonstrated that exposure to DEP 

caused cellular oxidative stress that ultimately results in DNA damage [42]. They 

studied oxidative stress by examining 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-

oxodG) and found that multiple small doses of DEP may upregulate the antioxidative 

defense system (OGGl), whereas one large dose resulted in an increase in 8-oxodG in 

lungs [42]. This indicates that DEP causes oxidative stress, but that small, chronic 
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doses may not pose as much of a threat as large doses, due to our body's ability to 

defend against this type of injury. 

1.7 Experiment Design: 

The present research uses DEP as a model particulate air pollutant to study 

mutations arising in the developing germline. The work specifically quantifies ESTR 

mutation frequency in exposed and control animals. ESTRs have traditionally been 

studied in two ways: Pedigree analysis or SM-PCR analysis. A pedigree analysis 

involves taking DNA from somatic tissues of parents, and comparing it to that of the 

somatic DNA of the offspring, in order to identify size differences in the offspring 

relative to their parents (Figure 1-2 and 1-3). For example, Fl males would be 

exposed, either as adults or in utero, mated with control females and offspring 

collected. DNA from spleen of parents and offspring (Fl parents and F2 pups) would 

be isolated and studied by Southern blot analysis (Figure 1-3). Mutations are 

measured as any offspring band that differs from the parental band by more than 

lmm. Parent of origin is determined by the proximity of the mutation to the original 

parent band, male or female. Mutation frequency is calculated as the number of 

mutant bands, divided by the total number of bands scored. The drawback of this 

method is the number of animals required for the analysis (-200 in total for a single 

dose and control), the length of time required, and the cost. It is also difficult using 

the pedigree analysis to discern somatic mosaic mutations (a mutation resulting from 

a mutation early in embryogenesis and seen as a similar sized mutant in multiple 
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offspring) from individual de novo germline mutations. This will be discussed further 

in the chapter on SM-PCR analysis. 
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Figure 1-2: Visual representation of the pedigree used in this study. Pregnant 
C57B1/6 mice were exposed to DEP from gestational day 7-13. This produced the Fl 
generation, which had been exposed in utero. The Fl generation was allowed to grow 
to maturity and mated with unexposed CBA/J mates to produce the F2 generation. 
Circles represent females; squares represent males, grey shading indicates exposure to 
either DEP or sham controls. 
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Figure 1-2: 
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Figure 1-3: Example of a pedigree analysis gel. Paternal and offspring DNA are 
labelled. DNA fragments in the offspring should migrate at the same rate as the 
parental DNA. DNA that is a different size in the offspring, resulting from a gain or 
loss of repeat units, is clearly observed as a size shift in the offspring relative to the 
parental allele. A mutation is shown with a red arrow. 
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Figure 1-3: 
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The advent of SM-PCR has allowed the study of mutation induction using 

sample sizes that are orders of magnitude lower than traditional assays, and with 

doses that are more environmentally relevant [9]. The use of SM-PCR allows the 

analysis of single molecules of sperm DNA directly; thus, every molecule can be 

considered as a potential offspring. In the pedigree analysis, male parents are 

exposed, mated, and their offspring are used for analysis, as described above. Using 

SM-PCR, males are exposed and the sperm DNA studied to quantify germline 

mutation. Sperm DNA is isolated, restriction enzyme digested and diluted down to 

concentrations of one single molecule per reaction well. The ESTR locus of interest is 

PCR amplified and the size of each allele is analyzed using agarose gel 

electrophoresis. Gels are Southern blotted onto nylon membranes and probed with P32 

labelled probe, specific for the ESTR of interest (Figure 1-4). SM-PCR allows for the 

detection of mutation in both the germline and somatic tissue of the same animal, 

allowing a direct comparison between somatic and germline effects. A drawback of 

this analysis is the inability to analyse large alleles reliably, or at all, because of PCR 

limitations. 
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Figure 1-4: Example of an SM-PCR analysis gel. Amplified sperm DNA and 
reference ladders are labelled. PCR amplified HMl alleles should migrate at the same 
rate as each other. Alleles that are a different size in an individual sperm cell, 
resulting from a gain or loss of repeat units, is observed as a size shift in the band 
relative to the average allele size (progenitor). A mutation is shown with a red arrow. 
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This thesis examines the effect of DEP (as a model particulate air pollutant) 

on the developing germline, in both male and female mice, using a pedigree analysis 

of highly unstable tandem repeats in DNA. In addition, this work also examines the 

potential for particles to cause transgenerational increases in genetic instability. The 

work was carried out in an effort to observe the effects of breathing DEP on the 

developing germline, and also to gain insight into the effects on the developing 

female germline. 

1.8. Objectives and Hypothesis: 

1.8.1 Objectives: 

The objective of this research is to examine ESTR mutation frequency in the 

germline of male and female mice exposed to DEP in utero and their unexposed 

descendents, alongside matched controls in order to: 

1. Determine whether germline mutations result following in utero exposure 

to DEP. 

2. Compare and contrast mutations arising in the male and female germline. 

3. Determine whether transgenerational effects arise following DEP exposure. 

1.8.2 Hypothesis: 

1. Inhaled DEP will result in germline mutation at ESTR loci in mice 

exposed during gametogenesis. 

2. Exposure to DEPs in utero will result in transgenerational genetic 

instability. 
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2.1. Introduction: 

Over the past decade, research has shown that particulate air pollution (PAP) 

can lead to detrimental effects in germ cells of exposed humans and mice [1,38]. 

Maintaining the stability of the germline genome is of critical importance because 

germline mutations can be transmitted to the offspring through the egg or sperm, 

potentially leading to increased genetic disease and/or related fitness in the next 

generation. 

Previous work has examined the effects of PAP-contaminated air on germline 

mutation through the analysis of instability at tandem repeat DNA sequences. 

Expanded Simple Tandem Repeats (ESTRs) are composed of short sequences (-4-10 

base pairs long) that are tandemly repeated. These loci are prone to mutation by 

expansion or contraction [25]. In situ exposure studies conducted near two integrated 

steel mills in Hamilton, Ontario, have repeatedly demonstrated the effects of PAP on 

inherited ESTR mutations in laboratory mice [1,3,4,11]. For example, the offspring of 

laboratory mice caged in an area located near the steel mills exhibit a 1.5-2-fold 

increase in the number of inherited mutations over the offspring of mice held at rural 

sites [3], or mice breathing air with particles removed by High Efficiency Particle Air 

(HEPA) filtration [4]. A subsequent study demonstrated a 1.6-fold higher mutation 

rate in the sperm of mice exposed to whole air relative to HEPA-filtered air [1]. This 

study also established that although there were no stable bulky DNA adducts in the 

sperm of mice exposed to PAP, there were increases DNA strand breaks and global 

DNA methylation in sperm [1]. Increased strand breaks may result from reactive 
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oxygen species (ROS) elicited in response to particulate exposure and/or metals in the 

air[l]. 

Various chemicals in PAP are known to reach the placenta, and numerous 

effects have been observed in animals exposed in utero [1,39]. For instance, Carlberg 

et al. [39] showed that mothers living in an urban center had significantly higher 

levels of DNA adducts in their placentas than mothers living in rural locations. It has 

now been established that some inhaled environmental chemicals reach the placenta, 

as well as the embryo/fetus [39,40]. In addition to a lack of understanding of mutation 

induction during gametogenesis in general, little is known about potential effects of 

PAPs on female germline DNA stability. A recent study by Barber et al. 

demonstrated that induced ESTR mutation rates were similarly elevated in males and 

females after in utero exposure to ionizing radiation in both germline and somatic 

cells [31]. Moreover, the authors found that paternal in utero irradiation resulted in 

transgenerational instability in the exposed mice's offspring, in both somatic and 

germline cells, but females exposed in utero did not transmit transgenerational 

genetic instability to their descendents [31]. In the present study we use a similar 

experimental design to investigate the ESTR mutation frequencies of male and female 

mice exposed to PAPs in utero. 

Our model for PAP in the present study is Diesel Exhaust Particles (DEPs). 

DEPs, a component of PAP, cause oxidative damage, DNA adducts and increased 

DNA strand breaks [42,43,49-52]. Inhalation of DEP has been shown to cause 

inflammation in the lungs of mice, however, exposure is not limited to the pulmonary 

system [52,53]. The mucociliary clearance system removes a large fraction of the 
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particles from the lungs and transports them to the oral cavity, where particles may be 

ingested [53]. Polycyclic Aromatic Hydrocarbons (PAHs) may then enter into the 

circulation causing DNA damage in distal organs [44]. Indeed, PAH adducts are 

detected in lungs following oral exposure to DEP. In the present study, mice were 

exposed in utero to DEP via inhalation, and mated with control mice at maturity in 

order to score germline mutations in offspring. 

2.2. Materials and Methods: 

2.2.1 Animal Care: 

Animals were bred and exposed at the National Danish Research Centre for 

the Working Environment in Copenhagen, as described in Hougaard et al. [35]. 

Briefly, pregnant C57B1/6 mice were exposed to 19 mg/m3 DEP (NIST 2975 standard 

reference material from the exhaust of an industrial forklift) from gestational day 7-19 

for lhr/day, alongside mice exposed to air. These females gave birth to the Fl 

generation, of which a maximum of one male and female were weaned at postnatal 

day 22. Three days after weaning, differential cell count analysis was performed on 

bronchoalveolar lavage fluid from exposed dams to assess lung inflammation, as 

described in Saber et al. 2005 [51]. At 19 weeks of age the Fl offspring were cross-

mated with 12 week old unexposed CBA/J mates, producing the F2 generation, 

resulting in a total of 39 breeding pairs producing offspring for this study (C57B1 Fl 

Controls: 10 males and 10 females; C57B1 Fl DEP: 10 males and 9 females). For the 

first F2-litter, time-to-delivery, litter size, offspring weight gain during lactation and 

gender ratio were recorded. 
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Tissue was obtained from F2 pups shortly after birth (sacrificed by 

decapitation), or on PND 23 or 24, and from Fl parents upon termination of breeding 

(older pups and Fl parents were anaesthetized then sacrificed by exsanguination). 

Spleen and tail were flash frozen in cryotubes (NUNC) in liquid N2. All samples 

were stored at -80°C until use. All procedures complied with EC Directive 

86/609/EEC and Danish laws regulating experiments on animals (permit 2006/561-

1123). 

2.2.2 Extraction of DNA: 

DNA was isolated from the spleen of the Fl parents and the F2 pups using a 

previously described genomic DNA isolation method [54]. Briefly, samples of spleen 

were digested in 5M NaCl, 2 M Tris-HCl pH 8, 0.5 M EDTA pH 8, 10% SDS with 

0.3 mg/ml Proteinase K (Invitrogen, Burlington, Ont) overnight at 55°C. Tissue 

lysates were purified using phenokchloroform and chloroform. The DNA was ethanol 

precipitated and resuspended in lx Tris Ethylenediaminetetraacetic acid (TE). 

Concentrations and quality were determined by UV spectrophotometry using a 

Thermo Scientific NanoDrop 1000 analyzer (Ottawa, Ont). 

2.2.3 ESTR Mutation Analysis: 

ESTR mutation analysis was conducted as described in Dubrova et al. [7]. 

Twelve micrograms of DNA was digested with Alul (New England BioLabs, 

Pickering, Ont.) overnight at 37°C. DNA from full pedigrees of mice (father, mother 

and offspring) was electrophoresed on 40 cm long, 0.8% agarose gels (Seakem LE) 
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alongside a 1 Kb internal marker (Invitrogen, Burlington, Ont). Gels were run for 48 

hrs at 130V in cooled chambers until fragments < 1 Kb were off the gel. DNA was 

transferred to a nylon membrane (GE Osmonics, Minnetonka, MN) by Southern 

blotting. All blots were probed with a32P radiolabeled Ms6-hm probe, stripped and 

reprobed with a32P radiolabeled Hm2 probe [7]. Gels were visualized using a 

phosphoimager (Typhoon Trio + Variable Mode Imager from GE Healthcare 

Biosciences, Piscataway, NJ). The Ms6-hm and Hm2 alleles were scored relative to 

the DNA standard ladder and classified as mutants if the band migration was 1 mm 

further or less than the migration of the parental progenitors. Mutant alleles were 

identified by two separate observers who were blinded to the exposure information 

during scoring. Mutation rates were calculated as the number of mutant bands divided 

by the total number of bands scored, and compared using a one-tailed Fisher's exact 

probability test. 

2.3. Results: 

In the parental generation, pregnant mice were exposed to 19.1 +/- 1.13 mg/m 

DEP (-1x106 particles/cm3; mass median diameter congruent with 240 nm) on 

gestational days 7-19, for 1 hr/day (refer to [35] for details). Dams displayed no 

clinical signs of adverse effects, and no statistically significant differences were 

observed in the cellular profile in bronchoalveolar lavage fluid from exposed and 

control dams, shortly after weaning. Litter size and sex ratios of Fl litters were 

similar in exposed and control groups [35]. However, Fl DEP exposed pups exhibited 

significantly lower body weights at the end of the lactation period and reduced growth 
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rates relative to control pups during lactation [35]. Fl mice were mated with 

unexposed mates to produce the F2 progeny. No statistically significant differences 

owing to prenatal exposure were observed for litter size, offspring weight during 

lactation, or gender ratios. Time-to-delivery of the first F2 litter was similar for 

breeding pairs of control females versus females exposed in utero to DEP. The 

median number of days was 23 for controls (range 21-25 days) and 23 days for 

females exposed to DEP in utero (range 21-24 days). For males, time-to-delivery was 

somewhat right skewed, but this was not statistically significant (Kruskal-Wallis, p = 

0.352). Time-to-delivery for control males was 24.5 days (range 21-25) and 27 days 

for DEP exposed males (range 22-73). 

Exposure of male mice in utero for 13 days resulted in a significant 2 fold 

increase in paternal mutation frequency (p = 0.047) (increased number of size shifts 

in the paternal allele inherited by pups relative to father) (Table 2-1). The same 

exposure of male mice in utero resulted in a marginally significant increase in 

mutation of the unexposed maternal allele (2 fold increase,/? = 0.074) (Table 2-1); 

this result may have failed to achieve statistical significance because of the slightly 

smaller sample size for this group. 

In contrast to the exposed males, the exposure of female mice in utero to DEP 

did not lead to an increase in mutation rate (Table 2-1). Although there was an 

apparent non-significant 2-fold increase in the maternal mutation frequency (p = 

0.1588), the controls from this group had a very low mutation frequency. Indeed, the 

exposed female mutation rate is similar to that of the control male mutation rate, 

suggesting there is no effect. 
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Table 2-1. Summary of maternal and paternal ESTR mutation frequencies. 
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Table 2-1. Summary of maternal and paternal ESTR mutation frequencies. 

DEP 
Males 
Control 
Males 
Exposed 
Males 

DEP 
Females 
Control 
Females 
Exposed 
Females 

# 
Offspring 

88 

64 

79 

72 

# 
Paternal 
Mutations 

11 

16 

9 

5 

# 
Maternal 
Mutations 

9 

13 

5 

9 

Male 
Mutation 
Rate 

0.063 

0.125 

0.057 

0.035 

Standard 
Error 

0.026 

0.041 

0.026 

0.022 

Female 
Mutation 
Rate 

0.051 

0.102 

0.032 

0.063 

Standard 
Error 

0.024 

0.038 

0.020 

0.029 

Fold 
Change 
Male3 

2.00 
(0.68, 
4.03) 

0.610 
(0.0756, 
1.6019) 

p-value* 

0.047 

0.261 

Fold 
Change 
Female3 

1.99 
(0.55, 
4.28) 

1.98 
(0.2450, 
5.1903) 

p-\alueb 

0.074 

0.159 

a (95% confidence interval) 

Fisher's Exact 1-tailed p-value 
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2.4. Discussion: 

In the present study, we analysed tandem repeat sequences in full pedigrees 

(Fl parents alongside F2 pups) to determine germline mutation frequencies in the Fl 

male and female mice exposed in utero to DEP relative to control mice. We found a 

statistically significant increase in the germline mutation rate of males exposed in 

utero to DEP, but no effect on female germline mutation rates (Figure 2-1; Table 2-

! ) • 

The 2-fold increase in paternal mutation frequency indicates that repeated 

daily exposures in utero to DEP, which forms a complex constituent of urban air 

pollution, results in increased germline mutation rates in exposed males. The work is 

consistent with previous findings on the ability of other combustion-derived 

particulates (e.g., cigarette smoke [5] and urban air pollution [1,3,4]) to cause 

germline mutations in adult male mice. However, we now demonstrate that the effects 

of particulate air pollutants on germline DNA extend to the exposed developing fetus. 

This finding is also consistent with previous work by Barber et al. examining the 

effect of in utero radiation exposure (1 Gy on gestational day 12) in mice on germline 

tandem repeat mutations [31]. In that study, in utero exposure of male mice increased 

ESTR mutation 2.3 fold at the Ms6-hm and Hm2 loci [31]. Therefore, our in utero 

exposure to DEP elicited effects similar to that of 1 Gy acute gamma radiation. 

The marginally significant increase at the maternal allele after paternal 

exposure in utero is an interesting result as it suggests a non-targeted effect of male 

exposure on the female allele. Destabilization of the maternal allele following a male 

exposure has previously been observed for tandem repeats. Niwa et al. showed a 
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statistically significant increase in mutation rate at the maternal allele after male 

parents were mated with unexposed females immediately following irradiation [55]. 

The authors hypothesized that DNA damage in irradiated sperm caused genomic 

instability in the zygote that led to mutation in the paternally derived allele in cis and 

the maternally derived allele in trans [55]. In contrast, in our study, mice were 

exposed in utero, grown to maturity and then mated (Table 2-1). Thus, DNA adducts 

and other lesions should no longer persist in the adult male mice. Our results are more 

in line with the phenomenon of persistent genetic instability. ESTR mutations are 

known to arise by an indirect mechanism of mutation associated with DNA 

replication [25,56] and exposure of male mice to chemicals and radiation lead to 

transgenerational mutations for ESTR loci [8,31]. Moreover, the offspring of male 

mice exposed to radiation in utero (i.e., the unexposed descendents) exhibit 

transgenerational genetic instability, in the form of increased germline and somatic 

ESTR mutation frequencies [31]. As such, persistent genetic instability in the 

embryo/fetus may explain the non-targeted mutation, and non-targeted mutation of 

the female allele in the present study may result from an epigenetic mechanism 

[1,28]. This hypothesis is supported by the observation of changes in global 

methylation in the sperm of mature male mice following exposure to urban air 

particulate pollution [1], and changes in DNA methyltransferases and global 

methylation in chemicals that also lead to ESTR mutation [28]. Thus, the results 

suggest that the genetic instability observed following exposure to radiation may also 

extend to particulate air pollutants. More research is needed to investigate this 

hypothesis. 
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In contrast to our lack of result after female exposure in utero, Barber et al. 

observed a 2-fold induction of germline mutation rates following in utero exposure of 

female mice to 1 Gy of acute radiation [31]. The authors targeted gestational day 12; 

on this day female germ cells are actively undergoing mitotic proliferation until they 

are arrested at approximately day 13.5 in mice [57]. Thus, it is possible that there was 

insufficient cumulative exposure to DEP prior to mitotic/meiotic arrest to cause an 

increase in the female mutation rate. Moreover, the sample size from the present 

study is relatively small, and more work will be needed to definitively determine if 

there is an effect of in utero exposure to DEP on female germline mutation. This 

work should include higher doses at earlier gestational time points and a larger 

sample size. 

The results of this study demonstrate that particulate air pollutant exposure in 

utero increases male germline mutation frequency. The work suggests that some 

portion of the chemicals, or reactive metabolites of DEP, cross the placenta to affect 

the developing fetus. Yauk et al. [1] proposed that the mutagenic effects of PAPs may 

be the result of metals or involve generation of reactive oxygen species. However, at 

the current time, it is unclear if it is damage to cells by chemicals or their metabolic 

products [58,59], or an epigenetic signal, that leads to mutation in the paternal and 

maternal alleles in the offspring of exposed males. 
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Figure 2-1: Mutation frequencies with standard errors for males (la) and females (lb) 
exposed in utero to DEP. * p< 0.05. The difference between maternal sham and DEP 
mutation rates in exposed males (la) was marginally significant (p = 0.074). 
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Chapter 3: Investigation of Induced and Persistent Genetic Instability in Mice 

Exposed to Diesel Exhaust Particles in utero 

3.1. Introduction: 

Particulate Air Pollution (PAP) has been shown to be related to many health 

issues and is a problem in most urban centers. The World Health Organization 

(WHO) recently listed PAP as the most harmful component of the global air pollution 

problem today [37]. The general population is exposed to PAP on a daily basis, and 

this continuous exposure has now been linked to many health problems including 

lower birth weights, cardiovascular and lung disease [35,36]. 

One component of PAP that may contribute to the observed health effects is 

Diesel Exhaust Particles (DEPs). DEPs are a common component of PAP in most 

urban centres, along with other suspended particulate matter from cars, power plants 

and boilers [33]. Studies have shown that exposure to DEPs is correlated with various 

adverse health effects [35-37]. 

Various studies have demonstrated that DEPs are mutagenic in vitro and in 

vivo. For example, Jacobson et al. confirmed the mutagenic effect of DEPs in vitro 

using FEl-Muta™Mouse lung epithelial cells [43]. A significantly elevated mutant 

frequency (1.99-fold, p < 0.001) was found following treatment of FE1 cells with 75 

ug/ml DEPs [43]. Salvi et al. examined the effects of DEPs on the airways of healthy 

human volunteers [37]. After exposing volunteers to dilute DEPs for 1 hour daily 

(during light exercise), lung function, bronchoscopy and blood tests were performed 

[37]. No change in lung function was observed, however, there was an increase in 

immune response cells and a resulting inflammatory response in both the systemic 
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and pulmonary systems [37]. DEP inhalation also causes oxidative DNA damage in 

mice in vivo [42], and ingestion results in bulky DNA adducts in the gastro-intestinal 

tract and lungs [44]. Increased inflammation, oxidative DNA damage and bulky DNA 

adducts can all lead to an increase in mutation frequency. 

One mechanism by which DEPs are thought to act to cause mutagenicity is via 

the generation of Reactive Oxygen Species (ROS) that induce cellular oxidative 

stress. Risom et al. studied oxidative stress by examining 8-oxo-7,8-dihydro-2'-

deoxyguanosine (8-oxodG) [42]. As discussed in section 1.6, they found that a single 

high dose of DEPs generate oxidative damage in lung tissue, whereas the same dose 

spread over 4 days (i.e., a lower daily dose that amounts to the acute dose) may 

upregulate the antioxidative defence system (OGGl) and protect against the 

generation of oxidative damage [42]. DEPs are also associated with various 

mutagenic/carcinogenic compounds that are adhered to its surface such as Polycyclic 

Aromatic Hydrocarbons (PAHs) or nitrated PAHs. These chemicals, or their 

metabolites, can interact with DNA to form bulky DNA adducts [60]. Muller et al. 

established that ingested DEP results in PAH adducts in the gastro-intestinal tract, as 

well as other tissues, such as lungs [44]. This indicates that PAHs from DEPs can 

circulate and affect untargeted organs. However, as mentioned in section 1.6, Yauk et 

al. demonstrated that mice exposed to PAP in an industrial urban environment 

exhibited bulky DNA adducts in their lungs, but not in their testes, despite seeing an 

increase in germline mutation frequency at tandem repeat loci [1]. This indicates that 

the animals were exposed to PAHs but that these PAHs did not reach the testis. Thus, 
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Yauk et al. speculated that an alternative mechanism, such as oxidative stress, played 

a more important role than expected in the increased mutation rates observed [1]. 

We previously demonstrated that exposure of pregnant dams to DEPs via 

inhalation led to a 2-fold, statistically significant, increase in inherited tandem repeat 

mutation frequencies in their offspring ([61]; see Chapter 2). This is consistent with 

previous findings on the ability of PAP to cause germline mutations [1-4]. For 

example, as previously discussed in section 1.4, Yauk et al. demonstrated a 2-fold 

increase in mutation frequency in herring gulls living in an urban centre, compared 

with gulls living in a more rural environment [2]. There was also a negative 

correlation between mutation frequency and nesting distance to an operating steel 

mill; the closer the gulls nested to the steel mill, the higher their mutation frequency. 

Somers et al. determined that laboratory mice caged in the same urban and rural 

locations as the Yauk et al. study also had a 2-fold increase in mutation frequency [3]. 

In this study, the main variable was the air that the mice were breathing [3]. Mice 

breathing HEPA filtered air also showed a 52% decrease in mutation frequency, back 

to those of reference levels, indicating that it is the particulate portion of the air 

pollution that is causing the increase in mutation frequency [4]. Thus, strong evidence 

suggests that diverse particulate air pollutants can impact the germline and cause 

increased transmission of mutations to offspring of exposed animals. 

The literature reviewed above pertains primarily to studies conducted on adult 

animals. Very few studies have examined germline mutations arising in animals 

exposed in utero to mutagenic agents. In 2009, Barber et al. revealed a 2.3-fold 

increase in paternal mutation frequency after exposure of males to 1 Gy of radiation 
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on gestational day 12 (GD 12) [31]. A comparison of these data with our previous 

work [61] suggests that a DEP exposure of 19 mg/m3 over 13 days had a similar 

induction potential as 1 Gy acute radiation. This previous work (see Chapter 2) also 

demonstrated a 2-fold, marginally significant increase in the maternally derived allele 

after males were exposed in utero [61]. These findings were similar to those of Niwa 

et al. who detected a significant increase in mutation rate for the maternal allele after 

male parents were irradiated and mated immediately post-irradiation [55]. Niwa et al. 

hypothesized that DNA damage in the irradiated sperm caused genomic instability in 

the zygote [55]. The DEP exposed mice were not mated immediately post-exposure 

(they were mated at maturity, while exposure stopped at birth), thus, DNA adducts 

and other lesions should no longer have been present at the time of mating. This 

suggests a potential role for persistent genetic instability in the increased maternal 

allele mutation rate. 

Genetic instability occurs when the genome has an increased tendency to 

acquire mutations. Genetic instability is deemed persistent if it persists past the 

duration of the event causing the instability. For instance, exposure to a chemical may 

result in genetic instability, however, if the instability persists, even after the exposure 

is no longer present, then it is described as persistent genetic instability. Persistent 

genetic instability is important because it means that chemicals/mutagens can have an 

effect, even long after the exposure is finished. Parental exposure can result in 

increased mutation frequencies in the germline that can be detected in the offspring 

[62]. However, when genomic instability occurs in the offspring of exposed parents, it 

is termed transgenerational genetic instability [62]. 
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Barber et al. not only demonstrated that 1 Gy of radiation on GD 12 produced 

an approximate 2-fold increase in mutation frequency in both male and female 

offspring (as described above), but also a transgenerational effect [31]. Sperm 

sampled from males exposed in utero had a 2.4-fold increase in mutation frequency 

compared to unexposed controls [31]. However, sperm sampled from the male 

offspring of these males exposed in utero also had a 2.5-fold increase in mutation 

frequency compared to controls [31]. This indicates a persistent genetic instability in 

the germline that is passed through the sperm to subsequent generations. Although 

females exposed in utero exhibited an increased germline mutation frequency, there 

was no evidence for genetic instability in their unexposed descendents [31]. Thus, 

exposure to mutagens in utero appears to lead to transmission of genetic instability, 

though this only appears to be mediated through the male lineage. 

The present study was undertaken to investigate the effects of in utero 

exposure to DEPs on the developing germline in mice, as a model for human 

exposure. The germline is important to consider as mutations that effect the germline 

can be passed on to future generations, ultimately affecting the health of the 

population. Tissues used in this study were obtained from a behavioural study 

conducted by Hougaard et al. [35]. Pregnant mice were exposed to 19 mg/m3 DEP for 

1 hour a day from gestational day (GD) 7 to 19 [35]. Mice that were exposed in utero 

were grown to maturity and mated with control mates to produce the F2 generation 

[35]. Sperm from the exposed Fl and unexposed F2 were examined using Single 

Molecule Polymerase Chain Reaction (SM-PCR). 
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3.2. Materials and Methods: 

3.2.1 Animal Care: 

The animals for this study were bred, cared for and exposed at the National 

Danish Research Centre for the Working Environment in Copenhagen, as described 

in Hougaard et al. [35]. Time-mated pregnant C57B1/6 mice were supplied by 

Taconic Europe (Ejby, Denmark) on GD 3 [35]. The mice were housed with bedding 

and enrichment in controlled environmental conditions (12 hr light-dark cycles 

starting at 6:00 a.m., 21 +/- 2°C, humidity 50 +/- 5%, ventilation 13 air changes per 

hour) [35]. Mice were given food and water ad libitum [35]. The day after arrival, 

mice were divided into 2 groups with similar body weights [35]. The mice were 

exposed to Diesel Exhaust Particles (DEPs) using NIST 2975, a standard reference 

material from the exhaust of an industrial forklift (Gaithersburg, MD, USA) [35]. 

Dams were exposed to 19 mg/m via inhalation, from gestational day 7-19, for 

1 hour/day [35]. The specific surface area of the particles was 90 mg2/g reported by 

NIST and confirmed by multipoint nitrogen adsorption (Micromeritics, Gemini 2375) 

[35]. Control mice were placed in the inhalation apparatus but were exposed to 

ambient air inside the facility [35]. Exposure was performed in 18 L inhalation 

chambers [35]. Airflow in the chamber was 20L/min and evenly distributed [35]. 

Dispersion nozzles were used to aerosolize the particles at a pressure of 5 bar 

(Frauenhofer Institute Fur Toxicologic und Aerosolforschung, Germany) [35]. These 

mice produced the Fl generation that were exposed in utero. 
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Fl mice were born and raised to 19 weeks of age. Fl mice were then mated 

with 12 week old unexposed CBA/J mates to produce the F2 generation [35]. One 

male mouse was placed with one female for breeding [35]. 

After it was confirmed that females produced a litter, the Fl generation was 

anaesthetized with a mixture of 1.5 mg/kg hypnorm and 1.5 mg/kg dormico and 

sacrificed by exsanguination [35]. The F2 pups were sacrificed 3 weeks after birth by 

decapitation [35]. Tissues were collected from both the Fl and F2 generations at the 

time of sacrifice. Testis, caudal and caput epididymus and vas deferens were flash 

frozen in cryotubes (NUNC) in liquid nitrogen and stored at -80°C until required [35]. 

The entire animal care and collection process complied with European Council (EC) 

directive 86/609/EEC and Danish laws regulating experiments on animals (permit 

2006/561-1123). 

3.2.2 Extraction and Amplification of DNA: 

DNA for this experiment was isolated using a genomic DNA isolation 

method, previously described by Yauk et al. [54]. Briefly, the caudal epididymus was 

used to isolate mature sperm. Tissue was chopped up to liberate mature sperm into a 

Petri dish. Samples were suspended in Phosphate Buffered Saline (PBS) to release 

sperm from tubules. A differential lysis was conducted using 10% Sodium Dodecyl 

Sulfate (SDS) to enrich for sperm followed by incubation with 0.2 x SSC, Beta-

mercaptoethanol, 10% SDS, EDTA and Proteinase K at 37°C overnight. DNA was 

purified using a phenol:chloroform isolation and ethanol precipitation [26]. Finally, 

the DNA was resuspended in filter sterilized water. A quality check was performed 

56 



using UV spectrophotometry and concentrations were determined using a Thermo 

Scientific NanoDrop 1000 analyzer (Thermo Scientific, Ottawa, Ont.). Samples were 

not used unless the absorbance ratio fell within 1.7-2. All isolations were conducted 

in a laminar flow hood to prevent the risk of sample contamination. Ten p,g of DNA 

was digested per sample using Msel (10 U at 37°C overnight). 

3.2.3 Single Molecule Polymerase Chain Reaction (SM-PCR) analysis: 

SM-PCR analysis was performed as described in Yauk et al. [54] with some 

modifications. Briefly, template DNA was diluted down to concentrations that would 

allow for 35-65% of the reactions to produce observable products, a positive reaction. 

Generally, this was around 5-15 pg of DNA per well. The Ms6-hm (HMl) locus (5.1 

kb in Fl generation, 5.1 and 1.7 kb in F2 generation) was amplified using 0.5 uM 

flanking primers HMl-for (5'-AGA GTT TCT AGT TGC TGT GA-3') and HMl-rev 

(5'-GAG AGT CAG TTC TAA GGC-3') in PCR buffer from Roche Expand Long 

Template PCR System (Roche, Laval, Quebec, Canada # 11 759 060 001) for Fl 

generation or Roche High Fidelity PCR System dNTPack (Roche # 04 738 276 001) 

for F2 generation. Amplifications were conducted using the following conditions: 

94°C for 2 minutes, followed by 28 cycles of 94°C for 20 seconds, 57°C for 30 

seconds, 68°C for 8 minutes and a final extension of 10 minutes at 68°C. Reactions 

were lOul and performed in 96-well skirted plates with caps in PTC-225 DNA 

Engine Tetrad Thermocycler unit (MJ research now BioRad). 

A range of DNA concentrations were examined in pilot PCRs for each sample 

to determine the concentration of DNA that would yield a 35-65% positive reaction 
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frequency. DNA was diluted to 10, 25, 50 and 100 pg/ul. Dilutions were made in 

5mM Tris and 5 ng/ul Herring Sperm DNA. Products were run on a 0.8% agarose gel 

(10 cm) to determine the ratio of positive to negative (i.e., blank) reactions. A full 96-

well plate was then run at a concentration that should yield approximately 50% 

positive reactions. All products from the plate were electrophoresed on a 0.8% 

agarose gel (10 cm) to identify the wells in the 96 well plate containing product. 

Finally, PCR products were run on a 0.8% agarose long gel (40 cm) in darkened, air 

conditioned chambers. Each chamber contained lxTBE buffer and was run at 130 V 

for approximately 48 hours, until the 1 kb ladder marker was at the end of the gel. 

All gels were Southern blotted onto nylon membranes and probed using an 

HMl specific P radiolabeled probe for visualization using a phosphoimager 

(Typhoon Trio + Variable Mode Imager from GE Healthcare Biosciences). Probes 

were made using a Rediprime II labelling kit and a ProbeQuant G-50 microcolumns 

clean-up kit from Amersham Biosciences (Baie d'Urfe, Quecbec, Canada #RPN1633, 

#27-5335-01). 

3.2.4 ESTR Mutation Analysis: 

All gels were scored blindly with respect to treatment group. The HMl bands 

were scored relative to a standard in-lane ladder and were classified as mutations if a 

band was shifted by more than 1 mm from the progenitor allele size. Mutants were 

scored by 2 separate observers to confirm mutant designation. Multiple mutations that 

were the same size within an animal were considered a somatic mosaic mutation and 
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scored as one singleton mutation. Only unique mutant bands were considered unique 

mutations. 

3.2.5 Statistical Analysis: 

Most statistical procedures used were taken from Yauk et al [54] and are 

described in Sokal and Rohlf [63]. The 95% confidence intervals used to determine 

the number of progenitor molecules and the mutation frequency were derived from 

the Poisson Distribution [64]. The probability that x molecules will be in the Xj' well 

is given by the Poisson equation: 

P(XJ=x) = ^-,forx = 0,l,... 

However, when calculating the probability of observing product, a frequentists 

approach must be used, as only the presence or absence of product can be observed. 

The probability of observing no product was calculated based on the proportion of 

wells with no product (po). The rate parameter for a single well was calculated: 

P(X = 0) = po 

X = -log(p0) 

The expected number of progenitor molecules was calculated by multiplying the rate 

parameter for a single well by the total number of wells. The confidence intervals 

were then calculated using a Poisson regression model for repeated measures. 
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3.3. Results: 

Pregnant FO dams were exposed to 19.1 +/- 1.13 mg/m DEPs (-1x10 

particles/cm ; mass median diameter congruent with 240 nm) via inhalation, from GD 

7-19, for 1 hr/day [35]. NIST 2975 has been analyzed for chemical composition, and 

there are 11 NIST certified PAHs present [41]. These include phenanthrene, 

fluoroanthene, pyrene, benzo[a]anthracene, chrysene, triphenylene, 

benzo[/']fluoranthene, benzo[&]fluoranthene, benzo[e]pyrene, benzo[a]pyrene and 

benzo[g/z«]perylene [41]. There are also 28 reference PAHs and 17 reference nitro-

substituted PAHs associated with NIST 2975 [41]. Reference values are non-NIST-

certified, best guess analysis of the material [41]. For more information on NIST 

2975, please refer to the National Institute of Standards and Technology Certificate of 

Analysis for SRM2975 [41]. 

The effects of the DEP exposures on the dams, and some effects on the Fl and 

F2 generation were published previously by Hougaard et al. [35]. Briefly, there were 

no significant differences in phenotype or pulmonary inflammation between the dams 

in the two treatment groups [35]. The only significant difference was in body weights 

of the Fl offspring. Although the Fl generation had similar litter sizes and sex ratios 

between treatment groups, the DEP exposed group weighed less at the time of birth, 

and this difference increased during lactation (p < 0.05) [35]. The F2 generation did 

not show the same differences. Litter size, offspring weight, and gender ratios were 

all the same between treatment groups in the F2 [35]. 

SM-PCR analysis of the Fl C57B1/6 allele showed no increase in mutation 

frequency after DEP exposure in utero (Fig 3-1), based on an analysis of 
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approximately 365 molecules. The C57B1/6 allele was approximately 5.1 kb when the 

285 bp from the primers were included, which made it very difficult to amplify. The 

average allele size without the base pairs from the primers was 4.9 kb, ranging 

between 4.4 and 5.0 kb. Because the PCR conditions were on the borderline of 

optimization, the reactions were not consistent. Despite multiple attempts to 

troubleshoot the reaction, the C57B1/6 allele would not amplify reliably. Exacerbating 

this problem, only 4 control mice and 3 exposed mice of the 10 control and 9 exposed 

samples were amplifiable. The control group had a mutation frequency of 0.0342 

(0.0267, 0.044) and the exposed group had a mutation frequency of 0.0384 (0.0294, 

0.049) (p = 0.7) (Table 3-1). Thus, the exposed group had a mutation frequency that 

was 1.12 fold above the control group. This increase was not statistically significant. 

A total of approximately 735 sperm molecules were scored in the F2 male 

descendents of the Fl males. Analysis was conducted only on the smaller F2 CBA/J 

maternal allele, as this small allele was preferentially amplified over the long 5.1 kb 

allele. The CBA/J allele size was approximately 1.7 kb when the 285 bp from the 

primers were included. The average allele size (repeats only) was 1.3 kb, and ranged 

from 1.1 to 1.8 kb. As a result, the short CBA allele was always preferentially 

amplified over the long C57B1/6 allele. This amplification problem is routinely 

encountered with PCR on alleles of widely differing sizes [54]. This analysis revealed 

no increase in mutation frequency after in utero DEP exposure of the Fl males (Fig 3-

lb). The control group had a mutation frequency of 0.0436 (0.0357, 0.0559) and the 

exposed group had a mutation frequency of 0.0407 (0.0326, 0.052) (p = 0.6872) 
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(Table 3-1). Thus, there were no significant differences in the germline mutation 

frequencies of male descendents of control or DEP-exposed males. 

Mutation spectrum analysis (i.e., frequency distribution of insertion and 

deletion mutations) was conducted on the Fl and F2 mice (Figure 3-2a and b). These 

figures show the progenitor allele sizes as well as those outside the progenitor range 

(mutants). The overall distribution is a normal distribution. There was no apparent 

propensity to gain or lose repeat units in the Fl generation (Fig 3-2a) or the F2 

generation, although there were slightly more losses (-6-10 repeat units) than gains in 

the F2 (Fig 3-2b) generation. There were no differences in mutation spectrum 

between the control and the exposed groups (Fig 3-2). 
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Figure 3-1: Mutation frequencies with standard errors for Fl (a) males exposed in 
utero to DEP, and F2 (b) male offspring of Fl males exposed in utero to DEP. The 
5.1kb C57B1/6 allele from exposed C57B1/6 males crossed with control CBA/J 
females was scored in the Fl generation, and the CBA/J maternal allele was scored in 
the F2 generation. 
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Figure 3-2: Mutation spectra showing the number of repeat units gained or lost in the 
Fl germline analysis (a) and the F2 germline analysis (b). Average allele size 
(progenitor) is indicated by the red box (+/- 4 repeat units). 
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Table 3-1: Mutation Frequency of the Fl and F2 generation 
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Table 3-1: Mutation Frequency of Fl and F2 generation 
Generation/ 
Allele Size 

Fl 
5.1Kb 

F2 
1.7Kb 

Treatment 
Group 

Control 

DEP 

Control 

DEP 

#of 
Progenitors 
(95% CI.) 

236 
(182,300) 

129 
(102, 170) 

414 
(322, 504) 

321 
(250, 399) 

#of 
Mutants 

8 

5 

18 

13 

Mutation 
Frequency 
(95% CI.) 

3.4% 
(2.7%,4.4%) 

3.8% 
(2.9%,4.9%) 

4.4% 
(3.6%,5.6%) 

4.1% 
(3.3%,5.2%) 

Fold 
Increase 

1.12 

0.93 

P-
value* 

0.7 

0.7 

* Score's test 
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Table 3-2: Mutation analysis of gains versus losses 
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Table 3-2: 
Analysis 

Counts per bin is 
equal 

Treatment effect for 
individual bins 

Overall treatment 
effect 

Degrees of 
Freedom 

42 

42 

1 

Chi-Square value 

74.87 

23.28 

1.57 

Pr > Chi-Square* 

0.0013 

0.9915 

0.2098 

* Score's Test 
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3.4. Discussion: 

We examined the transmission of genetic instability to subsequent generations 

as a result of DEP exposure in utero. The study used SM-PCR to examine the 

mutation frequency at the HMl locus from Fl and F2 sperm DNA. The Fl analysis 

examined the C57B1/6 allele of the Fl generation. These animals were exposed in 

utero to DEP by maternal inhalation. Given the positive result in the pedigree analysis 

(Chapter 2), this analysis was intended as the positive control for the experiment. The 

F2 analysis measured mutation frequency of the CBA/J allele in the unexposed F2 

generation sperm. The CBA/J allele is derived from the control female mothers and 

would thus be indicative of untargeted effects occurring due to unexposed females 

being mated with exposed males. There was no significant increase in mutation 

frequency found for either the Fl or F2 generation. 

SM-PCR analysis of the Fl C57B1/6 allele showed no increase in mutation 

frequency after DEP exposure in utero (Fig la). This result was unexpected, as 

pedigree data on these same mice showed a statistically significant increase in 

inherited mutations from the exposed males, and marginally significant increases in 

inherited mutations from the unexposed females when they were mated to exposed 

males [61]. The disagreement between these two results may be due to one of two 

possibilities, described below. 

The lack of increased mutation frequency observed in the SM-PCR analysis of 

the Fl sperm, combined with the destabilization of the unexposed female allele [61], 

suggests that genetic instability occurs in embryogenesis of the Fl generation and 

leads to mutation in the F2 mice. This would not be caused by mutations in sperm, 
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but by mutations arising in the early embryo. Such an effect may be mediated by an 

epigenetic signal. For instance, the in utero DEP exposure may cause the developing 

sperm to become epigenetically marked, possibly by methylation, but does not cause 

mutation directly in the sperm. The altered methylation might lead to genetic 

mutations after fertilization by an egg that, which could explain why we see an 

increase in mutation frequency in the pedigree analysis (done by comparing somatic 

DNA from Fl parents with that of F2 pups) [61] but not in the SM-PCR analysis. 

Changes in global methylation have been observed in the sperm of mature male mice 

following exposure to urban particulate air pollution [1]. In 2007, Liu et al. also 

observed both hyper and hypomethylation of different promoter regions after 

exposure to DEP [65]. Liu et al. also observed changes in gene expression after 

alterations in methylation occurred [65]. These studies indicate that environmental 

exposure has the ability to change the epigenome, and ultimately gene expression. 

Thus, it is possible that the lack of mutation measured in the sperm is the result of the 

transmission of an epigenetic signal, rather than transmission of mutations. However, 

other studies have shown similarities in sperm and pedigree mutation rates [1,10-11, 

20, 25, 30-31,54,66]. Thus, this possibility is not supported by the current literature. 

The second and more likely explanation for the lack of induced mutations 

measured by SM-PCR may be technical differences between the two techniques. Our 

sperm analysis required the application of SM-PCR, whereas the pedigree approach 

uses restriction digests of genomic DNA and Southern blotting [7]. Because the 

C57B1/6 HMl locus is over 5 Kb, it was very difficult to amplify. This led to a much 

smaller sample size than initially intended (actual Fl sample size -364 molecules in 
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total). This is substantially less than other SM-PCR experiments have used. For 

example, Yauk et al. used 458 (408, 523 (95% confidence interval)) molecules for the 

control group alone, and 440 (390, 508 (95% confidence interval)) for the exposed 

group [54]. Thus, the present SM-PCR experiment used less than half the amount of 

molecules as compared to the Yauk et al. study [54]. Not only were there a low 

number of molecules, there were also fewer animals (3 exposed males and 4 control 

males). This may not represent the variability scored across the larger number of 

males analysed using the pedigree approach (6 families with exposed male parents, 9 

families with control male parents) [61]. The small sample size may skew the results, 

and fail to attain statistical significance. Also, given that the large allele was so 

difficult to amplify, it indicates that the reaction may have been on the borderline of 

optimization for amplification. This could result in gain mutations being missed as 

they would be even larger and more difficult to amplify. Also due to their size, the 

5.1 Kb bands are on the upper range of what can be scored, as only very large size 

changes are able to be detected reliably. SM-PCR has proven to be reliable in the past 

[1,5,25,28,54,66]; however, it is normally done with larger sample sizes and shorter 

alleles. For example, Yauk et al. used an allele 1.8 kb in size with approximately 700 

molecules per treatment group, as opposed to our 5.1 kb region and ~300 molecules 

total [1]. Thus, the results and technical limitations suggest that the more likely 

explanation of the lack of effect in the Fl DEP exposed sperm was a combination of 

small sample size and amplification issues leading to an inability to find a statistically 

significant increase. Based on the pedigree results obtained (Chapter 2), technical and 

sample size limitations, and the knowledge that PAP in general has been shown to 
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cause increased mutation in the sperm of adult males, an increase in mutations in 

sperm is expected to have occurred in the mice exposed in utero to DEP. 

The F2 CBA/J allele showed no increase in mutation frequency after in utero 

DEP exposure of the Fl males (Fig lb). The CBA/J allele reflects untargeted effects 

as it is the allele derived from unexposed females that were mated to exposed males. 

Any results observed here would have indicated a transgenerational persistent genetic 

instability. A number of outcomes were possible for the SM-PCR analysis of Fl and 

F2 sperm and can be used to support various models. First, increase in F2 mutation 

frequency would indicate that DEP exposure in utero results in persistent genetic 

instability in the offspring that can be passed on to the next generation. This was 

clearly not supported by our data. Lack of response in the F2 in the presence of 

mutations in the Fl sperm would indicate that the in utero DEP exposure resulted in 

induced mutations in the exposed animals only, and genetic instability was not 

transferable to the next generation. A third possibility would be that mutations only 

arise early in embryogenesis in the descendents of the exposed Fl generation. In the 

latter case, lack of mutation in the Fl sperm would be expected if the F2 generation 

develops mutations exclusively in early embryogenesis, but does not exhibit 

persistent instability at later stages. Because there was a statistically significant 

increase in mutation frequency of the exposed male allele, as well as a marginally 

significant increase in mutation frequency of the unexposed female allele using a 

pedigree analysis ([61], see chapter 2), the DEP exposure must have caused an 

increase in the exposed mutation frequency as well as genetic instability, not just an 

induced mutation. Thus, due to the lack of increase in mutation frequency observed in 
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the F2 generation, the present data support the model that mutations arose early in 

embryogenesis, with no transmission of genetic instability. However, given the 

technical limitations of the SM-PCR on the Fl, it is likely that mutations are also 

arising in the directly exposed allele. 

Analysis of the mutation spectrum in the Fl germline (Fig 2a) showed no 

differences between the control and exposed animals. These findings suggest that if 

there are induced mutations in the exposed animals, the mechanisms of mutation are 

similar between induced and spontaneous mutation. This supports the indirect model 

for mutations described in Chapter 1, implicating an increase in mutation due to 

perturbations in the regular processes that contribute to spontaneous mutation (for 

e.g., polymerase errors), rather than a response to DNA damage or epigenetic changes 

at, or around, the locus. In addition, no differences were observed between the 

exposed and control mutation spectra obtained from the analysis of the F2 germline 

(Fig 2b), confirming the lack of effect of DEP on genetic instability. These results 

support the null hypothesis, that there was no persistent instability in the F2 

generation as a result of DEP exposure. 

Previous studies have shown transgenerational effects following exposure to 

radiation or ethylnitrosourea (ENU) [6,8,31], and all, except one of these studies, 

were conducted on adult males. Thus, lack of transgenerational effects may be 

explained by differences in the chemicals or stage-specificity. However, Barber et al. 

exposed mice to radiation in utero on GD 12 and observed a transgenerational 

increase in ESTR mutation frequency [31]. Thus, in utero exposures are apparently 

capable of inducing these effects. 
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Barber et al. hypothesized that transgenerational instability could be the result 

of changes in methylation status, of oxidative stress/inflammatory response, or arise 

from replication instability [6]. They suggested that the most likely explanation, based 

on their results, was replication instability. Barber et al. found higher rates of strand 

breaks in the unexposed generations of exposed adult males. These breaks were not 

the result of DNA repair deficiency (which is one hypothetical mechanism by which 

epigenetic changes may lead to transgenerational genetic instability) [6]. It was also 

observed that the unexposed generation did not have an increase in oxidative DNA 

damage, as would be expected with ROS damage caused from oxidative stress [6]. 

Thus, Barber et al. concluded that persistent DNA lesions, such as double strand or 

single strand breaks, were the cause of the instability in the unexposed generation [6]. 

It has previously been suggested that the mechanism of ESTR mutation is via 

replication slippage caused due to a pausing in DNA replication after an insult has 

incurred [27]. However, the exact mechanism in which the unexposed offspring 

inherit this damage is unclear. Dubrova et al. (2008) conducted an experiment using 

ENU instead of radiation to determine if a chemical mutagen that causes alkylation 

rather than strand breaks would still cause transgenerational instability [8]. ENU 

caused an increase in mutation frequency of the unexposed offspring, similar to 

results obtained using radiation [8]. Thus, it was concluded that the transgenerational 

genetic instability was the result of stress-like response to DNA damage [8]. 

Exposure to particulate air pollution has been shown to cause an increase in 

global DNA hypermethylation and increases in DNA double and single strand breaks 

in the sperm of adult males [1]. DEPs specifically, have been shown to cause an 
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increase in oxidatively damaged DNA bases [42,50,67], DNA adducts [47], and 

increased strand breaks [44]. Thus it was anticipated that DEPs would also be capable 

of inducing transgenerational genetic instability. However, it is possible that the 

window of opportunity to induce transgenerational genetic instability was missed 

during this experiment. Perhaps there is only a small range of time, potentially during 

times of epigenetic changes, that is susceptible to mutagens. It is possible that this 

experiment missed that window of time, or perhaps the exposure was not high enough 

during that period. Dr. Dubrova has indicated that chronic low dose exposure to 

radiation did not induce a transgenerational effect, whereas acute exposure did 

(personal communication). Thus, it is possible that the dose of DEPs was simply too 

small to cause an effect. Perhaps a higher exposure, at the maximum tolerated dose, 

would show an effect. 

Lastly, the mechanism through which DEPs cause an increase in mutation 

rates is unknown. It is possible that if the particles themselves are causing the 

mutagenic effect, they may not be able to cross the placenta to the developing fetus, 

unlike radiation, which can cause DNA damage in the fetus [68]. Studies have shown 

an increase in DNA adducts in the placenta of exposed fetuses [39], but not enough 

work has been completed on analysis of the fetal tissue. 

3.5. Conclusions and Future Work 

This work shows that exposure to 19 mg/m3 DEP from GD 7 to 19 does not 

cause an increase in male germline mutation in the unexposed F2 generation. 

Dubrova et al. observed that transgenerational genetic instability is associated with 
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many different forms of mutagen exposures [69]. The work from this laboratory 

suggests that there may be an increased, unprecedented risk to future generations of 

exposure to mutagens [69]. The same would be true of DEP if a transgenerational 

effect had been observed in the present study. Specifically, consideration would have 

to be given to the future generations of employees who work in and around DEP 

contaminated areas (e.g., traffic policeman, bus drivers, mechanics, etc.). The lack of 

response in the present study suggests that DEP exposure in utero would not 

contribute to persistent transgenerational genetic instability. However, more work is 

required in order to confirm this lack of response. This work should include 

examining DEP-exposed adult males to confirm that transgenerational genetic 

instability arises using an exposure time point that has been more frequently applied 

in this research field, and targeting additional stages of embryonic/fetal development. 

There are a number of improvements that could be implemented for future 

studies in this area. The first and most important would be to include a positive 

control in subsequent studies. Transgenerational effects have been observed following 

in utero exposure to 1 Gy acute radiation on GD 12 [31], therefore exposure to 

radiation on GD 12 would be an ideal positive control. Another improvement would 

be to analyze mouse strains with smaller alleles to remove confounding technical 

problems. Lastly, a larger sample size would increase the likelihood of achieving a 

statistically significant result. 
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Chapter 4: Discussion 

This thesis investigated induced germline mutations and transgenerational 

genetic instability in mice exposed to DEPs in utero, and their unexposed offspring, 

respectively. Pedigree analysis showed that in utero exposure resulted in a 

statistically significant increase in germline mutation frequency of the exposed 

paternal allele and a marginally significant increase of the unexposed maternal allele 

[61] (Chapter 2). Maternal in utero exposure did not result in an increase in mutation 

frequency. This indicates that in utero exposure results in induced mutation and 

suggests potential non-targeted genetic instability of the unexposed maternal allele in 

early embryogenesis in the descendents of exposed males. SM-PCR analysis of the Fl 

and F2 germline did not demonstrate any increases in germline mutation frequencies 

(Chapter 3). The results do not support the ability of DEP exposures in utero to lead 

to persistent transgenerational genetic instability. However, more work is needed to 

confirm this negative result, including investigations following adult male exposures 

to determine if DEP can cause transgenerational genetic instability at all, and during 

different stages of gestation. 

4.1. Previous Experimental Results on the Animals from this Study: 

Tissues for the work conducted in this thesis were obtained from a behavioural 

study conducted by Hougaard et al. [35]. The aim of this study was to determine if in 

utero exposure to DEP had any effects on gestation, post-natal development, learning 

or memory. Their hypothesis was that in utero exposure to DEP would affect these 

outcomes due to previous studies that found that DEP may exhibit endocrine 
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disrupting activity. To examine this hypothesis, the experimental design described in 

this thesis (i.e., pregnant C57B1/6 mice exposed to 19mg/m3 Diesel Exhaust Particles 

(DEP) from gestational day 7 to 19) was used. No statistically significant effects were 

observed for cognitive abilities between the control and exposed groups. In addition, 

Hougaard et al. observed no statistical differences in gender ratios, time-to-delivery 

and litter size between the control and exposed groups, in either the Fl or F2 

generation [35]. The only difference observed was in pup weight at birth and weight 

gain during lactation of the Fl generation [35]. The DEP exposed pups weighed less 

at birth, and gained weight more slowly, than their sham control counterparts [35]. 

The authors hypothesized that DEPs may be deposited in the lungs of the mothers, 

prolonging the period of exposure beyond the in utero period by potentially passing 

chemicals or signals through their milk. The weight difference did not persist into 

adulthood and adult Fl males from the control and exposed group had similar 

weights. The effects were also limited to the Fl generation, as no changes in any 

parameters were noted in the F2 [35]. Thus, the overall health of the pups was not 

highly compromised by the in utero exposure. However correlations have been shown 

between low birth weights and disease, such as coronary heart disease [70]. Hougaard 

et al. believe that exposure to DEP in utero causes reduced weight gain during 

lactation and that a change in the exposure method (e.g., fresh, whole exhaust as 

opposed to aged, resuspended DEP) may result in different, potentially more severe 

outcomes. The findings suggest that DEP exposure in utero had a potentially negative 

health effect on the Fl offspring, but that it did not extend to the F2 generation. 

83 



4.2 ESTR Mutation Analysis: 

The first goal of this thesis was to determine the effects of in utero exposure to 

particulate air pollutants on the developing germline of male and female pups. The 

pedigree demonstrated a statistically significant increase in paternal mutation 

frequency when the males were exposed to DEP in utero (2-fold increase, p = 0.047) 

[61] (Chapter 2), as well as a marginally significant increase in the maternal allele 

mutation frequency when the males were exposed in utero (2 fold increase, p = 

0.074). These results suggest a non-targeted effect on the females after a male in 

utero exposure. The marginally significant results may have been due to a slightly 

smaller sample size in this group. In contrast to the results seen with the Fl males, 

there was no increase in mutation frequency at either allele after exposure of the 

females in utero [61]. The results support Hypothesis 1 of this thesis, that inhaled 

DEP results in germline mutation at ESTR loci in mice exposed during 

gametogenesis, and indicate that DEP exposure in utero results in germline mutation 

at ESTR loci in males. 

The second goal of this thesis was to investigate the induction of potential 

transgenerational genetic instability in the F2. SM-PCR demonstrated no increase in 

germline mutation frequency of the Fl generation. This was unexpected given the 

pedigree results; however, this lack of increase, combined with the instability at the 

unexposed female allele measured in the pedigree study, could indicate the induction 

of mutation early in embryogenesis of the F2, rather than in the sperm of the Fl. 

Alternatively, and more likely, technical issues associated with SM-PCR and a small 

samples size may have led to a negative result with sperm SM-PCR. SM-PCR 
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analysis of the F2 generation also demonstrated no increase in germline mutation 

frequency. This analysis examined the maternally derived allele after a paternal in 

utero exposure. Thus, any effects seen here would have indicated true 

transgenerational effects. The results clearly demonstrate that exposure of pregnant 

dams to 19 mg/m3 DEP from GD 7 to 19 did not cause transgenerational genetic 

instability in the descendents of Fl males (i.e., rejection of Hypothesis 2, that 

exposure to DEPs in utero will result in transgenerational genetic instability). 

4.3. Relevance: 

The results of this thesis suggest that the developing fetus is susceptible to the 

effects of DEPs and that some portion of DEPs may have the ability to cross the 

placenta. However, whether this effect is caused by the particles themselves, 

chemicals attached to them, metabolites of these chemicals, or an epigenetic signal 

remains to be clarified. Reliene et al. demonstrated very low levels of DNA adducts 

in embryonic tissue after exposure of up to 500 mg/kg/day DEP on embryonic day 

10.5-15.5, with no increase in 8oxo-dG (a measure of oxidative stress)[59]. This 

suggests that PAHs that are adsorbed to DEP cross the placenta and affect the fetus. 

However, a later study in 2010 by Lee et al that used an environmental exposure of 

-107-155 ug/m3, demonstrated an increase in 8oxo-dG levels [67]. This indicates 

oxidative stress in the offspring, either due to the presence of chemicals or particles in 

the fetus, or inflammatory signalling cascades from the dams. More work, such as the 

fractionation of chemicals associated with the DEPs to investigate active components, 

is required in order to determine which portion of DEPs is mutagenic and the 
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mechanism leading to mutation. Alternatively, fetal tissues could be studied to 

determine the presence or absence of DNA adducts or oxidative stress in the fetuses. 

These studies would advance our understanding of how DEPs cause mutation in male 

germ cells in utero. 

DEPs were chosen as a model for PAP for several reasons. First, DEPs 

contribute to PAP in urban and industrial areas [37]. Second, Somers et al. 

determined that it was the particulate portion of air pollution that caused increases in 

mutation frequency [4]. Third, standard reference material was available for DEPs 

.These standards are well-characterized, stable and available for purchase. Thus, the 

use of a commercial reference material ensures reproducibility and facilitates 

comparison across studies. However, it is possible that a different particulate 

component of PAP, either natural or anthropogenic, is causing mutations as well, 

which may increase the mutation frequency synergistically. HEPA filters remove 

particles 0.3 um in diameter or larger, thus any particle in this size range is a possible 

contributor to mutagenicity. For example, mineral dust, a component of PAP, has 

been shown to induce inflammatory responses [71]. A correlation between 

inflammatory responses, oxidative stress and DNA damage has previously been 

established [72,73]. Thus, further work is needed to identify the specific components 

of PAP that lead to increased germline ESTR mutation. 

The findings of this thesis are important for the general population, and in 

particular for pregnant women, who maybe exposed to high levels of DEPs. For 

instance, the concentration of DEPs in urban centres varies between 17.8 ug/m and 

116 ug/m [67], and US truck drivers are exposed to between 20 and 55 (4-g/m (for 
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short and long haul drivers, respectively) [74]. However, the exposure in this study 

was 19 mg/m3. This is approximately equivalent to a human exposure of 2648.06 

mg/m (see calculation below). Given that this is orders of magnitude larger than an 

environmental dose, caution should be used when applying these results to the human 

population. However, large doses do give an indication of the potential effects and 

add knowledge to a field where information is still lacking. 

Mouse: 19mg/m3 = Human: X 

(3 50bpm*)(60min)(0.2ml/breath) (12bpm)(60min)(813ml/breath) 

X = Equivalent Human Exposure = 2648.06 mg/m3 

* Breaths per minute 

An alternative hypothesis is that the effects are not caused by the particles 

themselves or chemicals associated with these particles. Instead, these effects could 

be mediated by a signalling cascade (e.g., cytokines in the mothers that are 

upregulated in response to the particles, and trigger signalling cascades that affect the 

offspring) as discussed above. Hougaard et al. investigated the level of inflammation 

in the liver of pups via analysis of mRNA expression of inflammatory cytokines [35]. 

They determined that mRNA expression levels of inflammatory cytokines 

interleukin-6, monocyte chemoattractant protein 1, and macrophage inflammatory 

protein-2 were slightly higher in DEP exposed pups, although not significantly so. 

The authors hypothesized that this could be caused by a tendency for increased 
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inflammation in the liver of pups exposed to DEP in utero. More work is required to 

determine what precisely is crossing the placenta and making it to the developing 

fetus. 

DEPs are generated from the exhaust of diesel engines. This exhaust is a 

complex mixture of different combustion products, the exact composition of which 

depends on the type of engine used, the engine load and the fuel used to run it. They 

are often associated with different Polycyclic Aromatic Hydrocarbons (PAHs) and 

nitrated PAHs [44]. Bulky DNA adducts, oxidative DNA damage and DNA strand 

breaks have all been detected after exposure to DEPs [49,50,75]. Diesel engines were 

commended for emitting lower levels of carbon monoxide (CO), carbon dioxide 

(CO2) and hydrocarbons, but they actually generate up to 100 times more particles 

than petrol engines [37]. The effects of these particles are currently drawing more 

attention than in the past. This is because certain occupations are exposed to more 

DEPs than others. For instance, diesel engine emission testers are exposed to up to 

107.25 fj.g/m3 DEPs. It has also been demonstrated that bus drivers, who are exposed 

to DEPs on the job, have higher levels of oxidative stress on urban routes than rural 

routes, and after working days compared to days off [73]. The results of the Hougaard 

study and Chapter 2 of this thesis provide convincing evidence that in utero exposure 

to DEP has potentially detrimental effects on the developing fetus. If this is the case, 

it is worth evaluating the safety thresholds for exposures of pregnant women in these 

occupations. The results of Chapter 2 suggest that the male children of these women 

would be most at risk. However, caution should be advised when drawing 

conclusions based on these results. Lack of weight gain is certainly concerning, as it 
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has known health associated outcomes, however, it is currently unclear what the 

health consequences are of increased tandem repeat mutation. This is the subject of 

intense research in other labs as connections have been made between tandemly 

repeated DNA sequences and human diseases and disorders [29]. Also, correlations 

between ESTR mutations and other endpoints, such as increased mutation at protein 

coding regions, has been established [6]. Thus, ESTR mutations are plausible markers 

for genetic instability caused by exposure. 

Taken together, these results demonstrate that in utero exposure to DEP causes 

germline mutations, but not transgenerational genetic instability. Because this was a 

chronic dose that demonstrated germline effects, risk assessment should take future 

generations into account when considering regulatory endpoints. 

4.4. Future Directions/Recommendations: 

Several recommendations for additional work have been proposed as a result 

of this thesis. These recommendations range from increasing sample size to 

improving stage-specificity in the experimental design. These recommendations will 

be discussed in more detail below. 

1- Studies conducted on radiation and ENU have shown that they cause 

increases in germline mutation frequency as well as transgenerational genetic 

instability. The present DEP study demonstrated the former but not the latter. Nothing 

was known about in utero exposure to DEP before this experiment; however, in order 

to investigate DEP further, another pedigree analysis should be undertaken. The 
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sample size should be increased in order to confirm an increase in mutation frequency 

of the unexposed female allele, and to confirm that there is no effect after in utero 

exposure of females. Also, higher doses may make differences in mutation rates 

easier to observe between groups. Earlier gestational time periods of exposure should 

also be considered. Mitosis occurs continuously from Gestational Day (GD) 9-12 in 

both male and female developing germlines [14]. Female germ cells enter the first 

stage of Meiosis I on GD 13 and beyond this same day, mitosis events are rare in 

male germ cells. The exposure for this analysis was 1 hour a day from GD 7-19, 

however, ESTR mutation is understood to be a mitotic process and thus can only 

occur while cells are undergoing mitosis [25]. Given these parameters, the germ cells 

were only exposed for 5 days (GD 9-13) during which time ESTR mutations could 

have accumulated. Higher doses and a longer exposure period would ensure that all 

possible mitotic cells are exposed, even cells that happened to enter mitosis early or 

late, to a mutagenic dose of DEP. 

2- One puzzling result in this thesis is the lack of increased mutation 

frequency following SM-PCR analysis of the Fl sperm. Additional SM-PCR analysis 

of sperm samples would shed light on the reasons for the observed discrepancies. The 

SM-PCR analysis would benefit from an increased sample size as well. Ideally, 

CBA/J mice would be exposed in utero and mated with C57B1/6 mice. This would 

ensure that the target allele is the shorter, easier to amplify allele in order to produce 

rapid and reliable PCR. If no increase in mutation frequency is observed, alternative 

hypotheses, such as changes in increased genetic instability in the early embryo 
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mediated by an epigenetic mechanism should be examined in detail. For example, 

methylation status could be compared between exposed and control groups (either Fl 

sperm or F2 early embryos). These techniques would help determine if there is an 

epigenetic mechanism at work in the exposed animals. 

3- A major recommendation for this study would be the inclusion of a positive 

control for induced germline mutation. Transgenerational effects have been seen 

following irradiation with 1 Gy of X-rays delivered on GD 12 [31]. Thus, a positive 

control would be pups exposed to 1 Gy of radiation on GD 12. A positive control 

would confirm whether or not the technique we applied in our lab was capable of 

measuring induced mutation. 

4- SM-PCR is a remarkable test as it uses much fewer samples than traditional 

methods [13]. Furthermore, because somatic mosaic mutations can be more precisely 

quantified, SM-PCR offers a substantial improvement over the pedigree analysis. 

Barber et al. have estimated that an unrealistically high number of offspring from 

each male would need to be analyzed in order to unequivocally distinguish germline 

mosaicism in pedigree analysis (>90 offspring) [31]. In contrast, in an SM-PCR 

analysis, somatic mosaic mutations are easily discernible because the equivalent of 

-80 offspring are scored per male. Moreover, it has been demonstrated that there is a 

high correlation between sperm and pedigree ESTR mutation rates [54]. Thus, if an 

ESTR mutation is observed in sperm, it is likely that the mutation will occur in the 

offspring of that sperm. Therefore, it is recommended that the most effective way to 
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proceed is to minimize the number of pedigree studies that are conducted, because 

they can be influenced by mosaicisms. Instead, work should primarily be conducted 

with SM-PCR when possible. 

5- Despite certain challenges, the application of SM-PCR to germ cell tandem 

repeat mutation analysis is an important mutagenicity assay. Spermatogenesis in mice 

and humans is quite similar [13]. Thus, mice are an excellent test model for human 

exposure in this respect. SM-PCR is a methodology that has worked well in our 

laboratory; however, it would be advisable to conduct additional experiments with 

increased doses and additional stages of gametogenesis to definitively conclude that 

there is no effect of DEPs on transgenerational genetic instability. There are many 

studies that indicate transgenerational genetic instability after exposures to adult 

males (using radiation, ENU, and different strains of mice [6,8]) but only one study 

currently exists that looks at transgenerational effects of exposure in utero [31]. Thus, 

in order to determine whether transgenerational genetic instability arises following 

exposure to DEP, it would be advisable to conduct a long-term chronic exposure to 

high doses of DEP in adult males (through to the F2 generation). This would be more 

aligned with previous work on transgenerational genetic instability. 

6- The data in Chapter 2 indicate that DEP does affect the germline. More 

work should be carried out to determine if this effect can be reproduced using SM-

PCR. The results from Chapter 3 suggest that particles do not cause transgenerational 

effects, however it is possible that this study missed the appropriate exposure window 
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in order to observe effects. Another possibility is that our exposure was not acute 

enough to cause a transgenerational effect. Dr. Dubrova has stated that low dose 

chronic exposures to radiation do not result in transgenerational genetic instability 

(personal communication), so it is possible that a higher dose of DEP, perhaps the 

maximum tolerable dose, is required to cause this effect. 

7- Due to the limited window of time of female gametogenesis, very little is 

understood about mutagenic effects of exposure to toxicants during critical stages of 

female germline development. This is an important gap in knowledge that is in need 

of further data to evaluate potentially unknown human health effects. Therefore, 

additional work is required to determine the effects of exposure during critical stages 

of female gametogenesis. This should be accomplished using larger pedigree studies 

with specific in utero exposure periods. Also, these should be conducted using a 

standard mutagen (e.g., radiation, ENU, or Bleomycin) that is known to cause 

mutation during gametogenesis in order to precisely identify the window of 

sensitivity during oogenesis [76]. 

4.5 Conclusions: 

This thesis demonstrates that DEP causes an increase in germline mutation in 

male mice following exposure in utero. It also indicates that this instability is 

transferred to the unexposed female allele indirectly. No transgenerational effects 

were seen. More work is required to determine if a particle exposure in utero will 

result in transgenerational genetic instability or what the particularly susceptible 
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stages of female gametogenesis are. Furthermore, the health consequences of 

increased ESTR mutation are unknown. Additional experiments that address the 

biological importance of tandem repeat sequences (in the coding region of the 

genome, for instance) would be useful. 
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